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ABSTRACT: Potable water reuse has become a key component of
water sustainability planning in arid regions. Many advanced water
purification facilities use reverse osmosis (RO) as part of treatment,
including as a barrier for microorganisms; however, regrowth after
RO treatment has been observed. Questions remain about the
identity, source, and survival mechanisms of microorganisms in RO
permeate, but the extremely low biomass of this water is a
limitation for common microbiological methods. Here, we
performed high-throughput sequencing on samples collected
throughout a potable reuse train, including samples collected by
filtering large volumes of RO permeate and biomass collected from
RO membranes during an autopsy. We observed a stable,
consistent microbial community across three months and in two
parallel RO trains. RO permeate samples contained Burkholderiaceae at high relative abundance, including one Aquabacterium sp.
that accounted for 29% of the community, on average. Like most other RO permeate microorganisms, this sequence was not seen in
upstream samples and we suggest that biofilm growing on unit process infrastructure, rather than active treatment breakthrough, was
the primary source. A metagenome-assembled genome corresponding to Aquabacterium sp. from RO permeate was found to lack
most sugar-utilization pathways and to be able to consume low molecular weight organic molecules, potentially those that pass
through RO.
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1. INTRODUCTION
Exacerbated by climate change, water scarcity is affecting more
people worldwide.1 In California, water agencies are seeking
diversification of the water portfolio to meet supply needs.
This water portfolio includes both potable reuse and
desalination,2 both of which rely on membrane-based
processes for treatment. Potable reuse of wastewater via
advanced treatment makes use of an existing, reliable, and
often untapped supply of water and has been applied
globally.3−5 After advanced treatment, water for potable
reuse can be sent to an aquifer or reservoir or directly to a
drinking water treatment plant or distribution system.

Membrane processes like microfiltration (MF) and reverse
osmosis (RO) are integral components of desalination and full
advanced treatment of wastewater in California. Upstream
steps sometimes included in potable reuse treatment trains
include ozonation followed by biological activated carbon
(BAC) filtration, and downstream of RO, permeate is further
treated with advanced oxidation processes (AOP). Studies on
the efficacy of advanced treatment trains primarily focus on
robust removal of indicator viruses, bacteria, protozoan cysts,
and chemical constituents of concern.6−8 Regulations are
developed to address these specific contaminants known to

present human health risks, but bacterial cells are present
following RO,9 and few studies have investigated the origins of
these microorganisms.

While high levels of removal and inactivation of pathogenic
and indicator bacteria occur in advanced treatment trains, we
have previously shown that bacteria can grow after these
processes, with the extent of regrowth depending on local
conditions.9−12 Even if bacteria are removed and inactivated by
RO and AOP, respectively, nutrients and carbon may remain,
contributing to bacterial growth during water distribution and
storage.11 Of biological interest, RO permeate represents an
extreme environment due to the low ionic strength and very
low nutrient content.13 Furthermore, RO membranes are
expensive to operate, and fouling increases energy require-
ments and capital costs due to cleaning and replacement.14
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This motivates investigation of the microorganisms found on
the feed side of RO membranes.

Specifically, it could be beneficial to better understand the
microbial biomass surrounding RO in the context of a potable
reuse treatment train. Relatively few membrane-based treat-
ment facilities have been studied from a microbiological
perspective, and each has a unique treatment train and source
water.10,15−19 Studies on advanced treatment facility micro-
biomes10,18 have been limited in their ability to obtain
sequence data for bacteria in reverse osmosis permeate
because the cell concentrations were very low. We previously
investigated the microbial water quality within a demonstra-
tion-scale advanced treatment facility9 during a period when
chloramines were not added to the feed of the MF and RO,20

potentially causing increased cell counts in the permeate and,
thus, improved collection of biomass. This previous work
reported on the log-removals of cells and bacterial genes across
the treatment train and showed that, despite the lack of
chloramine, very low biomass remained after RO.

