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Comparing contaminants of emerging concern
and microbial signatures of wastewater treated by
membrane bioreactor and oxidation ditch
methodsT

Carrie E. Givens,? Sarah M. Elliott, @ *° Richard L. Kiesling,”
Charles H. Christen® and Heiko L. Schoenfuss®

Membrane bioreactors (MBRs) are an attractive option for upgrades to aging wastewater treatment infrastructure
across the United States (U.S.) because they have a relatively small footprint and can handle various wastewater
loading conditions. However, little is known regarding the efficiency with which MBRs can reduce contaminants
of emerging concern (CECs) and microbial loads, or how they influence the microbiome of wastewater effluent.
In 2022, we collected nine paired samples of primary treated effluent (PRI), secondary effluent treated by
oxidation ditches (OXIl), and secondary effluent treated by MBR from a facility in Minnesota, U.S. Samples were
analyzed for CECs including 4 alkylphenol ethoxylates, 6 bisphenol analogues, 20 hormones, 110
pharmaceuticals, and 82 pesticides as well as heterotrophic bacteria counts (HPC) and microbiome
communities. Except for pesticides, total sample concentrations of CEC classes in OXI and MBR effluents were
similar and lower compared to PRI (p < 0.01). Pesticide concentrations were similar among all treatments. HPC
was lower in MBR, compared to OXI, in 67% of samples. Despite limited differences in CEC signatures,
differences in the microbiome between the two secondary treatments were observed. OXI showed more
distinct differences in bacterial operational taxonomic unit (OTU) presence from PRI, compared to MBR.
Relations between some contaminant groups (e.g., pharmaceuticals, bisphenols) and effluent microbiomes were
observed, though most correlated with PRI effluent. Results from our study indicate that MBR is as effective as
OXI at producing high-quality effluent and offers a viable alternative to conventional secondary treatment
methods. This full-scale study provides data that helps fill knowledge gaps related to MBR performance outside
of lab or benchtop experiments and direct comparison to OXI treatment.

Membrane bioreactors are an attractive technology for wastewater treatment and can remove conventional pollutants such as nutrients. Results from this

study indicate that membrane bioreactors provide similar benefits for removal of contaminants of emerging concern and microbial loads, when compared

to more conventional oxidation ditches. This information can be useful for wastewater facility managers to make informed decisions when considering

facility upgrades to aging infrastructure.

1. Introduction

In the United States (U.S.), an estimated 14 544 publicly owned
wastewater treatment facilities (POTWs) provide treatment for
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over 250 million people." Mechanically aerated oxidation ditch
technology (OXI) is most commonly used for secondary
treatment, which follows primary treatment.” OXI relies on
aeration and turbulent mixing to enhance aerobic biological
degradation of organic waste in a circular raceway.” However,
research has shown trace organic pollutants, including
contaminants of emerging concern (CECs), are found in OXI-
4% The presence of CECs in effluents is
dependent on several factors including residence time during
treatment and CEC physicochemical properties. While the
microbial community in OXI systems influences removal
efficacies,” wastewater temperature strongly influences

This journal is © The Royal Society of Chemistry 2025
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microbial activity®® and OXI performance.’®"'" Further, removal
efficiencies can be as high as 95% for some surfactants, while
other CEC classes like pesticides have much lower removal
rates. Although POTW are not designed to remove CECs, it
would be beneficial to maximize removal to reduce potential
impacts to receiving waters.

One secondary treatment technology developed over the last
couple of decades for which interest is increasing is the
membrane bioreactor (MBR). MBR is an advanced wastewater
treatment technology that combines biological treatment with
membrane filtration.">" It has gained popularity as an efficient
and compact solution for wastewater treatment in various
applications, including municipal and industrial settings. MBR
systems incorporate a biological treatment process (ie.,
activated sludge) using microorganisms to break down and
consume organic pollutants in the wastewater. One
distinguishing feature of MBR is the use of membrane filtration
to separate solids from the treated water. The membrane,
typically made of materials such as polyethylene or
polypropylene, acts as a barrier that allows water to pass
through while retaining solids, bacteria, and other
contaminants. Membrane filtration has proven effective in the
removal of bacterial and viral pathogens, protozoa, and also
particulate matter which improves tertiary treatment
performance.'® In some instances, the filtration step eliminates
the need for secondary clarification.

MBR technology enhances treatment efficiency by providing
high-quality effluents with low levels of suspended solids and
pathogens.’® MBRs typically have a smaller footprint compared
to conventional wastewater treatment plants, making them
suitable for locations with limited space as is often the case in
POTW renovation or expansion. Additionally, there can be
various MBR configurations (e.g., aerobic, anaerobic), some of
which may include an integrated approach to incorporate other
processes such as reverse osmosis or nanofiltration. Aerobic
MBR has shown higher removal of hydrophobic and
hydrophilic CECs from effluent, compared to anaerobic
systems,'®"” and integrated MBR systems have shown higher
removal of some CECs, compared to non-integrated
systems.'®'® However, anaerobic MBRs are more effective than
aerobic systems at removing nitrogen-based trace organic
compounds, such as amitriptyline, carbamazepine, and
atrazine, as a consequence of anaerobic microorganisms
facilitating nitrogen reduction.'®"72°

A major component of MBR systems is the microbial
community, which influences overall treatment of the
wastewater effluent. Typically, the microbial community of
sludge influences that of the membrane biofilm, which in turn,
influences MBR effluent.>® Recent studies and meta-analyses
have identified core microbiome members that span wastewater
and treatment types, including Proteobacteria, Firmicutes, and
Bacteroidetes (e.g., ref. 22 and 23). Despite the identification of
a core community across systems and effluents, MBR systems
tend to have a more distinct community compared to influent
and other treatment types.>"**> Furthermore, there is evidence
that MBR microbial diversity may decrease with time, yet
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retain distinct communities.””> Decreased microbial diversity
may stem from increased solid retention time, nutrient
enrichment, or the availability of biodegradable organic
material.*>*® Another factor influencing MBR sludge microbial
diversity is immigration of species from the influent. However,
evidence indicates that influent species immigration has less of
an effect on the core microbial community compared to the rare
taxa community, the latter of which can be an important
reservoir for microbial diversity.>”

