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Supplementary Table Legends

Table S1: Overview of sequencing approach by sample location.

Table S2: Individual and co-assembly statistics calculated with QUAST
(https://quast.sourceforge.net/). B1 = treatment train 1, B2 = treatment train 2, B3 =
treatment train 3, D1 = 11/20/2023, D2 = 11/29/2023, D3 = 12/6/2023, D4 = 2/23/2024.
Table S3: Assembly statistics of metagenome-assembled genomes (MAGs) recovered
in this study. MAGs presented are the species-level representatives dereplicated at a
95% average nucleotide identity (ANI) and annotated with Bakta.’

Table S4: Average Nucleotide Identity (ANI) between Ca. Accumulibacter MAGs
recovered in this study and reference Ca. Accumulibacter MAGs from Petriglieri et al.?
and UW 21 from Stewart et al.3

Table S5: FastANI comparison of Azonexus and family Azonexaceae MAGs recovered

in this study to GTDB Azonexus species representatives.



Supplementary Tables

Table S1: Overview of sequencing approach by sample location.

Sample Location

Sample Location Sequencing Approach

Code

Beginning Anaerobic Zone A RNA Sequencing — [llumina
End Anaerobic Zone B RNA Sequencing — I[llumina
Beginning Anoxic Zone C RNA Sequencing — I[llumina
End Anoxic Zone D RNA Sequencing — [llumina
Beginning Aerobic Zone E RNA Sequencing — Illumina

RNA Sequencing — [llumina
End Aerobic Zone G DNA Sequencing — [llumina & Oxford

Nanopore

Tables S2-S5 are included as separate Excel files



Supplementary Figures
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Figure S1: Approximately 3-year trends in (A) water temperature versus splitter box
orthophosphate (shown as a 30-day rolling average) and (B) water temperature versus
anaerobic orthophosphate measured at location B, the end of the anaerobic zone

(shown as a 14-day rolling average).
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Figure S2. (A) Phylogenomic tree and pairwise ANI comparisons between Ca.
Accumulibacter MAGs recovered in this study and Ca. Accumulibacter reference MAGs
identified by Petriglieri et al.? MAGs assembled in this study are bolded. Maximum-

likelihood tree created with GToTree based on Proteobacteria HMM profiles. Outgroup



consists of two Azonexus reference genomes. NCBI accessions IDs for reference
genomes and % ANI values calculated with FastANI are reported in Table S3. (B)
Phylogenomic tree containing Azonexus and Azonexaceae MAGs recovered in this study
and GTDB Azonexus species representatives derived from activated sludge samples
and/or that share > 90% ANI with a MAG from this study. Maximum-likelihood tree created
with GToTree based on Proteobacteria HMM profiles. Outgroup consists of an alpha-
proteobacterium genome. NCBI accessions IDs for reference genomes and % ANI values

calculated with FastANI are reported in Table S4.
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Figure S3. Genus-level B-diversity analysis based on Bray-Curtis distances and
PERMANOVA statistical testing to determine significance of Bray-Curtis distances

between communities.
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Figure S4. Differential gene expression of (A) Ca. Accumulibacter phosphatis and (B)
Ca. Accumulibacter propinquus between each redox zone on 11/29/23 (unstable EBPR)
and 12/6/23 to the equivalent zone on day 11/20/23. Filtered for genes with a base
mean > 25 and adjusted p-value < 0.05 for at least one comparison. Heatmap colors

represent log,(fold change) values.
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Figure S5. Differential gene expression patterns for Ca. Accumulibacter propinquus on