Here, we applied two high-throughput sequencing techni-
ques to these previously collected samples to address the
following questions: (1) How does the diversity and
consistency of the RO permeate microbial community
compare to other treatment steps in the advanced treatment
train? (2) What is the identity and potential source of
microorganisms in RO permeate? (3) Is cell growth different
after RO, and what metabolisms might contribute to growth?
We utilized 16S rRNA gene amplicon sequencing for its
sensitivity, and genome-resolved metagenomics to gain insight
into metabolic potential. To our knowledge, this is the first
study to perform sequencing on large sample volumes of RO
permeate and biomass recovered from RO membranes in an
advanced wastewater treatment facility.

2. METHODS
2.1. Treatment Train and Operation. The advanced

wastewater treatment demonstration facility had a treatment
capacity of approximately 3.8 × 106 L/day and was designed to
test the performance of several parallel treatment processes
(Figure 1).

The complete treatment train has been described by ref 9.
Briefly, the influent was tertiary wastewater (treated by
sedimentation, activated sludge, and granular media filtration
with anthracite coal). In the advanced treatment demon-
stration facility, treatment included (i) ozonation (Wedeco/
Xylem, DC, USA), with an average target applied ozone
concentration of 8.17 mg/L, CT range of 1.84−4.00 (average
= 2.68) mg-min/L, and hydraulic retention time of ∼7.5 min
to target 1-log10 reduction of Cryptosporidium; (ii) two parallel,

identical biologically active granular activated carbon filters
(“BAC”, Leopold/Xylem, DC, USA), operated with empty bed
contact times of 15 min and average backwash intervals of
approximately two to 4 days; (iii) parallel microfiltration
(“MF”, Pall Corporation, New York) and ultrafiltration (“UF”,
modules by Toray, Japan, and overall design by H2O
Innovation, Canada) membranes, with nominal pore sizes of
0.1 and 0.015 μm, respectively, and average water recoveries of
96% each; (iv) two parallel reverse osmosis (“RO”, EnAqua,
California) units, one with two stages in series and the other
with three stages in series, each operated at an average water
recovery of 75−80%; and (v) a UV and free chlorine advanced
oxidation process (“AOP” system, TrojanUV, Canada), with
free chlorine concentrations in the feed and effluent of
approximately 2 and 1−1.5 mg/L as Cl2, respectively, hydraulic
retention time of approximately 15 s, and minimum UV dose
of 850 mJ/cm2.

2.2. Sampling. Sampling for flow cytometric cell counts
and nucleic acids analysis was conducted 2−4 weeks apart
between September and December 20179 (Table S1). Grab
samples were collected for flow cytometry from all locations
(Figure S1), with excess sodium thiosulfate added to quench
free chlorine in AOP effluent. Flow cytometry methods and
data are fully described.9 Microbial biomass was concentrated
by dead-end ultrafiltration (DEUF) from tertiary wastewater,
BAC filtrate, MF/UF combined permeate storage tank
(referred to as “MF” throughout), and RO permeates (Figure
1), following an adaptation of the method described
previously.21 In brief, a range of water volumes, depending
on the sampling location (30 L for tertiary wastewater up to
4000 L for RO permeate, which has low biomass and requires
collection of large volumes) was collected on ultrafiltration
membranes (REXEED 25S, Henry Schein, New York) (Table
S1). The filters were backflushed with 500 mL of a backflush
solution (0.5% w/v Tween 80, 0.01% w/v sodium poly-
phosphate, and 0.001% w/v Y-30 antifoam emulsion) through
the ultrafilter and into a sterile container in the opposite
direction from sample filtering. The backflush underwent a
second concentration step via poly(ethylene glycol) (PEG)
precipitation. PEG pellets containing microbial biomass were
then resuspended in ∼3 mL of supernatant or TE buffer and
stored as two aliquots at −80 °C until DNA extraction. To
capture potential contaminants from the filters and solutions
used during sample processing, 1 L of autoclaved deionized
(DI) water was filtered through clean ultrafiltration mem-
branes and processed alongside samples as “Field Blanks”.9

An RO membrane autopsy was conducted on January 10,
2018 (day 118) by the facility to observe membrane fouling.
Our research team was invited to collect biofilm samples
during this process. Once the membrane was opened (Figure