Because a dense microbial population is maintained within
MBR systems, removal of some CECs and treatment efficiency
tends to be higher compared to other biological-based
systems.'>?® Overall, Proteobacteria and Actinobacteriota have
been documented as the dominant phyla in MBR sludge,*® and
may be responsible for degradation of some more recalcitrant
CECs. Higher abundance of Proteobacteria, specifically
Burkholderiales, were observed in MBR systems that effectively
removed carbamazepine and gemfibrozil.*® Additionally,
relations between the abundance of the Proteobacteria genera,
Rhodobacter spp., and antibiotic presence in wastewater influent
have been observed.*’ Enzymatic activity associated with
Rhodobacter spp. is efficient in organic and inorganic pollutant
degradation.®* Proteobacteria members, including ammonia-
oxidizing bacteria, nitrite-oxidizing bacteria, and phosphorus
accumulating organisms, are critical for nutrient removal.>***3
Members of the Acidobacteriota phylum are equipped with
carbon metabolism genes which are important for
polysaccharide and aromatic compound degradation.*>**
Bacteroidetes,  a-Proteobacteria, and  [-Proteobacteria,*
especially [B-Proteobacteria ammonia oxidizers including
Nitrosomonas spp. operational taxonomic units (OTUs),
dominate MBR effluent.”**’

To date, few studies have taken an interdisciplinary
approach to link CEC removal and microbial communities in
effluents and compare those relations in MBR and OXI systems
at a full-scale POTW. The objective of the current study was to
compare effluent quality from MBR and OXI systems, with a
focus on CECs. To reach our objective, we used an
interdisciplinary approach that included quantification of select
CECs, quantification of microbial loads, and characterization of
the microbial community (i.e., microbiome) in primary-treated
effluent, MBR-treated secondary effluent, and OXI-treated
secondary effluent samples. The design of the POTW at which
the study was conducted provided a unique opportunity to allow
for direct side-by-side comparison of effluent that was treated
by MBR and OXI methods.

2. Materials and methods

2.1. Site description

This study was conducted at the City of Hutchinson Wastewater
Treatment Facility (Minnesota, U.S.). As of 2022 census
estimates, the population of Hutchinson is about 14700
(https://www.census.gov/quickfacts/fact/table/
hutchinsoncityminnesotaMN). The facility is designed to treat
an average of 3.67 million gallons per day (mgd) and receives
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wastewater from a mix of residential and industrial sources. In
2008, the facility underwent several upgrades, one of which was
the addition of MBR as a secondary treatment. After incoming
wastewater undergoes primary treatment to remove solids, the
primary-treated effluent (PRI) is split equally into two secondary
treatments: conventional oxidation ditches (OXI) and
membrane bioreactor (MBR) (Fig. 1). The OXI method uses two
aeration units with an average sludge age of 24 days and average
flow of 2.5 mgd. MBR uses the ZeeWeed 500 ultrafiltration
module (General Electric, Boston, Massachusetts, U.S.) with an
average sludge age of 28 days and flow of 1.2 mgd. Pore size of
the MBR is 0.04 pm. As part of routine maintenance, the MBR
membranes are cleaned three times weekly with a 12.5%
sodium hypochlorite solution and once per week with a 50%
citric acid solution. After secondary treatment, both waste
streams are disinfected with ultraviolet light prior to
discharging into the South Fork of the Crow River.

2.2. Effluent sample collection and analysis

Effluent samples were collected immediately downstream of
each secondary treatment basin, prior to disinfection. A total
of nine effluent samples were collected from April until
September. One sample was collected in April, August, and
September. During the time frame from May 17 to June 27,
samples were collected once per week, coincident with an on-
site fish exposure study.*® During the on-site fish exposure
time periods, samples were collected directly from plumbing
that fed the different effluent streams to exposure aquaria.
The April, August, and September samples were collected by
lowering a stainless-steel weighted bottle sampler fitted with
the appropriate bottle into each effluent stream.

2.2.1. CEC analysis. Effluent samples were analyzed for
bisphenols and alkylphenols by SGS AXYS Laboratories (British
Columbia, Canada) and pesticides, pharmaceuticals, and
hormones at the U.S. Geological Survey National Water Quality
Laboratory (Lakewood, Colorado, U.S.) (Table S1t). Whole-water
effluent samples intended for bisphenol (n = 6) and alkylphenol
(n = 4) analyses were collected in 1 L glass, amber bottles and
analyzed using liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) and gas chromatography
coupled with low resolution mass spectrometry, respectively.
Samples for pesticide and pharmaceutical analyses were filtered
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through a 0.7 pm pore syringe filter into a 20 mL glass amber
vial, per USGS standard operating procedures.’ Both pesticides
(n = 82) and pharmaceuticals (n = 111) were analyzed using
direct injection methods with LC-MS/MS.">*! Whole-water
effluent samples intended for hormone analysis were collected
in 500 mL high density polyethylene bottles and analyzed for 20
hormones, including 2 sterols, using gas chromatography
coupled with tandem mass spectrometry.*>

To assess potential contamination associated with sample
collection, sample processing, and matrix interference, 2 field
blank, 2 field replicate, and 3 matrix spike samples were
collected. Field blank samples were collected by pouring
organic-free blank water directly into sample bottles for whole-
water analyses and by filtering organic-free blank water through
a syringe filter into samples bottles for pesticide and
pharmaceutical analyses. Sequential field replicate samples
were collected following collection methods of environmental
samples.  Matrix-spike ~ samples  were collected for
pharmaceutical, pesticide, and hormone analyses, which were
prepared by adding a solution containing known amounts of
target contaminants to environmental samples upon receipt at
the laboratory and analyzed accordingly.

