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Water Impact Statement

Unstable biological phosphorus removal remains an ongoing challenge for many water 
resource recovery facilities (WRRFs). Improving the stability of the biological process 
can increase WRRF confidence in the process. We find strong evidence that unstable 
phosphorus removal at a full-scale WRRF is associated with significant changes in the 
activity of abundant polyphosphate accumulating organisms, likely driven by changes in 
redox conditions across the biological basins.

Page 1 of 35 Environmental Science: Water Research & Technology

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:W

at
er

R
es

ea
rc

h
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
8:

27
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EW01105A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew01105a


1

Disruption in Gene Expression Cycles of Polyphosphate Accumulating 

Organisms is Associated with a Full-Scale Enhanced Biological Phosphorus 

Removal Instability Event

Jessica A. Deaver1,2, Thomas Solon3,4, Amy M. Grunden2,5, and Douglas F. Call1,2,*

1Department of Civil, Construction, and Environmental Engineering, North Carolina 

State University, Raleigh, NC 27606

2Science and Technologies for Phosphorus Sustainability (STEPS) Center, North 

Carolina State University, Raleigh, NC 27606

3Department of Environmental Engineering and Earth Sciences, Clemson University, 

SC 29634

4Renewable Water Resources (ReWa), Greenville, SC 29607
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Abstract

Enhanced biological phosphorus removal (EBPR) enriches polyphosphate accumulating 

organisms (PAOs) via alternating anaerobic/aerobic feast-famine cycles to remove 

phosphorus from wastewater. EBPR can be prone to instability though the causes are 

often unclear. Genome-centric metatranscriptomics was used to investigate EBPR 

instability event at a full-scale facility that typically experiences a winter instability event 

to identify changes in microbial community composition and gene expression 
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characteristic of reduced EBPR performance. The facility sampled operates an 

Anaerobic/Anoxic/Aerobic (A2O) EBPR process. Notably, process monitoring data 

indicated few process changes beyond increased effluent phosphorus (> 3 mg/L 

compared to typical concentrations < 0.5 mg/L) and lower water temperatures during the 

instability event. Microbial community composition remained consistent before, during, 

and after the instability event. Two PAO MAGs, Ca. Accumulibacter phosphatis and Ca. 

Accumulibacter propinquus, were the most abundant and transcriptionally active PAOs. 

DESeq2 analyses of significantly (adjusted p-value < 0.01) and differentially 

(|log2(FoldChange)| > 1) expressed genes revealed that expression of key carbon 

metabolism, energy metabolism, and denitrification genes that typically peak in the 

anaerobic zone under anaerobic, high carbon conditions shifted to peak in the anoxic 

zone during the instability. These results demonstrate a shift in PAO activity, and not 

community composition, associated with a full-scale EBPR instability event.

Introduction

Water resource recovery facilities (WRRFs) often remove phosphorus from 

wastewater via enhanced biological phosphorus removal (EBPR). In EBPR alternating 

anaerobic and aerobic zones enrich polyphosphate accumulating organisms (PAOs). 

PAOs uptake soluble carbon, such as volatile fatty acids (VFAs) and sugars, and store it 

intracellularly, in forms such as polyhydroxyalkanoates (PHAs), under anaerobic 

conditions. PAOs generate the energy (i.e., ATP) and reducing power (e.g., NADH) to 

internally store carbon by degrading stores of glycogen and polyphosphate (poly-P). 

Then, under aerobic conditions, PAOs respire on oxygen gas and oxidize internal carbon 
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for growth and cell division, replenishing their stores of glycogen and poly-P and removing 

phosphorus from the bulk solution in the process.

Phosphorus removal in full-scale EBPR can become unstable, often for reasons 

not well understood.1 Many factors may contribute to EBPR stability, or lack thereof, 

including the redox conditions and the concentration of VFAs entering the anaerobic 

stage.2,3 Side stream EBPR (S2EBPR) can help with stability by improving VFA supply 

and enabling a sufficiently reduced redox environment.4  Some process data and EBPR 

stability correlate, including positive relationships between readily biodegradable 

chemical oxygen demand (rbCOD) to influent phosphorus ratios and effluent total 

phosphorus (TP). Other process data such as biochemical oxygen demand (BOD):TP 

and COD:TP are often not directly correlated.3 Consequently, deciphering the root cause 

of full-scale EBPR instabilities from process data is challenging. Deeper insight into the 

underlying biology may help reveal causes of instability.

 Our knowledge of the microorganisms involved and the biochemical pathways 

they use is primarily limited to stable EBPR. Full-scale EBPR systems that experience 

instabilities have received less attention. The most dominant PAOs in stable EBPR 

systems globally belong to the genera Candidatus (Ca.) Accumulibacter, Azonexus 

(formerly Dechloromonas), and Ca. Phosphoribacter (formerly Tetrasphaera).5 Ca. 