Figure 1. Overview of the treatment train. Tertiary treated wastewater was treated sequentially by ozonation, BAC filtration, parallel MF, and
ultrafiltration (UF), parallel reverse osmosis units with two or three stages in series (RO), and a UV/free chlorine AOP. Sample points for flow
cytometry (FCM) and dead-end ultrafiltration (DEUF) are indicated by gray and orange x’s, respectively.
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S2), biofilm from the feed side of the membrane was collected
directly into a sterile tube using a sterile cell scraper. The mesh
separator on the permeate side was cut with sterile scissors and
placed into autoclaved DI water. A separate bottle of
autoclaved DI water was placed on the sampling surface and
opened during sample collection as a sampling negative
control. Samples and controls were transported to the lab on
ice and processed immediately. Retentate biofilm was stored at
−80 C. The mesh separator in water and the negative control
water were sonicated to wash the mesh and dislocate biofilm.
The mesh was removed, and the wash water and negative
control underwent PEG precipitation following the same
protocol used for all ultrafiltration backflush samples. The
facility conducted a second autopsy on August 8, 2018 and the
feed and permeate biofilm samples were included in further
processing for DNA extraction and sequencing and are shown
in the SI for comparison. These samples are referred to as
“ROBF” feed and permeate throughout.

2.3. DNA Extraction. DNA was extracted from sample
pellets using a PowerSoil Pro extraction kit (Qiagen,
Maryland) according to the manufacturer’s protocol, with
slight modifications. Briefly, PEG pellets were thawed and
homogenized by vigorously vortexing for 10 s. For tertiary
influent, BAC, MF/UF storage tank, and 4 RO permeate
samples, 200 μL of homogenized sample was added directly to
the PowerSoil Pro Powerbead tube. For the remaining RO
samples, homogenized pellets from identical aliquots were
centrifuged (15 000g for 15 min). The supernatant was
combined onto a centrifugal filtration unit (Amicon ultra-15
centrifugal filter unit, 100 kDa; Millipore, Ireland) and
centrifuged (7500g for 30 min). The concentrated supernatant
was used to resuspend the centrifuged pellets, and 200 μL of
the resulting sample was added to the Powerbead Tube. All
samples were incubated at 37 C for 30 min in an enzymatic
digestion solution: 50 μL of 0.001% lysozyme (Sigma-Aldrich,
Germany), 50 μL of 0.00001% achromopeptidase (Sigma-
Aldrich, Germany), and 8 μL of 0.01% carrier RNA in buffer
AVL (Qiagen, Maryland). Finally, 500 μL of solution CD1
(PowerSoil Pro) was added, and extraction followed the
PowerSoil Pro manufacturer protocol. The elution buffer was
incubated on the column for 5 min at room temperature prior
to the final elution step. Eluates were stored at −80 C. The
effective volume extracted for each sample is reported in Table
S1. Due to limited sample volumes, three samples that were
part of initial methods testing experiments were included in the
final set for sequencing. Of these, two were RO permeate
samples extracted with the Qiagen DNeasy Blood and Tissue
kit, while the other was a BAC filtrate sample extracted with
the Qiagen DNeasy PowerMax soil kit followed by ethanol
precipitation (Table S1). The Zymobiomics mock microbial
community standard was used for seven positive extraction
controls spanning 6 orders of magnitude in estimated cell
inputs; three of these were sequenced by metagenomics
(below) and while all were included in amplicon sequencing.
Nuclease-free water was used as a negative control in each
DNA extraction batch (n = 6).

2.4. Library Preparation and Sequencing. Amplicon
library preparation for the V4 region of the 16S rRNA gene
was performed as part of a larger project previously
described.11 Briefly, library preparation followed the Schloss
Lab MiSeq wet-lab protocol,22 using dual barcoded primers
(515F and 806R) in a one-step PCR amplification reaction for
each sample. Triplicate 25 μL PCR reactions were combined

prior to cleanup and barcoded amplicons were pooled based
on Qubit values prior to sequencing. Controls included no-
template negative PCR controls on each plate (n = 2), and the
Zymobiomics mock microbial community DNA standard
(positive PCR control). Sequencing was performed with
Illumina MiSeq (v3), yielding 300 bp paired-end reads.