2.2.2. Heterotrophic plate counts. Whole-effluent samples
were collected directly into 1 L sterile Nalgene polyethylene
terephthalate copolyester and glycol-modified bottles. Samples
were shipped overnight on wet ice to the USGS Michigan
Bacteriological Research Laboratory (MIBaRL; Lansing,
Michigan, U.S.) and processed within 24 hours of collection.
Serial dilutions starting with 100 mL of wastewater sample were
prepared with sterile 1x phosphate buffered saline (PBS) and
filtered using aseptic technique and standard methods for
membrane filtration® for enumeration on Reasoner's 2A agar
(R2A, heterotrophic plate count, HPC), according to
manufacturer's instructions. Additional wastewater sample
dilutions were made with sterile deionized water and added to
IDEXX HPC assay (Westbrook, Maine, U.S.) to quantify
heterotrophic bacteria load. IDEXX Quanti-Tray/2000 results
identified and enumerated according to the
manufacturer’s instructions. Final count data for the dilution
series was calculated and reported according to the IDEXX Most
Probable Number (MPN) Generator 1.4.4 (ref. 44) and the USGS
National Water Quality Manual.* Laboratory blank samples
consisting of sterile 1x PBS (for R2A), and sterile deionized

were

Secondary treatment

(removal of contaminants
via biological processes)
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disinfection

*
x

Fig. 1 Simplified flow path of wastewater treatment processing at the study facility to depict the points at which samples were collected (denoted

by red stars).
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water (for IDEXX HPC) were processed with wastewater
samples.

2.2.3. Microbial sequencing. A total of 900 mL of each
wastewater sample was filtered through a 0.2 pm pore size
polycarbonate filter, aseptically transferred to a sterile
microcentrifuge tube, and frozen at -20 °C for subsequent
molecular analysis. Frozen filters were thawed, unfolded, and
placed into a PowerWater Bead Tube (Qiagen; Germantown,
Maryland, U.S.) for DNA extraction, and extracted using Qiagen
DNeasy PowerWater Kit according to manufacturer's
instructions. DNA concentrations were measured with a
Quantus fluorometer (Promega; Madison, Wisconsin, U.S.).

Genomic DNA was delivered frozen to the Michigan State
University Research Support Technology Facility Genomics Core
(MSU RTSF; East Lansing, Michigan, U.S.) for 16S rRNA
amplicon sequencing on the Illumina MiSeq sequencing
platform (Illumina; San Diego, California, U.S.) for library
preparation and sequencing. The V4 hypervariable region of the
bacterial 16S rRNA gene was amplified with dual-indexed,
Illumina-compatible primers (515F: GTGCCAGCMGCCGCGGTA
A/806R: GGACTACHVGGGTWTCTAAT) following the protocol
described by ref. 46, except that the index sequences were
revised to unique dual index pairs. Following PCR, all amplified
products were batch normalized using an Invitrogen (Carlsbad,
California, U.S.) SequalPrep DNA Normalization plate; products
recovered from this plate were pooled. Individual pools were
concentrated and cleaned using a QIAquick Spin column
(Qiagen) and AMPure XP magnetic beads (Beckman Coulter;
Brea, California, U.S.). The pools were then verified and
quantified using a combination of the Qubit dsDNA HS
(ThermoFisher Scientific; Waltham, Massachusetts, U.S.),
Agilent 4200 TapeStation High Sensitivity DNA1000 (Agilent;
Santa Clara, California, U.S.), and Invitrogen Collibri Illumina
Library Quantification qPCR assays (ThermoFisher Scientific;
Waltham, Massachusetts, U.S.). Each pool was sequenced using
an Illumina MiSeq v2 standard flow cell in a 2 x 250 base pair
(bp) paired end format using a v2 500 cycle reagent cartridge.
Custom sequencing and index primers complementary to the
515F/806R target-specific sequences were added to appropriate
wells of the reagent cartridge. Base calling was done by Illumina
Real Time Analysis (RTA) v1.18.54 and the output was
demultiplexed and converted to FastQ format with Illumina
Bcel2fastq v2.20.0.

2.3. Data analysis

CEC concentrations and microbial counts used in this analysis
are available in a U.S. Geological Survey data release.”” Raw
sequences and associated metadata and processing information
are available in the National Center for Biotechnology
Information Sequence Read Archive under Accession Number
PRJNA1149818. Unless stated otherwise, analyses were
conducted in R version 4.2.2.*% Treatment efficiency for removal
of heterotrophic bacteria was calculated by dividing the
difference between the influent and effluent concentrations by
the concentration in influent and multiplying by 100.*

This journal is © The Royal Society of Chemistry 2025
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2.3.1. CECs. Values reported as estimated values were used
as reported by the laboratory. Typically, these are values that
fall between the method detection limit and reporting limit
so are associated with more uncertainty. In instances when
the analyzing laboratory assigned a qualifier to a value
indicating potential contamination, the value was removed
from the dataset. Environmental data were compared to field
blank sample results. In instances when environmental
concentrations were <3 times the field blank concentration,
the result was removed from the dataset. Three contaminants
were detected one time in a field blank sample: caffeine (557
ng L), loperamide (4.72 ng L"), and 17B-estradiol (0.15 ng
L. A total of 1, 15, and 0 samples were re-censored for
caffeine, loperamide, and 17B-estradiol, respectively.

After data screening was complete, statistical summaries
including detection frequency, maximum concentration, total
number of contaminants detected within CEC classes in each
sample, and the total concentration of CEC classes in each
sample were calculated. Percent removal of each contaminant
was calculated for paired samples by dividing the difference
between PRI and OXI or MBR concentrations by PRI
concentration and multiplying by 100. For percent removal
calculations, zero was substituted for censored (i.e., below the
reporting level) results, which may overestimate percent
removal.