Accumulibacter are considered the canonical model for PAO metabolism, though it is now 

known that there can be vast diversity between different Ca. Accumulibacter strains.6,7 In 

unstable systems, linkages between microbial community and activity dynamics and 

instability are limited.8–10 Lindner et al.10 used genome-centric metagenomics and 

metatranscriptomics on two samples collected during stable operation and two samples 
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collected approximately six weeks later during unstable operation. They observed 

unstable P removal associated with changes in mixed liquor suspended solids, decreased 

VFA loads, and increased primary effluent orthophosphate, and they reported genus level 

changes in Ca. Accumulibacter relative abundance and carbon metabolism gene 

expression during unstable EBPR. However, low sample numbers and the length of time 

between sampling events makes it difficult to discern if the shift in community dynamics 

led to the instability or vice versa. 

In this study, we utilized metagenome-based transcriptomics to investigate 

changes, or lack thereof, to microbial community structure and regulation of population-

specific pathways before versus during an instability event occurring within two solids 

retention times (SRTs) at a full-scale WRRF with an anaerobic/anoxic/oxic (A2O) process 

configuration. This facility historically experiences EBPR instability in the winter, so we 

conducted our sampling campaign during that time. We collected samples throughout two 

parallel treatment trains on three days before, during, and after an instability event defined 

by effluent phosphorus exceeding 1 mg-P/L. We used metagenomic de novo assemblies 

and phylogenomic comparisons to conduct a species-level identification of key PAOs, 

and mapped RNA reads to metagenome-assembled genomes (MAGs) to identify 

expression-level gene changes. Our findings show that shifts in PAO activity, and not 

community composition, can be associated with a full-scale instability event.
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Material and Methods

Facility Description. The WRRF studied (operated by Renewable Water Resources in 

Greenville, SC, USA) is in the southeastern United States. During the study period, it 

treated an average daily flow of 16 million gallons per day (MGD) of primarily residential 

and industrial wastewater from a combined sewer system. The facility performs biological 

nitrogen and phosphorus removal via three parallel A2O treatment trains that each 

receive an equal proportion of primary clarifier effluent. The SRT of the A2O process 

during the study was ~10 days with a mixed liquor return rate of 6.4 MGD. The anaerobic 

mass fraction was ~13.5%, which was calculated with the following equation, where FANA 

is fraction of mass in the anaerobic zone.

𝐹𝐴𝑁𝐴 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑧𝑜𝑛𝑒

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒  𝑥 100%

The facility typically adds waste from a juice processing facility as a supplemental carbon 

source. Influent measurements were taken at a pump station composite sampler that 

includes side stream flow back to the head of the plant (~1 MGD). Effluent measurements 

were collected post deep bed sand filters, UV disinfection, and re-aeration using a 

composite sampler. The facility historically experiences unstable EBPR in the winter 

(Figure S1), which guided decisions on when to collect more comprehensive sets of 

samples (i.e., samples for DNA/RNA sequencing across all redox zones and two parallel 

basins).

Sample collection. Fresh activated sludge (AS) samples were collected and preserved 

for DNA and/or RNA sequencing. Approximately 500-mL of AS was collected at multiple 

sampling locations along two A2O basins (Figure 1) and sub-sampled as described in 
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Supplementary Information. Samples preserved in 2x DNA/RNA Shield solution (Zymo 

Research, Irvine, CA, USA) were shipped at room temperature to NC State University 

(Raleigh, NC, USA), where they were aliquoted into 2-mL tubes and stored at −20oC until 

further processing. To collect samples for simultaneous orthophosphate measurements, 

an 8 mL subsample was immediately filtered with a 0.45 µm filter and shipped overnight 

on ice to NC State. 

DNA sequencing using both short read (Illumina) and long read (Oxford Nanopore) 

technology was performed on eight samples collected from the end of the aerobic zone 

(location G in Figure 1) of two parallel treatment trains on 11/20/2023, 11/29/2023 

(unstable EBPR), 12/6/2023, and 2/23/2024 (Table S1). RNA sequencing using short 

read (Illumina) technology was performed on 30 samples collected from the beginning 

and end of each zone (locations A through G in Figure 1) of two parallel treatment trains 

on 11/20/2023 (n=12), 11/29/2023 (n=6), and 12/6/2023 (n=12). The samples collected 

from the same location in each of the two parallel treatment trains were considered 

biological replicates (n=2 per sample location per date). On 11/29/2023 samples were 

only collected from the end of each redox zone (Locations B, D, and G) due to time 

constraints. Samples for RNA sequencing were collected on 2/23/2024 (n=6) as well, 

however, the facility was experiencing reduced nitrification at that time, so it was decided 

to exclude those samples from further metatranscriptomic analyses but include them in 

the metagenomic draft genome reconstruction.