Library preparation for metagenomic sequencing was
performed at the Functional Genomics Laboratory (UC
Berkeley). Briefly, 500 bp insert libraries were constructed
using the KAPA HyperPrep kit with a PCR amplification step.
Sequencing was performed using Illumina NovaSeq SP,
yielding 150 bp paired-end reads and an average of 7.42
Gbp per sample for MF and RO samples. To capture expected
higher diversity, tertiary wastewater and BAC filtrate libraries
were sequenced approximately four times more deeply than
other samples, averaging 26.75 Gbp per sample (Table S1). All
sequencing was conducted at the Vincent J. Coates Genomic
Sequencing Laboratory (UC Berkeley).

2.5. Amplicon Sequencing Data Processing. Amplicon
data analysis using DADA223 was performed as part of a larger
project previously described.11 Briefly, forward reads were
filtered and trimmed to remove PhiX, truncate to 251 nt, trim
the first 5 nt, remove reads shorter than 200 bp, truncate
sequences with quality score ≤ 10, and remove reads with
expected errors > 1. Next, reads were denoised to produce
amplicon sequence variants (ASVs), chimeras were removed,
and reads were classified against SILVA (v132). Samples with
fewer than 7500 reads were removed, resulting in the loss of
one tertiary wastewater sample and two negative controls.
Seven positive extraction controls were examined. Of these, six
appeared as expected, while one low-biomass positive control
(2500 total cells input) showed contamination with ASVs
classified as Lysobacter sp. present in both negative controls
(field, extraction, and library preparation blanks) and samples
were investigated using DESeq2 with absolute read-count data.
ASVs that were significantly enriched in negative controls over
samples were removed from samples (n = 151), including the
same ASV classified in the positive control as belonging to
Lysobacter sp. This method prevented removal of important
ASVs that may have cross-contaminated from samples into
controls, while removing ASVs present in all samples
(including in controls) that were likely due to reagent
contamination. Subsequently, one tertiary wastewater sample
with fewer than 300 reads remaining was dropped from the
data set (Table S1).

After processing and decontamination, data was further
analyzed in R (v.4.2.0). Rarefaction curves were used to
confirm adequate sequencing depth using vegan (v2.6.2)
(Figure S3). Three samples were removed from further
amplicon sequencing analysis (Figure S4): one RO permeate
bulk water sample from day 26 showed evidence of cross-
contamination with membrane biofilm samples during
amplicon library preparation but not metagenomic library
preparation (Figure S5); the RO membrane biofilm permeate
sample from day 328 produced extremely low biomass (Table
S1), prompting both the feed and permeate samples from that
day to be removed from both amplicon and metagenomic
analyses.

Diversity was investigated with phyloseq (v.1.40.0)24 using
the Shannon index, as this diversity index is relatively more
robust for processing data with removal of singletons.25 For β-
diversity analysis, read counts were normalized with three
methods, yielding nearly identical results: percent relative
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abundance was calculated by dividing by total reads per
sample, rarefaction was applied using the rarefy_even_depth
function in phyloseq, and CLR-transformation was carried out
using the microbiome package (v1.18.0).26 Bray−Curtis
dissimilarity was calculated for all 3 normalizations and
PERMANOVA analysis was conducted on bulk water samples
using vegan (adonis) to test for significant differences in
community associated with sampling day and location. β-
Diversity was visualized with nonmetric multidimensional
scaling (NMDS) and principal coordinate analysis of Bray−
Curtis dissimilarity calculated on rarefied data. Results of β-
diversity analyses were nearly identical using percent-
normalized and Aitchison distance-based methods (not
shown).

The recurrent ASVs present after each treatment process
were defined as those present at ≥0.05% relative abundance in
at least two samples from that process, and intersections were
visualized using VennDiagram (v.1.7.3) in R.