Several approaches were used to assess differences among
treatments in paired samples. First, the number of
contaminants detected within each class and total sample
concentration of each class were compared using a Kruskal-
Wallis rank sum test, followed by a Dunn's Test with Holm
correction for multiple comparisons,®® when appropriate. Next,
for CECs that were detected at least one time in all three
treatments (n = 47), concentrations among treatments were
compared using a Wilcoxon signed-rank test with the
cen_signedranktest function in NADA2.>' Lastly, percent
removal of specific CECs was compared between OXI and MBR
effluents using the Wilcoxon signed-rank test on paired
samples.

2.3.2. Microbiome. FastQ files were downloaded from
MSU RTSF's genomics server and analyzed using the mothur
v.1.42.1 software package.’*”® In summary, paired-end
contigs were assembled, and any paired contigs (sequences)
with an ambiguous base (defined as an N for the nucleotide
base) or those outside of the expected read length (ie.,
minimum of 225 bp and maximum of 275 bp) were removed
from analysis. Sequences were aligned to the Silva Release
138 reference alignment®>> and trimmed to align to the
target V4 region. Unique sequences and their respective
abundance were identified, and those sequences were
clustered and then screened for chimeras using VSEARCH.>®
Using mothur's Bayesian classifier, sequences were classified
against the Silva Release 138 reference database,’**® and any
sequences classified as chloroplasts, mitochondria, unknown
kingdom, Archaea, and Eukaryota removed from processing.
The remaining sequences were clustered into OTUs based on
97% sequence similarity.
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Using the mothur software, sample sequencing libraries
were subsampled to 30000 sequences, ensuring even
sampling across samples for the calculation of alpha and
beta diversity metrics. Alpha diversity metrics of Observed
Species, Good's Coverage, inverse Simpson, and Shannon
Index were calculated to produce sample-respective estimates
for species richness, sequencing coverage, and diversity
incorporating both species richness and species evenness.
Phylip-formatted distance matrices for the Sorensen
similarity coefficient based on observed species and Bray-
Curtis indices were generated to calculate the dissimilarity
between community membership and community structure,
respectively.

Two-dimensional non-metric multidimensional scaling
(NMDS) was used to visualize the Sorenson and Bray-Curtis
distance matrix using the ggplot package.’” The ordiellipse
function within the vegan package’® was used to plot ellipses
on the NMDS ordinations. Analysis of molecular variance
(AMOVA) and homogeneity of molecular variance (HOMOVA)
were calculated using the Sorensen and Bray-Curtis distance
matrices to determine whether clustering within the NMDS
ordinations was statistically significant. Correlations of the
relative abundance of each OTU with the NMDS axes were
calculated to determine the influence of OTUs over NMDS
ordination.

Additional statistical analyses were conducted using the
NADA package (version 1.6-1.1)>° and dunn.test package
(version 1.3.5).°° The nonparametric Kruskal-Wallis test was
used to test for differences in HPC among treatments,
followed by a Dunn's Test for multiple comparisons, when
appropriate. Permutational Multivariate Analysis of Variance
(PERMANOVA) using a Bray-Curtis distance matrix (adonis2
with 9999 permutations and pairwise.adonis2; vegan package)
assessed the statistical significance between distance matrix
partitions and treatment types. The envfit function in the
vegan package was used to determine relations of measured
contaminants on the NMDS ordination and clustering patterns
of wastewater microbiomes. Using the vegan package, the
Mantel test was performed to determine if there was a
significant Spearman's correlation between the wastewater
microbiome via the Bray-Curtis distance matrix and measured
CEC or pharmaceutical group concentrations. The non-
parametric Linear discriminant analysis Effect Size (LEfSe)*
was run to determine which OTUs contributed to statistically
significant differences in relative abundances between
microbiomes of the PRI, OXI, and MBR wastewater streams.
Plots were constructed using tidyverse (version 1.3.1),°" ggplot2
(version 3.3.3),%” reshape2 (version 1.4.4),°> and RcolorBrewer
(version 1.1-2) packages.

3. Results & discussion

3.1. CEC presence in effluents and removal from secondary
treatment

Overall, 130 CECs (58% of those analyzed) were detected
among all samples with 119 (56%), 83 (39%), and 80 (38%)
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detected in PRI, OXI, and MBR effluents, respectively (Table
S2t). A total of 18 pharmaceuticals, 1 pesticide (prometon),
and a corrosion inhibitor were detected in all samples,
indicating little removal of these CECs by the treatment
processes. Generally, the compositions of CECs (i.e., presence
and magnitude) measured in the effluent samples align with
those previously reported for wastewater effluent around the
world.®* More CECs were detected in all PRI samples,
compared to OXI and MBR, and at higher concentrations
(Fig. 2). Compared to PRI, OXI and MBR had significantly
lower numbers and total concentrations of all classes except
pesticides (Table S4t). Total sample pesticide concentrations
were similar among all treatments. Poor pesticide removal
from wastewater using biological methods, including MBR,
has previously been documented in the literature (e.g., ref. 28
and 65). The only differences observed between OXI and
MBR effluent concentrations were for the sterols; there were
significantly fewer detections and lower concentrations in
MBR compared to OXI. This was driven by 3-beta-
coprostanol, which was present in 8 of 9 OXI samples but not
present in any MBR samples. On an individual CEC basis,
there was general agreement in concentration differences
between PRI and the two secondary treated effluents (e.g.,
diphenhydramine was significantly lower in both OXI and
MBR, compared to PRI) (Table S5T). Furthermore, there was
only one significant difference in concentrations between
OXI and MBR effluents; phenytoin concentrations were
greater in MBR effluents, compared to OXI.