(A) 11/20/23, (B) 11/29/23 (unstable EBPR), and (C) 12/6/23 between the anaerobic vs.
anoxic zones (left column), anoxic vs. aerobic zones (center column), and anaerobic vs.
aerobic zones (right column). The horizontal dashed lines represent an adjusted p-value

equal to 0.01 and the vertical dashed lines represent a log, fold change of +/- 1.
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Figure S6. Ca. Accumulibacter phosphatis denitrification genes identified as

differentially expressed in DESeq2 analyses reported in transcripts per million (TPM).
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Figure S7: Differentially expressed genes between zones for Ca. Accumulibacter

propinquus. Genes with a positive log,(Fold Change) were upregulated in the anaerobic
zone (versus the aerobic zone) on 11/20/23 and 12/6/23 and in the anoxic zone (versus
the aerobic zone) on 11/29/23 (unstable EBPR). Genes with a negative log,(Fold
Change) were upregulated in the aerobic zone on all days versus either the anaerobic

or anoxic zone. Base Mean is the average of normalized counts across all samples. ANA

= Anaerobic zone, ANX = Anoxic zone, AER = Aerobic zone.



Phosphonate and phosphinate metabolism

P Cycling Gene Expression of MAG 010 Population
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Figure S8. P Cycling gene expression in Transcripts per Million (TPM) on each
sampling day (11/20/23, 11/29/23, or 12/6/23) and at each location (A-G). P cycling
genes identified using the PCycDB for (A) Ca. Accumulibacter phosphatis and (B) Ca.

Accumulibacter propinquus.



Supplementary Methods

Sample collection. Fresh activated sludge (AS) samples were collected and preserved
for DNA and RNA sequencing. Each ~500 mL sample was collected at a location that
was well-mixed, avoided foaming, and ~30 cm below the surface. A 3-mL aliquot of well-
mixed AS was immediately added to a 15-mL falcon tube containing 3 mL of 2x DNA/RNA

Shield Solution (Zymo Research, Irvine, CA, USA) and inverted to mix.

Chemical analyses. Orthophosphate in 0.45 um filtered samples was either measured
onsite by WRRF operators or at NC State. Onsite, operators used Hach Method 8048 for
determination of reactive phosphorus (Hach Company, Loveland, CO, USA).
Orthophosphate measurements at NC State used an in-house ascorbic acid assay
adapted from Standard Method 4500-P E that provides for an extended range and smaller
sample volumes.® Absorbance was measured at 880 nm using a Tecan Infinite 200
microplate reader (Tecan Life Sciences, Mannedorf, Switzerland). All other
measurements (nitrate, total P, BOD, etc.) were performed by operators onsite according
to standard methods for lab-certified influent and effluent samples or using Hach kits for

process control samples collected within the treatment train.

Sample processing and nucleic acid extractions. DNA sequencing was performed on
samples collected at the end of the aerobic zones (location G in Figure 1, Table S1).
DNA was extracted using the FastDNA Spin Kit (MP Biomedicals, Santa Ana, CA, USA)
with the following modifications. For lysis, 480 yL PBS, 120 uyL MT Buffer, and 500 pL of

AS in DNA/RNA Shield were added to the Lysis E tube. Bead beating was performed with



a FastPrep-24 instrument for four intervals of 40 seconds at 6 m/s and cooled on ice for
2 minutes between each interval. These parameters were chosen based on the MiDAS
Field Guide protocols® and Albertsen et al.” DNA was eluted in 100 uyL DES. AmPure XP
beads were used to clean the extracted DNA and remove residual contamination from
the extraction kit following the protocol for AmPure XP PCR Purification (Beckman Coulter
Life Sciences, Indianapolis, Indiana, USA). DNA was eluted in 50 yL of 10 mM Tris-HCI
at pH 8.0. DNA was stored in multiple aliquots at —20°C.

RNA sequencing was performed on samples collected throughout the A20
process (Table S1). RNA was extracted using the ZymoBiomics RNA miniprep kit (Zymo
Research) following the manufacturer’'s protocols with the following modifications.
Samples were lysed with a FastPrep-24 instrument and cooled on ice for one minute
between bead beating intervals, the DNase treatment step was included, and an extra
drying step was also added after the last addition of RNA Wash Buffer. An RNA Clean &
Concentrator-5 kit was used to further concentrate the extracted RNA (Zymo Research).
RNA was stored in multiple aliquots at -80°C.