2.6. Metagenomic Data Analysis. Illumina adapters and
PhiX were removed from raw reads using bbmap v38.79
(sourceforge.net/projects/bbmap/) and sequences were qual-
ity trimmed using sickle (https://github.com/najoshi/sickle).
Quality control results were visually inspected using fastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
). Reads from each sample were individually assembled using
IDBA-UD with a precorrection step.27 Taxonomic analysis of
contigs was performed with Kaiju28 using the nr_euk database
version r2021-02-24. Within the Anvi’o v7.1 environment,29

Prodigal30 was used to call open reading frames on scaffolds
greater than 1 kbp, and single copy genes and rRNAs were
identified using hmmscan.31

To assess and remove probable contaminants from
metagenomic assemblies, reads from the field negative
controls, extraction blanks, and the lowest-biomass positive
control (2500 total cells input) were mapped to each assembly.
For each assembly, Anvi’o was used to profile these mappings
alongside the self-mapping of the reads used in the assembly.
Contaminant scaffolds were identified with a custom script
(find_contams.py) according to coverage, standard deviation
of coverage, and detection in samples and controls (similar to
Dai et al.32). The resulting collection of suspected contaminant
scaffolds was manually reviewed using anvi-refine, and
contaminant scaffolds were removed from further analysis by
splitting the noncontaminants into new Anvi’o databases.
Notably, two recurring contaminants were identified by kaiju
as Lysobacter enzymogenes M497−1 and Asaccharospora
irregularis, and these findings were consistent with the 16S
decontamination results. This species of Lysobacter is used
industrially to produce lysozyme for DNA extraction, which
was included in this study (see Section 2.3) and was likely the
source of this contamination.33

Pairwise MASH distances between read sets were calculated
for all samples using mash v2.2.34 These distances between
samples confirmed that cross-mapping between samples from
the same treatment process would likely assist with binning
(Figure S5). Binning was performed for RO permeate, stored
MF/UF, and RO membrane samples using DASTool35

followed by dRep36 and is further described in the Supporting
Methods. Index of replication scores (iRep values) for each
MAG and sample were calculated by inStrain37,38 and
subsequently filtered to include only those meeting the
following conditions: non-normalized coverage depth was
≥5× in the sample, coverage breadth was >90% in the sample,

the MAG had 175 scaffolds or less per Mbp of sequence, and
completeness and contamination were estimated by CheckM
as >75 and <5%, respectively. Functional annotation was
performed using hmmscan with KEGG KOFAM profiles in
Anvi’o (KOFAM HMMs from December 23, 2020) and
investigated using anvi-estimate-metabolism. KEGG modules
differentially enriched between MF and RO samples were
determined with anvi-compute-functional-enrichment. MAG-
specific in depth metabolic analysis used the KOFAM-based
annotation table generated by anvi-summarize (Table S4) and
the interactive KEGG map outputs from the web server version
of KofamKOALA (https://www.genome. jp/tools/
kofamkoala/).39

2.8. Data and Code Availability. Raw amplicon sequence
data and metagenomic data were deposited at NCBI under
project number PRJNA896721 and biosample numbers for
samples included in this study are shown in Table S1. Code,
including decontamination workflows, is available at https://
github.com/rosekantor/awtp2 and https://github.com/
rosekantor/metagenomics-tools.

3. RESULTS AND DISCUSSION
High-throughput sequencing was performed on bulk water
samples collected from sites across the treatment train over
three months (Figure 1) and on biofilm samples from one RO
membrane harvested after the bulk water sampling period.
Sequencing, quality control, and decontamination yielded 24
amplicon sequence data sets containing 3597 amplicon
sequence variants (ASVs), 17 metagenomes (Table S1), and,
for MF and RO permeates only, 117 metagenome-assembled
genomes (MAGs) (Table S2). We previously reported total
and intact flow cytometric cell counts for effluent from each
treatment process.9 Using these data, we calculated the
percentage of intact cells to provide insight into the degree
to which the sequence data represent potentially viable cells
(Figures 2A and S1, Table S1). The fraction of potentially
viable cells was similar for tertiary treated wastewater, ozone-
BAC effluent, and MF effluent (48−100%), but after RO, a
significant drop was observed (32−85% viable; p = 0.012 for
pairwise t test with Benjamini Hochberg adjustment, between
MF and RO), and after AOP, most cells were not viable (0−
19%). Hence, AOP effluent samples were not collected for
sequencing.