Sample processing and nucleic acid extractions. DNA was extracted using the FastDNA 

Spin Kit (MP Biomedicals, Santa Ana, CA, USA) with modifications described in 
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Supplementary Information. DNA was eluted in 50 µL of 10 mM Tris-HCl at pH 8.0 and 

stored in multiple aliquots at −20oC.

RNA was extracted using the ZymoBiomics RNA miniprep kit (Zymo Research) 

following the manufacturer’s protocols with modifications described in Supplementary 

Information. RNA was stored in multiple aliquots at −80oC.

DNA and RNA purity was assessed using a Nanodrop Spectrophotometer ND-

1000 (ThermoFisher Scientific, Waltham, MA, USA), and quantity was assessed using 

dsDNA BR assays and RNA BR assays with a Qubit 3.0 Fluorometer (ThermoFisher 

Scientific). DNA and RNA integrity were evaluated using gDNA and RNA ScreenTape 

Analyses on an Agilent 4150 TapeStation (Agilent Technologies, Inc., Santa Clara, CA, 

USA).

Library preparation and sequencing. For Oxford Nanopore sequencing, DNA libraries 

were prepared using the Native Barcoding Kit 24 V14, SQK-NBD114, according to the 

manufacturer’s protocols (Oxford Nanopore Technologies, Oxford, UK). Samples were 

pooled at equimolar concentrations and run on an Oxford Nanopore MinION Mk1C device 

with a R14 FLO-MIN114 flow cell. The flow cell was run within one month of delivery and 

run for 48 hours. The data output equaled 16.5 Gbp with an estimated N50 of 7.2 kbp. 

For Illumina sequencing, DNA and RNA samples were shipped frozen to Admera 

Health, LLC (South Plainfield, NJ, USA). DNA libraries were prepared using a KAPA 

HyperPrep kit (Roche, Indianapolis, IN, USA) according to the manufacturer’s protocols 

and sequenced 2 x 150-bp on an NovaSeqX Plus 10B (Illumina, San Diego, CA, USA). 

One third of the RNA samples were treated with DNase due to evidence of DNA 
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contamination found during QC. Final RNA Integrity Numbers (RIN) were all > 7. All RNA 

samples were then rRNA depleted using a QIAseq FastSelect Epidemiology kit (for 

bacteria, human, mouse, and rat rRNA) (Qiagen, Hilden, Germany), and RNA libraries 

were prepared using a NEB Ultra II Directional RNA Library Prep kit (New England 

Biolabs, Ipswich, MA, USA). RNA was sequenced 2 x 150-bp on an NovaSeqX Plus 10B 

(Illumina). Total reads sequenced equaled approximately 70 million paired end reads per 

DNA or RNA sample.  DNA and RNA sequencing reads are available in NCBI under 

BioProject PRJNA1232215.

Metagenomic assembly, binning, and annotation. Detailed information about assembly, 

binning, and genome annotation is described in Supplementary Information and example 

scripts used for analyses are provided at https://github.com/jadeaver/bioP_MAGs.  

Briefly, demultiplexed short reads received from Admera were quality checked with 

FastQC (v0.12.1).12 Raw long read sequences were basecalled with Oxford Nanopore’s 

basecaller Dorado using the super accurate model version 4.3.0 

(https://github.com/nanoporetech/dorado), quality checked with Nanoplot (v1.42.0), and 

filtered using Filtlong (v0.2.1).13  Long reads were polished with short reads using 

Ratatosk (v0.9.0) and assembled using Flye (v.2.9.4).14,15 Each sample was individually 

assembled, samples collected on the same day were co-assembled, and all samples 

were co-assembled for a total of 13 assemblies (Table S2). Each assembly was binned 

using both maxbin2 (v2.2.7) and metabat2 (v2.15.2) accounting for differential coverage 

of all eight samples.16,17 Bins derived from the same assembly were dereplicated with 

DasTool (v1.1.7)18 and remaining bins were further dereplicated at a 95% average 
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nucleotide identity (ANI) threshold across all assemblies using dRep (v3.5.0) to select the 

best quality representatives at approximately the species-level.19 Genomes were 

preliminarily classified using the GTDB-Tk classify workflow (v2.4.0), quality checked with 

CheckM (v1.1.6) and annotated with Bakta (v1.9.4) using the full Bakta database 

(v5.1).20–22

Phylogenomic analyses and relative abundance. Reference genomes from Petriglieri et 

al.23 were downloaded using NCBI datasets and phylogenomic trees created with 

GToTree (v1.8.8) using the Proteobacteria HMM profiles.24 More details are provided in 

Supplementary Information. FastANI (v1.34) was used to perform pairwise average 

nucleotide identity (ANI) comparisons between reference genomes and PAO MAGs 

assembled during this study to assign taxonomy.25 Taxonomic profiles of individual 

metagenomes and MAG recovery were assessed with SingleM (v0.18.3).26 The R 

package vegan was used to calculate -diversity based on Bray-Curtis distances using 

the SingleM genus-level relative abundance table as input.27 A subsequent 

PERMANOVA test performed on the calculated distances based on date (n=2 per date) 

and basin (n=3 per basin). Scripts used for these analyses are available at 

https://github.com/jadeaver/bioP_MAGs.