Percent removal of most CECs from PRI was generally
consistent across sample dates. A total of 33 CECs (mostly
pharmaceuticals) were 100% removed in all OXI and MBR
samples, when more than one comparison could be made
(Table S67). High variability (mean + >30%) in removal was
observed for 52 CECs and often when high variability was
observed for one of the secondary treatments, it was observed
for both. In fact, percent removal was significantly different
between OXI and MBR for only three CECs: fipronil, 3-beta-
coprostanol, and cholesterol. Both 3-beta-coprostanol and
cholesterol were fully removed from effluent when treated by
MBR, but not OXI. Despite the apparent difference in
removal, concentrations of both sterols in OXI were >95%
lower, on average, compared to PRI. Slightly more removal of
fipronil was observed from OXI treatment, compared to MBR,
although percent removal for both treatments was negative.
In fact, percent removal was negative for 15 CECs which is
<10% of chemicals analyzed. This occurred when a CEC was
detected in a secondary-treated effluent sample, but not the
associated PRI sample. Although we did not use a Lagrangian
sample design to track the fate of a distinct parcel of water
through the two treatment streams, we have confidence in
the observations regarding removal because the general
patterns were relatively consistent across sample dates.

Similar removal rates of CECs were observed for MBR and
OXI effluents, indicating that both processes provide similar
benefits, in terms of CEC removal. It is important to note
that both processes are operated similarly at the facility. For

This journal is © The Royal Society of Chemistry 2025
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example, solid retention time is similar between MBR and
OXI (28 and 24 days for MBR and OXI, respectively) so it
might be expected that similar chemical transformation and
degradation processes could occur. Increasing solid retention
time can increase degradation of CECs that are not easily
biodegraded.'®**

3.2. Bacteria loads in effluents and reduction from secondary
treatments

HPC is a measure of the number of viable, culturable
heterotrophic bacteria, or bacteria load, present in the
environment and provides an understanding of water quality
and water treatment efficacy. HPC ranging from 71 to 2.4 x 10’
MPN/100 mL was detected in effluents (Fig. 3), with a
significant difference among treatments (p = 2.2 x 107°).
Specifically, a significant difference was observed between the
HPC detected in PRI and MBR (p = 7 x 10~°), with lower HPC in
MBR. MBR effluents also exhibited the largest variation in
bacteria loads among the treatments. MBR treatment
incorporates membrane filtration which has proved more
effective than conventional activated sludge treatment in
removing organic and inorganic material,® including viral
coliphages and fecal indicator bacteria.®”®® Seasonal

This journal is © The Royal Society of Chemistry 2025

temperature fluctuations influence the viability of and
functionality of critical nutrient-degrading microorganisms,
such as ammonia-oxidizing bacteria, in conventional activated
sludge more than MBR, which consequently reduces
conventional activated sludge treatment efficiency.**”° During
our study, average maximum air temperatures ranged from 8.3

ES PRI
B ox
Ed MBR

Fig. 3 Heterotrophic plate counts (HPC) were significantly different
among the three effluents with the highest HPC recovered in the primary
treated effluent (PRI). Boxplots show the 25th to 75th percentiles with
the median value indicated by the line within the box, whiskers extend to
minimum and maximum values, and individual points indicate outliers.
Navy blue dotted line indicates the limit of detection. MPN, most
probable number; MBR, secondary effluent treated by membrane
bioreactor; OXI, secondary effluent treated by oxidation ditches.
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°C in April to 28 °C in June and July, with greater ranges in April
and May. These temperature fluctuations could have influenced
the treatment efficiency of OXI. Although seasonal fluctuations
in microbiome communities have been reported, differences by
year for a particular month may not be significant.”*

HPC measured in MBR and OXI effluent is similar to
those concentrations reported from secondary effluents
treated through either a conventional activated sludge
process’>’® or primary sedimentation followed by an
anaerobic-anoxic-oxic treatment.”* Both the MBR and OXI
treatment have high removal efficacy rates of HPC with a
98.7% and 95.7% removal of HPC detected in PRI
wastewater. These removal efficacy rates are 26-29% higher
than those reported previously in ref. 72.

3.3. Wastewater microbiome among treatments

Within the PRI, OXI, and MBR effluent samples, a total of
2406 614 sequences were binned at 97% similarity to 12446
OTUs assigned to 44 bacterial phyla. Ten of those bacterial
phyla and an unclassified bacteria group were considered
dominant phyla as they each contributed over 1% of the total
sequencing reads and collectively 93% of the sequence reads
within the effluent microbiome (Fig. 4 and S1%).

Similar to results reported in other studies (e.g, ref. 8 and
26), Proteobacteria was the dominant phylum comprising
approximately 44% of all sequencing reads across PRI, OXI,
and MBR treatments and samples. In order of contribution
within the effluent sequencing library, the remaining
dominant phyla include Bacteroidota, Campilobacterota,
Firmicutes, Actinobacteriota, Patescibacteria, Spirochaetota,
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Environmental Science: Water Research & Technology

studies
8,23,26,70,75-77

in  other assessing ~ wastewater  effluent
microbiome. Proteobacteria species contribute to
critical functional wastewater treatment roles involving
hydrolysis,”> Proteobacteria and Actinobacteriota species
participate in phosphorus removal,”®”>’® Proteobacteria and
Firmicutes species are important for nitrogen removal,”®”>7”?
and Bacteroidota species are involved in molecular
compound degradation and decomposition.”®

These results expand on previous results by comparing
the microbiomes of PRI effluent and effluent receiving
secondary treatment by either OXI or MBR technologies. All
the dominant phyla except for Bacteroidota, differ
significantly in the percent contribution among the different
effluent treatments (Table S71). Of the 10 dominant phyla
contributions, Firmicutes, Fusobacteriota, and Spirochaetota
sequence reads are more prevalent in PRI than in either OXI
or MBR. Actinobacteriota and Patescibacteria sequence reads
are more abundant in the OXI microbiome than either the
MBR or PRI microbiomes.