3.1. RO Microbial Community in the Context of the
Full Treatment Train. Shannon’s index of α diversity
increased between tertiary treated wastewater and ozone-
BAC effluent but was substantially lower in the MF/UF
storage tank (here labeled as “MF”) and RO permeate (Figure
2A). This trend in diversity was paralleled by the drop in cell
counts and nutrient availability,9 consistent with findings from
another advanced treatment facility.10 Although α diversities of
MF and RO permeate samples were not significantly different
from one another (Figure S6), pronounced differences in the
microbial compositions were observed between each treatment
step (PERMANOVA comparing bulk water samples only: R∧2
= 0.5, p = 0.001; Figures 2B and S9). Notably, this result was
observed despite the use of different extraction kits for two of
the RO samples and one of the BAC samples. Group
dispersions, representing the degree of within-site similarity,
were significantly different between treatment steps (p <
9.999e-05), which may have contributed to the PERMANOVA
result. In particular, the microbial composition of the water
changed much more in the tertiary wastewater and ozone-BAC
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effluent than in the MF and RO permeates over the three-
month sampling period (Figure S10). The RO permeate
microbial composition was consistent over time and also
between two parallel RO trains with 2 and 3 stages (Figures 3
and S11), which suggests that the RO produced consistent
microbial community regardless of temporal effects on
wastewater quality or number of stages.

3.2. Microbial Identity and Origins of Microorgan-
isms in the Post-RO Bulk Water. The phylum-level
taxonomic composition of microorganisms identified across
the treatment train shifted from Proteobacteria and Patesci-
bacteria to Proteobacteria and Actinobacteria (Figure S7). At
the family level, Burkholderiaceae and Mycobacteriaceae
species were at high relative abundance in the RO permeate
(Figures 3 and S8). The two most abundant ASVs were
classified as Aquabacterium sp. (family Burkholderiaceae) and
Mycobacterium sp. (family Mycobacteriaceae), and accounted

for an average of 29 and 14% of the amplicon reads,
respectively (Figure S11).

To understand whether the upstream treatment processes
were the source of microorganisms in the RO permeate, we
filtered the data set to include high-quality observations of
ASVs or “recurrent ASVs” (see Section 2.5). This was done to
avoid the possibility of misinterpreting one-off instances of
low-abundance cross-contamination as recurrences of an ASV
across treatment processes. The microbial composition at each
sampling point was almost entirely distinct from that of other
sampling points (Figure 2C). Recurrent ASVs were rarely
shared between sequential processes (tertiary WW and BAC,
BAC and MF, MF, and RO), and even more rarely shared
between nonsequential processes. These results support that
each unit process generally acted as a barrier to and selection
pressure for a unique microbial community. No recurrent
ASVs were shared between more than two processes,
suggesting there was little to no consistent carry-over of
bacteria across the treatment train. Specifically, only 2
recurrent ASVs were overlapping between tertiary wastewater
and RO although 11 nonrecurrent ASVs were observed in both
sample types (Figure S11). The presence of these ASVs in
both samples may be due to (1) true treatment breakthrough,
(2) cross-contamination during amplicon library preparation
(see Section 3.4), or (3) the short size of the 16S V4 amplicon
(which may be insufficient to distinguish closely related but
nonidentical bacteria). Notably, of the two most abundant
ASVs in RO permeate, the Aquabacterium- classified ASV was
not detected in any upstream samples, but the Mycobacterium-
classified ASV was seen in tertiary wastewater and BAC filtrate
at low relative abundance. Similar to the amplicon sequencing
results, no MAGs from MF and RO were detected in upstream
tertiary wastewater samples by read-mapping when a coverage
breadth threshold of 10% was applied (Figure S12).

Another potential source of microorganisms in RO permeate
is the RO membranes themselves. To assess this possibility, we
analyzed biomass collected when an RO membrane was
autopsied to examine membrane fouling (Figure S2 and
“ROBF” in Figure 2B). At the time of the autopsy, 27 days
after the final bulk water sampling event, the RO train showed
a 42.2% drop in flow (Elise Chen, Trussell Technologies,
personal communication). This indicates extensive fouling,
likely due to the lack of chloramine residual in the MF and RO
feedwaters. Biomass collected from the retentate (feed) and
permeate sides of the RO membrane shared most ASVs and
MAGs (Figure S13 and Table S2), although the extracted
DNA concentrations differed by over 2 orders of magnitude
(Table S1). The shared microorganisms may be due to
membrane breaches, but we cannot rule out the possibility of
cross-contamination during the membrane autopsy and sample
collection process. Overall, the RO membrane samples had
similar profiles to the MF bulk water (stored MF and UF) just
upstream of the RO membrane (Figure 2B) and shared few
ASVs with the RO permeate samples (Figure S13). The
abundant Mycobacterium-classified ASV was found in the RO
permeate biofilm but not in the retentate biofilm. Of the
abundant ASVs (>0.5% relative abundance) found in RO
permeate bulk water, only one was detected on both feed and
permeate sides of the RO membrane (Figure S11).