DNA and RNA purity was assessed using a Nanodrop Spectrophotometer ND-
1000 (ThermoFisher Scientific, Waltham, MA, USA). DNA and RNA 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).

Metagenomic assembly, binning, and annotation. Computing resources available through

the NC State University High Performance Computing Services Core Facility were used



to perform the following computational analyses. Demultiplexed short reads received from
Admera were quality checked with FastQC (v0.12.1).8 Reads contained no adapter
sequences and < 0.1% ambiguous bases in any position, therefore quality trimming and
filtering were deemed unnecessary. Raw long read sequences were basecalled with
Oxford Nanopore’s basecaller Dorado using the super accurate (sup) model version 4.3.0
(https://github.com/nanoporetech/dorado). Reads were quality checked with Nanoplot
(v1.42.0) and filtered using Filtlong (v0.2.1) to remove reads with fewer than 1500 base
pairs (bp) and a Q < 7 (https://github.com/rrwick/Filtlong).® The long reads were polished
with short reads using Ratatosk (v0.9.0).'9 Ratatosk correct was run on long reads with
the corresponding paired end short reads with the flags —Q 90 to account for use of the
ONT R10 chemistries and -G to gzip output files. Polished long reads were then
assembled using Flye (v.2.9.4) with the --meta and --nano-HQ options enabled.’" 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. Assembly
statistics were checked using QUAST (v.5.2.0) (Table S2).12

Each assembly was binned using both maxbin2 (v2.2.7) and metabat2 (v2.15.2)
accounting for differential coverage of all eight samples.'3.14 To prepare for binning, long
and short reads were mapped to each assembly using minimap2 (v2.28) and the output
alignment files were merged, sorted, and indexed using samtools (v1.20).1516 Metabat2
was run with default parameters. The contig name and coverage columns were extracted
from the metabat2 depth text to create the correctly formatted abundance text for
maxbin2, and maxbin2 was run with a minimum contig length parameter of 2500 bp. Two

methods were employed for dereplication. Bins derived from the same assembly using



either binning tool were dereplicated with DasTool (v1.1.7) running default parameters to
yield an optimized, non-redundant bin set per assembly.!” Bins were further dereplicated
across all assemblies using dRep (v3.5.0) at a 95% average nucleotide identity (ANI)
threshold (-sa 0.95) to select the best quality representative bins at approximately the
species-level.®® MAGs with short reads mapped were visualized with Anvi'o (v8) to
manually check for even coverage within samples.”® Genomes were preliminarily
classified using the GTDB-Tk classify workflow (v2.4.0) using the classify workflow,
quality checked with CheckM (v1.1.6) and annotated with Bakta (v1.9.4) using the full

Bakta database (v5.1).1.20.21

Phylogenomic analyses and relative abundance. Reference genomes from Petriglieri et
al.2 were downloaded using NCBI datasets and phylogenetic trees created with GToTree
(v1.8.8) using the Proteobacteria HMM profiles.?? Given NCBI accession numbers or
genome FASTA files, GToTree identifies coding regions with Prodigal and single copy
genes with HMMER, aligns and trims the sequences with Muscle and Trimal, and then
uses FastTree 2 to infer approximately-maximum-likelihood trees from sequence
alignments.23-2° Trees were visualized and edited using iTOL (v7).30 FastANI (v1.34) was
used to perform pairwise average nucleotide identity (ANI) comparisons between
reference genomes and MAGs assembled during this study.3"

Taxonomic profiles of individual metagenomes and MAG recovery were assessed
with SingleM (v0.18.3). SingleM is a tool used to profile metagenomes by analyzing reads
that cover highly conversed regions of single copy marker genes.3? SingleM is designed
to work with short reads (lllumina sequencing); raw metagenomes were profiled with

SingleM by first running ‘singlem pipe’ using default parameters, then summarizing



microbial community relative abundance at the genus and species levels with ‘singlem
summarise’. B-diversity analyses were performed using the R package vegan.3® Bray
Curtis distances were calculated and a PERMANOVA test was used to determine

statistical significance.