Metagenome-enabled transcriptomics. Detailed information about gene expression 

analyses is described in Supplementary Information and scripts used for analyses are 

provided at https://github.com/jadeaver/bioP_MT. Briefly, RNA reads were quality 

checked with FastQC, adapters removed using fastp (v0.23.4), and rRNA sequences 
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10

filtered out with SortMeRNA (v4.3.7) leaving 30-45 million paired end reads per sample 

remaining.28,29 When possible, MAGs recovered from this study were used as references 

for transcript quantification. For Ca. Accumulibacter species identified as present in the 

metagenomes but not recovered during binning, species-level representative MAGs (as 

defined by Petriglieri et al.23) were used as references. The predicted coding regions were 

concatenated together to create a mapping index of Ca. Accumulibacter MAGs. Quality 

processed metatranscriptomic reads from all samples were competitively pseudoaligned 

to the mapping index and quantified with kallisto (v0.51.0).30 DESeq2 was used for 

statistical analyses of differentially expressed genes.31 Multiple contrasts were performed 

between groups defined as the zone and day (i.e., “Anaerobic 11/20/23”, “Anoxic 

12/6/23”, etc.) and the results are reported here. As a note, multiple contrasts were 

performed between location groups defined as the exact sample location and day (i.e., 

“Location B 11/20/23”, “Location D 12/6/23”, etc.) to examine how considering precise 

location versus multiple sample locations within the same zone impact results. Results 

were consistent with each other, and therefore, we present the data from zone/day groups 

here.

Results and Discussion

Full-scale EBPR performance. The facility experienced a winter instability event during 

which peak effluent TP concentrations exceeded 3 mg-P/L (Figure 2A). Any 

measurement over 1 mg-P/L was considered unstable performance; thus, this event 

lasted ~7 days. Table 1 summarizes facility performance during the study period. Notably, 

temperature decreased by approximately 3.4oC from mid-November to mid-December. 
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11

Supplemental juice waste and acetic acid was added to support EBPR during this period. 

In response to the instability, alum was added after the final clarifiers and before the sand 

bed filters from 11/28/23 to 11/30/23, resulting in effluent TP concentrations returning to 

< 0.5 mg-P/L. Alum did not impact orthophosphate concentrations measured in the 

anaerobic, anoxic, and aerobic zones because it was not recycled back to the biological 

process. End of anaerobic zone orthophosphate concentrations averaged 25.1+10.6 mg-

P/L from November 13 to December 15 (Figure 2B). Orthophosphate concentrations 

measured at the end of the anoxic zone for the same time averaged 8.1+2.6 mg-P/L and 

remained relatively consistent throughout the instability event. End of aerobic zone 

orthophosphate concentrations measured < 0.5 mg-P/L during stable operation and 

exceeded 1 mg-P/L, peaking around 3 mg-P/L, during instability. 

MAG assembly and classification. In total, 53 MAGs were recovered after species-level 

dereplication at 95% ANI. Twenty-two were high-quality (HQ) per MIMAG standards with 

> 90% completion, < 5% redundancy, presence of the 23S, 16S, 5S rRNA genes, and > 

18 tRNA genes (Table S3).32 The remaining MAGs were medium quality (MQ) with > 75% 

completion, < 10% redundancy, and most included the presence of all rRNA genes and 

> 18 tRNA genes. Of these, six MAGs (two HQ and four MQ) were taxonomically 

classified as PAOs belonging to either Ca. Accumulibacter or Azonexus lineages 

according to GTDB-Tk classification. 

To further classify the PAO MAGs, we performed phylogenomic analyses to 

compare the four Ca. Accumulibacter MAGs reported here to the species representatives 

defined by Petriglieri et al.23 (Figure S2A, Table S4). Ca. Accumulibacter lineages have 
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been divided into 18 clades based on comparison of their ppk1 genes. Genome-based 

comparisons accurately reflect ppk1-based phylogeny.23,33 Pairwise ANI comparisons 

and phylogenomic tree construction based on Proteobacteria hidden Markov model 

(HMM) profiles indicated that MAG 010, MAG 12, and MAG 11 belong to the species Ca. 