The most prevalent OTUs (Fig. S2t) within the effluent
microbiome are classified within the dominant phyla of
Proteobacteria, Bacteroidota, Campilobacterota, Firmicutes,
Actinobacteriota, and Spirochaeta. The prevalent OTUs are
variable between the PRI, OXI, and MBR microbiomes with
only a Comamonadaceae and Mycobacterium OTU found to
contribute abundant sequencing reads among all three
wastewater treatment types. Comamonadaceae species'
Comamonas denitrificans is frequently associated with
wastewater treatment as an efficient denitrifier®® and the
presence and relative abundance of similar
Comamonadaceae OTUs among the PRI, OXI, and MBR

Planctomycetota, Verrucomicrobiota, and Fusobacteriota. = microbiomes is unsurprising. The microbial community
Several of these dominant phyla have been reported similarly  associated with oxidation ditch treatment influences
. . k] o
Actinobacteriota 4 —i. °
= o o
Bacteroidota - i— °
Campylobacterota e _@ ¢ .
Firmicutes - -—_-— o
Fusobacteriota r d
Patescibacteria 1 '.—'—° oo ES PRI
e Ed oxi
Planctomycetota - _-r—. ' MBR
Proteobacteria 4 —F
— —
Spirochaetota I
Verrucomicrobiota 4 :é
Other Phyla (<1%) | "
Unclassified 4 F—
°

0% 10% 20% 30%

40% 50% 60% 70%

Percent Sequence Reads

Fig. 4 Bacteria phyla contributing to greater than 1% of sequence reads in the primary-treated effluent (PRI), secondary effluent treated by
oxidation ditch (OXI), and secondary effluent treated by membrane bioreactor (MBR) microbiome sequencing library. Sequence reads were
classified to an individual phylum if the read exceeded 97% sequence similarity. Phyla contributing less than 1% are grouped in the ‘other phyla’
category. The ‘unclassified’ category consists of sequence reads classified to the domain Bacteria, but not to an individual phylum.
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pollutant removal efficiency.” The OXI dominant OTUs of
both Comamonadaceae and Saprospiraceae were also present
and dominant members of the bacteria assemblage recovered
from activated sludge in an oxidation ditch® and are critical

for  degradation of aromatic compounds®  and
denitrification,® and protein hydrolysis,** respectively.
Dominant members of the MBR microbiome include

Flavobacterium, Nitrosomonas, Nitrospira, and Acinetobacter,
which are associated with denitrification and nitrite
reduction,® ammonia oxidation and nitrite oxidation in
nitrogen removal,® and pollutant removal.*>*® Found in all
three effluent streams, Comamonadaceae OTUs have been
identified as poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV)-degrading denitrifying bacteria® and critical
wastewater denitrifiers removing nitrogen.*® Additionally,
Acinetobacter spp. are known to degrade aromatic
hydrocarbons,®  Flavobacterium spp. are associated with
degradation of polycyclic aromatic hydrocarbons® and
industrial dyes,”” and Rhodobacter spp. are effective
denitrifiers aiding in nitrogen removal,”> removal of heavy
metals including cadmium and zinc,”® and have been shown
to degrade organophosphorus pesticides.”®  Further,
Mycobacterium spp. OTUs which were prevalent in our
wastewater microbiomes and globally associated with
wastewater effluent® can degrade aromatic hydrocarbons®®®”
and steroids, including cholesterol,®® suggesting an
important role in treating human waste. As psychrophilic
bacteria, Flavobacterium and Acinetobacter grow best when
wastewater temperature remains under 15 °C.*** Similarly,
lower wastewater temperatures promote growth and survival
of ammonia-oxidizing bacteria (i.e. Nitrosomonas) and nitrite-
oxidizing bacteria (i.e. Nitrospira), relative
abundance® and diversity.”

Several of the abundant OTUs present in the PRI, OXI,
and MBR microbiomes are potential bacterial pathogens.
Potential pathogens including Arcobacter, Acinetobacter,
Treponema, Mpycobacterium, Pseudomonas, and Leptotrichia
OTUs are all present as dominant OTUs within the PRI
microbiome; however, only Acinetobacter, Mycobacterium, and
Arcobacter OTUs remain in either the OXI or MBR
microbiome. The removal and reduction of some of these
potentially pathogenic OTUs with OXI or MBR treatment as
compared to PRI, suggests that these secondary treatment
methods are effective in removing and reducing some
pathogenic  bacteria. Although wastewater treatment
effectively reduces and removes several potential pathogens,
others can persist in the effluent prior to disinfection (e.g.,
ref. 100 and 101). For instance, the relative abundance of
Legionella increased from the PRI to OXI treatment. Although
increased relative abundance does not necessarily indicate
increased growth, previous studies have found an increase of
Legionella cells up to two orders of magnitude between
influent and effluent.’®'%* It is important to remember that
all sampling for this study was conducted prior to effluent
disinfection in the plant before discharge to receiving waters.
The relative increase of any potentially pathogenetic bacteria

as well as

This journal is © The Royal Society of Chemistry 2025
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OTUs in OXI or MBR effluents does not represent an increase
of discharge of these bacteria to surface waters.