Although there are a small number of overlaps between
upstream microorganisms and RO permeate, we speculate that
the majority of microorganisms in the RO permeate were not
likely derived from active membrane breakthrough (i.e.,

Figure 2. (A) Total cell count per mL and number of observed
amplicon sequence variants (ASVs) decreased after each treatment
step (color). Percent of total cells that were intact (point size)
remained similar for all treatment processes except RO (see Figure
S1). Note that sample volumes differed across the treatment train (see
Table S1), and no samples of tertiary wastewater or MF permeate
were collected for flow cytometry on Oct 10. (B) Nonmetric
multidimensional scaling ordination of ASV abundances across
samples using Bray−Curtis dissimilarity of rarefied data (stress =
0.11). This plot includes all bulk water samples used in
PERMANOVA analysis as well as biomass samples from the RO
membrane feed and permeate sides (“ROBF”). (C) Venn diagram of
recurrent ASVs by sample type, defined as presence in at least two
bulk water samples of the same type at >0.05% relative abundance.
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breakthrough occurring during sampling), but rather persisted
in the post-RO infrastructure (e.g., storage tank and piping
downstream of the RO unit process) after an initial inoculation

event. This seeding event may have occurred as part of the
assembly of the RO train, during a previous membrane
breakthrough, or via a gap in an O-ring seal.40 A previous study

Figure 3. Family level taxonomy of most prevalent ASVs changed across the treatment train. Each segment of a bar represents a single ASV, colored
by Family. ASVs are included if present in at least one sample at >3% relative abundance, so bars do not necessarily display all ASVs in each sample.
Sample names on x-axis indicate the location and day of sampling, where day 0 is the date of the first sample taken in the study. Samples are
grouped by treatment process; RO membrane biofilm (“ROBF”) feed and permeate (“perm”) refer to samples taken during a membrane autopsy.

Figure 4. Relative abundances of MAGs shifted over time and were not always related to predicted growth rates. For (A) MF permeate and (B)
RO permeate, the subset of MAGs present at >2× and >0× normalized coverage, respectively, are shown on a log10 scale. MAG coverages were
normalized to account for sequencing depth (see Section 2). Points are colored by index of replication (iRep), and sample day is indicated by
shape. Gray points are shown when the iRep score could not be calculated. An iRep score of 2 implies that, on average, all cells are doubling in the
population represented by a given MAG.

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.4c00665
ACS EST Engg. 2025, 5, 772−781

777

https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00665?fig=fig4&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also reported the predominance of Burkholderiaceae after RO,
potentially suggesting consistent selection for this group in RO
permeate water.41 The consistent abundance of the Aqua-
bacterium-classified ASV and MAG suggests that a biofilm may
have provided biomass to the bulk water during our sampling
events, and other studies have also identified Aquabacterium sp.
from drinking water biofilms.42,43 Finally, other factors that
may have influenced the RO permeate community include
total facility operation time, membrane age, and the frequency
of operational procedures such as membrane clean-in-place
events, and their potential effects should be addressed by
future research.