Accumulibacter phosphatis (clade IIA), Ca. Accumulibacter propinquus (clade IIB), and 

Ca. Accumulibacter conexus (clade IIF), respectively. MAG 166 likely belongs to a new 

species cluster, Ca. Accumulibacter UW 21, proposed by Stewart et al.33 The ANI value 

between MAG 166 and Ca. Accumulibacter UW 21 is 97.1%, suggesting that MAG 166 

tracks to the same species as UW 21. 

GTDB-based classifications indicated two MAGs, MAG 109 and MAG 311, belong 

to the Azonexus lineage. Pairwise ANI comparisons indicated neither Azonexus MAG 

belonged to either Azonexus phosphoritrophus or Azonexus phosphorivorans, the two 

Azonexus species whose contributions to EBPR have been best characterized.34 

Pairwise ANI comparisons to GTDB Azonexus representative MAGs ranged from 78% to 

99% with MAG 109 most closely matching Azonexus sp009469585. (GCA_009469585.1) 

at 92% ANI and MAG 311 most closely matching Azonexus sp020621865 

(GCA_020621865.1) at 99% ANI (Figure S2B, Table S5). Further analyses are 

necessary to determine what role, if any, these Azonexus species play in phosphorus 

removal. Considering their low abundance and activity (described below), we did not 

further investigate these MAGs.

Community composition and transcriptional profiles. To estimate overall microbial 

community relative abundance and to ensure the most abundant PAOs were represented 
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by the recovered MAGs, we profiled the raw metagenomes with SingleM. Genus-level 

profiles demonstrated that Ca. Accumulibacter was the most abundant genus on all days 

with an average relative abundance of 6.8+0.2%, 5.8+0.1%, and 6.1+0.1% on 11/20/23, 

11/29/23, and 12/6/23, respectively (Figure 3A). Approximately 25% of the community 

was not classified at the genus level (data not shown), and approximately 30% of the 

community was represented by a genus with a relative abundance of 1% or more. A 

diverse, highly redundant microbial community where few individuals dominate is typical 

of full-scale activated sludge communities. In this study, -diversity was calculated based 

on Bray-Curtis distances. A subsequent PERMANOVA test performed on the calculated 

distances based on date (n=2 per date) and basin (n=3 per basin) groupings revealed 

that date had a greater effect than basin (R2=0.829 for date versus R2=0.171 for basins) 

but that overall genus-level community composition changes were not significant over the 

instability event (p-value = 0.067) (Figure S3). The community results suggest that 

unstable phosphorus removal was not caused by changes in genus-level microbial 

community structure.

To explore if changes in PAO population structure were linked to the instability, 

species-level profiles of Ca. Accumulibacter, Azonexus, and Ca. Phosphoribacter were 

further assessed from SingleM output. There were nine Ca. Accumulibacter and one 

Azonexus species each comprising more than 0.25% of the total community composition 

in at least one sample (Figure 3B). Ca. Accumulibacter phosphatis and Ca. 

Accumulibacter propinquus were identified in the highest proportions, comprising about 

1/3 and 1/5 of the PAO community, respectively, across all sampling dates. Ca. 

Accumulibacter contiguus, Ca. Accumulibacter cognatus, Ca. Accumulibacter vicinus, 
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and Ca. Accumulibacter necessarius were identified in the raw metagenomes, but MAGs 

were not recovered. 

The four Ca. Accumulibacter MAGs recovered in this study and the species 

representative MAGs 23 for Ca. Accumulibacter contiguus, Ca. Accumulibacter cognatus, 

Ca. Accumulibacter vicinus, and Ca. Accumulibacter necessarius were used as reference 

genomes for further metatranscriptomic analysis. Metatranscriptomic profiling of Ca. 

Accumulibacter species demonstrated that the most abundant Ca. Accumulibacter MAGs 

also contributed the most to the transcriptional profile of the Ca. Accumulibacter 

community with 44%-52% of RNA reads mapping to Ca. Accumulibacter phosphatis 

(MAG 010) or Ca. Accumulibacter propinquus (MAG 12) (Figure 3C). The lack of 

changes in composition or transcript profiles of the PAO populations indicated that a shift 

in who was present and active in the microbial community did not contribute to the 

instability event. The facility’s SRT is 10 days, so if a shift did occur, we would expect it 

to be captured between the first and last samples collected 16 days apart. While this study 

suggests community composition changes did not contribute to the instability event, a 

study by Lindner et al.10 demonstrated a microbial community shift in connection with an 

EBPR instability event. Microbial community composition shifts might occur in response 

to an instability, rather than being the cause of the instability itself. Further investigations 

into instability events at other facilities are necessary to confirm if microbial community 

composition is more likely to be a lagging indicator of instability, rather than a leading 

indicator.
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Gene expression profiles across redox zones. We performed differential gene expression 

analyses on Ca. Accumulibacter phosphatis and Ca. Accumulibacter propinquus, the two 