Metagenome-enabled transcriptomics. RNA reads were quality checked with FastQC.
Adapter and poly-G sequences were removed using fastp (v0.23.4) with the —g flag to
remove poly-G sequences and the sequencing library adapters specified.3* SortMeRNA
(v4.3.7) was used to filter out remaining rRNA sequences.3> 30-45 million paired end
reads remained after removing rRNA sequences. 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 MAG
assembly, species representative (as defined by Petriglieri et al.2) MAGs available from
NCBI were used as references. The reference MAGs obtained from NCBI were also
annotated with Bakta. The coding regions predicted with prodigal during MAG annotation
with Bakta 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).36 Kallisto
output includes transcript counts normalized for gene length and sequencing depth using
the transcripts per million (TPM) method. PCycDB, a database designed to facilitate the
identification and analysis of phosphorus cycling genes, was used to evaluated
phosphorus cycling related gene expression.* DESeq2 was used for statistical analyses
of differentially expressed genes.3” Transcript abundance estimates from kallisto were

imported into R using tximport and then summarized to gene-level count matrices.3®



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 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 similar, and therefore we present the data from zone/day
groups here. R scripts used for analyses are available at

https://github.com/jadeaver/bioP_MT.



Supplementary Notes
Supplementary Note 1 - Phosphorus cycling gene expression extended discussion.
To further explore phosphorus gene expression patterns beyond DESeq2 statistical
analyses, we used PCycDB, a database designed to facilitate the identification and
analysis of phosphorus cycling genes, to more broadly evaluate changes related to
phosphorus (Figure S$9).# Most phosphorus cycling genes showed only minor changes
both among the redox zones and between sampling days. For both MAGs, expression of
the high affinity phosphorus transport system genes (pstABCS) varied little across zones
and days. Our results contrast with prior lab-based studies showing cyclical expression
of phosphorus genes in Ca. Accumulibacter across anaerobic and aerobic zones.3940
McDaniel et al.*0 showed that Ca. Accumulibacter strain [IC-UW6 differentially expressed
pStABCS aerobically, and strain I1A-UW4 increased pstABCS expression at the
anaerobic/aerobic transition.3® One explanation for why our results differ from these prior
studies is that our MAGs belong to different clades (IIA and IIB rather than IA and IIC).
Different strains may have different expression patterns. Differences between
environmental conditions in full-scale systems and lab-scale SBRs may also play a role.
Lab-scale systems have better defined environmental conditions and operational
parameters, which may elicit clearer responses to environmental cues, like phosphorus
concentrations.

The low affinity inorganic phosphorus transport gene (pit), which is suggested to
contribute to PAO’s unique ability to hyperaccumulate phosphorus, was also expressed
consistently across redox zones and days and at higher expression levels than

pStABCS.#!" Notably, pit expression by MAG 010 and MAG 12 was 141+31 transcripts per



million (TPM) and 212+42 TPM, respectively, on average across all redox zones and
days. (Figure S8). Comparatively, the highest average expression of any pstABCS
subunit in either MAG was only 35+4 TPM on average across all redox zones and days.
The pit gene is thought to be constitutively expressed rather than under fine-tuned control,
such as how the pst transporter is controlled by the pho regulon in response to
environmental cues like low phosphorus concentrations.*? Xie et al.*3 suggested that not
only is the pit transporter a key defining feature of Ca. Accumulibacter, but also that pho
dysregulation may have contributed to the emergence of the phosphorus
hyperaccumulation phenotype. Targeting regulation of pit expression via gene editing
approaches could be one strategy to control phosphorus uptake by PAOs to levels
exceeding the current limits of phosphorus hyperaccumulation. In summary, there were
no significant changes in expression of phosphorus cycling genes between the stable and

unstable periods that could explain why unstable phosphorus removal occurred.
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