The microbiome of OXI effluent had the highest OTU
richness and diversity, as measured by the inverse Simpson
Index and non-parametric Shannon Index (Fig. 5). Good's
coverage is a measure of sequencing coverage and the PRI,
MBR, and OXI microbiomes' coverage metrics ranged
between 0.98 and 1.00 (median = 0.99) indicating high
sequencing coverage at a sequencing depth of 30000 reads.
The high coverage suggests that our microbiome analysis
represents a comprehensive analysis of the PRI, MBR, and
OXI effluent microbiomes. The microbiomes of the different
treatments were significantly different in the observed OTUs,
or richness (p = 0.004), non-parametric Shannon diversity (p
= 0.0002), and inverse Simpson diversity (p = 0.001).
Specifically, the OXI microbiome was richer (p = 0.002) and
more diverse (Shannon p = 0.0001 and inverse Simpson p =
0.0002) than the PRI effluent microbiome. Comparatively,
these results suggest decreased species richness and diversity
in MBR, compared to OXI, which has been theorized to be
influenced by the solid retention time, proportion of

nutrients to Dbacteria, or the availability of organic
degradates.”>® In fact, distinct MBR communities have been
observed compared to influent and other treatment

effluents.'®® Mature MBR biofilms (collected more than five
hours of operation after cleaning or installation of a new
membrane) were found to be less diverse, compared to early
MBR and activated sludge microbial communities.**
Furthermore, the differences were largely attributed to the
presence of unique OTUs. The results from our study align
with those observed by ref. 24, given the fact that our
sampling would have been conducted when mature biofilms
were present and influencing effluent microbial
communities.

NMDS ordination illustrates separate clustering of the
microbiome membership and structure among effluents, as
defined by the Sorensen (Fig. 6A) and Bray-Curtis (Fig. 6B)
distance matrices. One PRI sample (09072022) was an outlier,
clustering with the OXI samples in both ordinations.
Observed separation for all effluent types was significant (p
< 0.001). The PRI microbiome membership is significantly
more variable than that of the OXI (p < 0.001) and MBR
microbiome (p = 0.006) (Fig. 6A). Considered collectively, the
PRI microbiome membership and structure is significantly
more variable than that of the OXI microbiome (p < 0.001,
Fig. 6B). Analysis of variance indicates that wastewater
microbiomes were significantly different (p = 1 x 10™*) with
differences existing between the pairs of MBR-OXI, MBR-PRI,
and OXI-PRI (p = 0.01). Treatment type explains 26% of
variation in the microbiome of the different treatments.

LEfSe analysis indicated that the linear discriminant
analysis score was significantly different among 733 OTUs
found in the microbiomes of the different effluent types
(Fig. 7). Of those 733 OTUs, 74, 406, and 253 were more
prevalent in the PRI, OXI, and MBR effluent microbiomes,
respectively (Table S81). The 406 OTUs significantly more
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Fig. 5 Alpha diversity metrics of primary-treated effluent (PRI), secondary effluent treated by membrane bioreactor (MBR), and secondary effluent
treated by oxidation ditches (OXI): (A) Good’s coverage, (B), observed operational taxonomic units (OTUS), (C) inverse Simpson index, and (D) non-

parametric Shannon index.

prevalent in OXI effluent samples contributed to the OTU
richness and likely influenced the elevated diversity metrics
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Fig. 6 Non-metric multidimensional scaling (NMDS) ordinations of the
Sorensen (presence/absence; A) and Bray-Curtis (abundance; B)
distance matrices calculated from the wastewater microbiome
membership (A) and structure (B) of the primary-treated effluent (PRI),
secondary effluent treated by membrane bioreactor (MBR), and
secondary effluent treated by oxidation ditches (OXI).
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observed for OXI. The 253 OTUs more prevalent in the MBR
effluent also elevated observed diversity above the value
calculated for PRI effluent. Several taxonomic groups,

including  Polaromonas,  Rhodopseudomonas, Nitrospira,
Mycobacterium, Arcobacter, Legionella, and
Sphingomonadaceae, had multiple OTUs that were

significantly elevated in the microbiome of more than one
treatment type. Although these OTUs were assigned to a
similar genus, they were different enough to possibly indicate
a different species or strain. Several of these OTUs that were
significantly different among treatment types were also
dominant OTUs (Fig. S2t) and have known associations with
wastewater treatment, nitrogen and phosphorus cycling and
removal, and pollutant treatment.

The presence of particular CECs may influence the
microbiome of effluents and our results indicate that some CEC
groups were related to particular treatments. We observed
significant relations between microbiome community structure
and the concentration of all CEC groups, except hormones
(Table 1), indicating that the CECs detected in the PRI, OXI, and
MBR effluent streams significantly influenced differences in the
respective  effluent microbiomes. Pharmaceuticals and
bisphenols had the highest relation (r = 0.46, p < 0.05) to
relative abundance of the effluent microbiomes. Some
microbial members (e.g., Achromobacter, Cupriavidus) have been
shown to increase with increasing pharmaceutical
concentrations, while other decrease (e.g;, Comamonas).'**
Because the pharmaceutical group reflects a diverse set of
contaminants, we also explored the relation between types of
pharmaceuticals and the effluent microbiomes. Out of 20
pharmaceutical groups, 6 had significant but weak correlations

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Linear discriminant analysis (LDA) scores indicate specific operational taxonomic units (OTUs) that were significantly more prevalent in the
microbiome of secondary effluent treated by membrane bioreactor (MBR), secondary effluent treated by oxidation ditches (OXI), or primary-
treated effluent (PRI). Only scores of the top 50 OTUs are shown, the remaining significant LDA scores are listed in ESIf Table S8. LDA scores were
calculated using non-parametric linear discriminant analysis effect size (LEfSe).%° LDA scores were considered significant if p < 0.05. OTUs are
labelled with a “1” or “2” if more than one OTU was classified to a specific consensus taxonomy at over 97% similarity. ANP-Rhizobium =
allorhizobium-neorhizobium-pararhizobium-rhizobium; un = unclassified; uc = uncultured.

(r < 0.25, p < 0.05) to the relative abundance of effluent
microbiome OTUs (Tables 1 and S9t). Other factors that can
influence the effluent microbiome include environmental
variables such as season and pH. Although these variables may
have played a role in the microbiome communities at large,
considering that the effluent samples were collected during one
part of the year (ie., little temperature fluctuation) and the
secondary effluents were treated similarly (i.e., similar sludge
retention times), we hypothesize that the presence of CECs
contributed more to the observed differences between
treatments.