PAOs with the highest relative abundance and greatest contribution to the PAO transcript 

profile. DESeq2 analyses between redox zones on 11/29/23 (unstable EBPR) and 

12/6/23 suggested most genes were differentially expressed in the anoxic zone between 

11/29/23 (unstable EBPR) and 11/20/23 (Figure S4). To further explore this 

phenomenon, we used DESeq2 to compare the number of differentially 

(log2[FoldChange] > 1 or < -1) and significantly (adjusted p-value < 0.01) expressed 

genes across redox zones on each sampling day. For Ca. Accumulibacter phosphatis, 

before the instability, there were 80 significantly (adjusted p-value < 0.01) differentially 

expressed genes with a log2(FoldChange) > 1 or < -1 between the anaerobic and aerobic 

zones, 38 between the anaerobic and anoxic zone, and only one between the anoxic and 

aerobic zone (Table 2, Figure 4). During the instability event, the reverse was true. There 

were 68 significantly differentially expressed genes with a log2[FoldChange] > 1 or < -1 

between the anoxic and aerobic zone, but only 11 between the anaerobic and anoxic 

zone and 1 between the anaerobic and aerobic zone. Ca. Accumulibacter propinquus 

also exhibited the same gene expression patterns (Figure S5). 

Many genes differentially expressed between the anaerobic and aerobic zones on 

days 11/20/23 and 12/6/23 were the same genes differentially expressed between the 

anoxic and aerobic zones on day 11/29/23 (unstable EBPR) (Figure 5A). Cyclical gene 

expression has been identified in studies of Ca. Accumulibacter-enriched SBRs, and we 

found that many of the genes whose expression patterns changed during the instability 

event deviated from typical patterns identified in lab-scale studies and observed during 
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stable phosphorus removal. For example, Oyserman et al.35, performed 

metatranscriptomic analyses on a SBR enriched in Ca. Accumulibacter operating under 

alternating anaerobic/aerobic, feast/famine conditions and identified various expression 

trends (e.g., upregulation during the redox transition) of genes involved in carbon 

metabolism, denitrification, and energy production. Genes involved in those same 

metabolic pathways exhibited cyclical gene expression patterns in this study, however, 

when those genes were expressed shifted during the instability. Genes exhibited peak 

expression in the anoxic zone, rather than the anaerobic zone, during the instability 

(Figure 5B).

Genes exhibiting a shifted expression pattern included several Ca. Accumulibacter 

phosphatis carbon metabolism genes. These genes were differentially expressed in 

samples obtained from the anaerobic zone (compared to the aerobic zone) on days 

11/20/23 and 12/6/23. Those same genes were differentially expressed in the anoxic zone 

(compared to the aerobic zone), rather than the anaerobic zone, on day 11/29/23 

(unstable EBPR). These genes included PHA synthesis related genes such as phaC and 

phaR and methylmalonyl mutase genes. For example, the gene phaC was differentially 

expressed between the anaerobic and aerobic zones on 11/20/23 (log2[FoldChange] = 

1.3, adjusted p-value = 2 x 10-5). However on 11/29/23 (unstable EBPR) it was not 

significantly differentially expressed between the anaerobic and aerobic zone, but rather 

between the anoxic and aerobic zone (log2[FoldChange] = 2.1, adjusted p-value = 7.6 x 

10-7) (Figure 5).The phaC gene encodes a subunit of PHA synthase, and its anaerobic 

expression is considered a hallmark feature of Ca. Accumulibacter during phosphorus 

release.6,35,36 In Oyserman et al.35 PHA synthesis genes phaC and phaR exhibited 
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upregulation under high acetate, anaerobic conditions. The genes for methylmalonyl 

mutase and its associated GTPase also exhibited peak expression in the anoxic zone 

rather than the anaerobic zone on 11/29/23 (unstable EBPR) exhibiting log2[FoldChange] 

= 0.97 (adjusted p-value = 0.004) and 1.1 (adjusted p-values = 0.003), respectively. 

Methylmalonyl mutase and its associated GTPase are involved in the conversion of 

succinyl-CoA to methylmalonyl-CoA in the split mode TCA cycle utilizing the 

methylmalonyl-CoA pathway. Various metabolic models exist to explain how Ca. 

Accumulibacter consumes and stores carbon while balancing energy and reducing 

equivalents, including the full TCA cycle, the split mode TCA cycle, and the glyoxylate 

shunt models. It is likely that Ca. Accumulibacter possess metabolic flexibility that enables 

them to thrive in dynamic conditions.7 Ca. Accumulibacter are suggested to use the 

methylmalonyl-CoA pathway in particular during anaerobic PHA synthesis from mixed 

carbon sources, including co-utilization of glutamate and acetate, aspartate, lactate, and 

succinate.37,38 Chen et al.38 noted greater anaerobic methylmalonyl-CoA mutase gene 

expression in variable carbon source, anaerobic/aerobic batch tests performed on SBR 

enrichment cultures suggesting its involvement in anaerobic PHA synthesis particularly 

under mixed carbon feed conditions. We cannot determine the actual pathways used by 

the Ca. Accumulibacter phosphatis populations in this study, but expression of TCA cycle, 

glyoxylate shunt, and methylmalonyl-CoA pathway genes demonstrated capabilities for a 

dynamic response. The shift in expression dynamics of key carbon metabolism genes 

suggests that a disruption to carbon cycling under stable phosphorus removal occurred 

during the instability event.
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Denitrification gene expression also changed during the instability event. Ca. 

Accumulibacter phosphatis (MAG 010) possessed genes encoding enzymes in every 

step of denitrification (Figure 6).  Denitrification potential has been reported for other Ca. 

Accumulibacter phosphatis MAGs.39 Both sets of nitrate reductase genes, napAB and 

narGH were annotated in the Ca. Accumulibacter phosphatis MAG recovered in this 

study. In addition, norB, encoding the nitric oxide large subunit, was annotated. The gene 

encoding the nitric oxide small subunit, norC, was not annotated, however, possibly due 

to gaps in assembly or annotation of the MAG. All annotated genes encoding 

denitrification enzymes, except for nirS, encoding nitrite reductase, were significantly 

upregulated in the anoxic zone compared to the aerobic zone on 11/29/23 (unstable 

EBPR) (log2[FoldChange] > 1.5, adjusted p-value < 0.004) (Figure 5A). These genes 

exhibited a shift in expression where peak expression (in TPM) occurred in the anoxic 

zone instead of the anaerobic zone on 11/29/23 (Figure S6). nirS gene expression stayed 

consistent between the anaerobic and anoxic zone on 11/29/23 rather than peaking in 

the anaerobic zone even though it was not identified as significantly differentially 

expressed by DESeq2 analysis. Previous studies exploring Ca. Accumulibacter gene 

expression cycles between anaerobic/aerobic, feast/famine cycles have noted an 

increase in expression of denitrification genes after anaerobiosis.39,40 Stable EBPR on 

11/20/23 was characterized by the same expression pattern, with denitrification gene 

expression peaking in the anaerobic zone samples, and a return to this expression pattern 

is noted on 12/6/23.

Energy metabolism genes important to denitrification also exhibited shifted gene 

expression cycles. Genes including several encoding respiratory chain components such 
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as cytochrome b, cytochrome c proteins, cytochrome c biogenesis proteins, F0F1 ATP 

synthase genes, and electron transfer flavoproteins were significantly upregulated in the 

anoxic zone (vs. the aerobic zone) rather than the anaerobic zone (vs. the aerobic zone) 

on 11/29/23 (unstable EBPR) (adjusted p-value < 0.01, log2[FoldChange] > 1) (Figure 

5A). For example, the gene for the F0F1 ATP synthase B subunit was differentially 

expressed between the anaerobic and aerobic zones on 11/20/23 (log2[FoldChange] = 

1.2, adjusted p-value = 6.1 x 10-8) and differentially expressed between the anoxic and 

aerobic zone on 11/29/23 (unstable EBPR) (log2[FoldChange] = 1.6, adjusted p-value = 

6.1 x 10-7). Aerobic respiration and denitrification depend on the same core respiratory 

machinery and are thought to have co-evolved.41 Shared machinery includes NADH 

dehydrogenase (complex I), the cytochrome bc1 complex (complex III), and cytochrome 

c. The F0F1 ATP synthase genes encode the machinery for generating ATP from the 

proton motive force generated by the respiratory chain enabling energy yield from either 

final electron acceptor.42 For PAOs, pit transport of inorganic phosphate hydrolyzed from 

poly-P is thought to be the primary mode of proton motive force production that in turn 

drives carbon uptake (e.g., acetate via the ActP transporter) and ATP production via F0F1 

ATP synthase.43 Previous studies suggest that clade IIA Ca. Accumulibacter cannot 

respire on nitrate despite possessing a nap operon.40,44 Presence and expression of 

narGH in addition to napAB suggest that nitrate respiration may be possible. The delayed 

upregulation of key denitrification and associated energy production genes suggests a 

disruption of typical energy metabolism activity occurred during the instability event.