CEC concentrations were significantly associated with the
separation of the PRI effluent microbiome composition and
structure from that of the OXI and MBR effluent

microbiomes  (Fig. 8). Similarly, when considering
pharmaceutical class, antacids, beta blockers, antidiabetic,
antihistamine, antidepressant, anticonvulsant, and

bronchodilator concentrations influenced the difference in

This journal is © The Royal Society of Chemistry 2025

microbiome membership and structure between the PRI
effluent and that of the OXI and MBR effluents. When
assessing the influence of these same pharmaceuticals on the
presence/absence of microbiome membership,
concentrations influenced significant spatial separation of
OXI and MBR effluent microbiomes, and among PRI effluent
microbiome membership (Fig. 8). The OXI microbiome is
richer and more diverse than the PRI and MBR microbiomes,
and specific pharmaceutical concentrations may select or
enrich the growth of some OTUs recovered from the OXI
microbiome. For instance, there was a significantly higher
prevalence of a Rhodopseudomonas spp. in effluent
microbiomes with pharmaceutical concentrations higher
than 3 x 10° ng L™". Rhodopseuduomonas have been frequently
used for degradation of wastewater chemicals,'®” including
heavy 0il,'® hormones,"” and pharmaceuticals.’*®"°
Although a majority of pharmaceuticals were detected at
similar frequencies and concentrations in both the OXI and
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Table 1 Relations between total contaminant concentrations, by group,
and calculated Bray-Curtis distance matrix. Significant Spearman
correlations are indicated in bold text (p < 0.05). For pharmaceutical
groups, only significant correlations are listed. Results for all
pharmaceutical groups are listed in Table S9.f Pharms = pharmaceuticals;

Pest = pesticides; Horm = hormones; Corr = corrosion inhibitor; Alkyl =
alkylphenols; Bisph = bisphenols; All = all groups

Spearman corelation coefficient

Contaminant groups

View Article Online
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MBR effluents, five were detected only in OXI but not in MBR
(Table S2f) at least once. On the contrary, only two
pharmaceuticals were detected in MBR but not OXI. However,
these few differences could be attributed to the sample
design more than the microbial communities of the
secondary treatments.

Wastewater is an optimal medium for microorganisms,""*
and primary and secondary treatment does not aim to reduce or
eliminate microorganisms. However, the associated processes

Pharms 0.46 . . o .
Pest 0.11 and environmental conditions maintained in these treatment
Horm 0.01 systems select for certain microorganisms or bacterial groups
Zterols 0.28 and influence the microbiome composition''* as does
orr 0.13 . . . . . .
Alkyl 0.39 biological interaction between the groups of microorganisms.”®
Bisph 0.46 For example, previous work has documented different bacterial
All 0.44 communities, especially associated with nitrogen cycling,
zhi‘rr‘?sce“tlcal groups oo between MBR and conventional activated sludge systems.*
ntaci . . . .
Antidiabetic 015 Differences may be{ attr1bute'd. to the d(-es1gn of' treatment
Antihistamine 017 systems or operating conditions associated with sludge
Beta blocker 0.15 residence time or flow.?**”
g?lcmlm ‘t:hannel blocker 8'13 In our study, microbiome richness and diversity in the
imulani . .
PRI, OXI, and MBR effluent streams appear to be influenced
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Fig. 8 Non-metric multidimensional scaling (NMDS) ordinations using Bray-Curtis distance (A and B) and Sorensen (C and D) measures fitted with
significant contaminant vectors (gray lines). Plots are fitted with vectors calculated using total contaminant group concentrations (A and C) and
pharmaceutical group concentrations (B and D). Vectors were determined using 999 permutations and significance determined when p < 0.05.
The vector lengths are scaled by correlation to the strength of the predictors (vectors). Colors of points indicate effluent treatment type: primary-
treated effluent (PRI), secondary effluent treated by oxidation ditches (OXI), and secondary effluent treated by membrane bioreactor (MBR).
Abbreviations are as follows: STE = sterols, PHA = pharmaceuticals, ALK = alkylphenols, BIS = bisphenols, HOR = hormones, ACI = antacid, BB =
beta blocker, DIA = antidiabetic, HIS = antihistamine, DEP = antidepressant, CON = anticonvulsant, BRO = bronchodilator.
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by differences in the OXI and MBR treatment processes,
producing significant differences between the treatments
(Fig. 5 and 6). These different microbiomes are an emergent
property of the biological, chemical, and physical interactions
within each treatment process, and the outcomes from these
interactions appear to influence the chemical composition of
the effluents (Table 1, Fig. 8). Previous work has observed
that the removal efficiency of pollutants is tied to microbial
community composition (e.g., ref. 7), and several of the
dominant OTUs observed in our study are associated with
pollutant removal (Table S8, Fig. S27).

Conclusions

This study assessed the removal of select CECs, removal of
bacterial loads, and structure of microbial communities in
primary-treated effluent (PRI), secondary effluent treated by
oxidation ditches (OXI), and secondary effluent treated by
membrane bioreactor (MBR) by taking advantage of a full-
scale system that splits primary-treated effluent between the
two secondary treatments. Fewer CECs, and lower
concentrations, were detected in OXI and MBR. We observed
similar treatment efficiencies between OXI and MBR
secondary treatments, indicating that MBR may be a useful
option to consider when planning POTW upgrades. However,
additional full-scale studies could provide confidence that
MBR is a useful option in various scenarios. For example, our
study represents treatment at one facility within a particular
climate. Comparison of multiple POTWs that vary in
geographic location (and climate) and comparison across
seasons would be valuable. Additionally, we did not consider
microbial-mediated process or function (i.e., nutrient cycling,
biodegradation, antimicrobial resistance). Consideration of
how secondary treatment processes enhance these processes
would provide useful information to inform wastewater
treatment in the future.
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