Ca. Accumulibacter propinquus (MAG 12) exhibited the same shifts in gene 

expression patterns of similar denitrification and energy metabolism associated genes 
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(Figure S7). Nitrate reductase gene napA was the only denitrification gene that exhibited 

a shift in significant differential gene expression (adjusted p-value < 0.01, 

log2[Foldchange] > 1). Ca. Accumulibacter propinquus did not contain annotations for 

nitric oxide reductase (norBC) and nitrous oxide reductase (nosZ) genes. Associated 

respiratory machinery genes exhibited the shift to anoxic upregulation, including 

cytochrome c, cbb3-type cytochrome c oxidase subunit I, and two F0F1 ATP synthase 

subunits. The cbb3-type cytochrome c oxidase subunit I is of note because its high 

substrate affinity and tendency to be expressed under microaerobic conditions.45 Camejo 

et al.40 identified a full denitrification pathway in a clade IC Ca. Accumulibacter MAG (UW-

LDO-IC) enriched in an anaerobic/microaerobic SBR. UW-LDO-IC gene expression 

patterns also suggested coregulation of denitrification and high oxygen affinity cbb3-type 

cytochrome genes with expression peaking at the anaerobic/microaerobic transition. 

Delayed expression of Ca. Accumulibacter propinquus genes typically expressed 

following anaerobic contact further demonstrate that PAO activity changes characterize 

the instability event.

Implications for full-scale EBPR stability. Our findings indicate that unstable phosphorus 

removal at the full-scale facility in this study was associated with changes in “what” the 

PAOs were doing rather than “who” was present. This finding is different from that 

described by Lindner et al.10, wherein they found changes in PAO relative abundance 

between stable and unstable operation in addition to changes in carbon metabolism gene 

expression. The major changes we observed were shifts in pathways associated with 

carbon utilization, denitrification, and energy metabolism across the redox zones. As a 

Page 21 of 35 Environmental Science: Water Research & Technology

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:W

at
er

R
es

ea
rc

h
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
8:

27
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EW01105A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew01105a


21

result, aerobic uptake of phosphorus was delayed and phosphorus concentrations leaving 

the aerobic zone were elevated compared to stable conditions. 

The shifted pathways illustrated in Figure 6 are largely involved in carbon 

metabolism, denitrification, and bioenergetics, key metabolic pathways with implications 

for poly-P accumulation. Though we cannot definitively say what caused the changes in 

PAO activity, we hypothesize based on our results that either the redox conditions of the 

anaerobic zone conditions and/or influent VFA composition contributed. The shift in peak 

expression from the anaerobic to anoxic zone may have occurred due to limited anaerobic 

contact time to sufficiently induce expression of key carbon storage and energy 

metabolism genes. Redox conditions in the anaerobic zone are thought to be a significant 

contributing factor for successful EBPR. Achieving sufficiently low redox potential in the 

anaerobic zone can be limited due to high mixing energy that traps oxygen, low anaerobic 

zone SRTs, and introduction of flows with elevated dissolved oxygen (DO), such as from 

primary effluent during wet weather events.46 Changes in influent VFA composition may 

have also contributed. many of the genes whose expression shifted were upregulated 

under high acetate conditions in lab-scale experiments suggesting changes in carbon 

availability may alter expression patterns.35 If anaerobic-zone carbon availability is 

insufficient or oxidized, genes that normally peak in the anaerobic zone will peak in the 

anoxic zone, coincident with EBPR deterioration. Influent VFA concentration and 

oxidation-reduction potential (ORP) measurements across redox zones are necessary to 

definitively determine if either of the proposed hypotheses regarding anaerobic disruption 

are correct. Future studies should evaluate influent VFA concentration and composition 
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and profile basins for ORP, DO, and nitrate in parallel to microbial community and gene 

expression analyses. 

Conclusions

This study evaluated a full-scale EBPR instability event using genome-centric 

metatranscriptomics and concluded that the instability was associated with changes in 

the activity rather than the composition of PAOs. The shift in peak expression of key 

carbon metabolism, denitrification, and energy production genes from the anaerobic 

zone to the anoxic zone strongly suggests that redox conditions and/or VFA availability 

in the anaerobic zone was compromised. Future  studies of full-scale EBPR systems 

should couple metatranscriptomics with additional measurements, such as ORP, DO, 

and VFAs, to further develop the linkages necessary to understand underlying causes 

of instability events.

Code and Data Availability.

Raw sequencing data and high-quality MAGs are available in NCBI under BioProject 

PRJNA1232215. Medium quality MAGs are available upon request. Code used for data 

analyses is available in the following GitHub Repositories: 

https://github.com/jadeaver/bioP_MAGs (metagenomics code) and 

https://github.com/jadeaver/bioP_MT (metatranscriptomics code).
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Code and Data Availability.

Raw sequencing data and high-quality MAGs are available in NCBI under BioProject 

PRJNA1232215. Medium quality MAGs are available upon request. Code used for data analyses 

is available in the following GitHub Repositories: https://github.com/jadeaver/bioP_MAGs 

(metagenomics code) and https://github.com/jadeaver/bioP_MT (metatranscriptomics code).
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