3.3. Survival and Growth of Microorganisms in the
Oligotrophic RO Permeate Environment. An open
question is whether bacteria in the RO permeate were actively
growing, and if so, what metabolic strategies may be employed.
Although subsequently eliminated by AOP, any bacterial
growth in RO may be representative of the potential for
downstream growth as water from the advanced purification
facility is stored and further managed. To address this
question, we previously analyzed the ratios of low-nucleic
acid (LNA) to high-nucleic acid (HNA) cells in bulk water
collected across the treatment train, revealing a higher
proportion of (HNA) bacteria in the MF/UF and RO
permeates compared to the BAC effluent.9 We concluded
that recent growth may have occurred in the MF/UF storage
tank (“MF” in this study), as nucleic acid content per cell is
sometimes an indicator of growth. Analysis of the microbial
community offers an alternative possibility: there were more
LNA bacteria in the BAC effluent than in MF and RO. These
bacteria corresponded to small cell-size, small-genome
symbionts (e.g., Patescibacteria from the Candidate Phyla
Radiation; Figure S7)44 that were present due to the
abundance of host bacteria. In contrast, the oligotrophic
environments of the MF and RO permeates likely did not
provide enough biomass to support this additional layer of the
microbial food web. Instead, we observed the prevalence of
large-genome bacteria, particularly in the RO permeate (Table
S2).

As another metric of growth, we used inStrain38 to calculate
index of replication scores (iRep).37 These scores indicate the
fold-rate of replication of populations represented by each
MAG in each sample, and nearly all were below 2.0 in MF and
RO samples (Figure 4). In MF permeate, the MAG classified
as Mycobacterium arupense had one of the highest iRep scores,
and, concordantly, this MAG increased in relative abundance
over time (Figure 4A). Interestingly, the MAG with highest
relative abundance in MF (Aquisediminimonas sp.) did not
have a high iRep score at any time point, and decreased in
relative abundance over the three sample dates. In RO
permeate samples, the highly abundant Aquabacterium_3
MAG showed a low predicted growth rate (Figure 4B).
Overall, the low iRep scores suggest low growth rates, which is
aligned with the oligotrophic conditions of the membrane
permeate. It is also possible that some of these bacteria were
derived from slower growing biofilm on pipe walls downstream
of the RO unit process,45 as suggested above.

Next, we analyzed the predicted metabolisms of MAGs
recovered from the MF and RO samples to explore potential
growth strategies for these MAGs. Low molecular weight,
neutral molecules, such as formaldehyde, are poorly removed
by RO membranes,46 but no MAGs encoded complete
pathways for formaldehyde assimilation. Many MAGs

contained amino acid and nucleic acid degradation pathways
(Figure S12), suggesting possible growth via biomass recycling.
A metabolic enrichment analysis showed that several nucleic
acid degradation pathways were significantly enriched in RO
MAGs relative to MF MAGs (Table S3), and smaller subset of
MAGs encoded nitrogen fixation and ribulose-bisphosphate
carboxylase-oxygenase (RuBisCO) suggesting the potential for
CO2 fixation (Figure S12). Of these, we focused on the
Aquabacterium_3 MAG for in-depth metabolic prediction
(Table S4), because it was prevalent in all RO permeate
samples.

In agreement with previous culture-based work on
Aquabacterium spp.,43 the Aquabacterium_3 MAG encoded
no pathways for starch or sugar utilization except for mannose,
glucose, and fructose, none of which would be expected to be
present in RO permeate. However, the MAG contained the
complete pathway for β-oxidation of fatty acids, and cultured
isolates have been reported to use a variety of small organic
molecules as a carbon source. Further, this MAG encoded
polyhydroxybutyrate biosynthesis, which could allow it to store
carbon as inclusion bodies like those previously observed in
isolates.43 Additionally, we found a complete set of enzymes
for carbon fixation via the Calvin cycle but no genes suggesting
chemotrophic and phototrophic metabolism. As observed in
cultured isolates, the MAG corresponded to a facultative
aerobe, encoding oxidative phosphorylation, denitrification to
nitrous oxide, and dissimilatory nitrate reduction to ammonia.
Although not previously reported for Aquabacterium sp., this
MAG encoded the capacity for nitrogen fixation, a trait that
may be important if the RO permeate is nitrogen-limited.
Finally, the MAG harbored genes for type IV pili and flagella,
important for surface attachment and biofilm formation.
Overall, this genome appears well-adapted for survival in RO
permeate, and may have persisted in biofilm downstream from
the RO membranes.

3.4. Study Limitations and Future Directions. Two
important limitations to this work include the study site and
the low biomass recovered in RO samples. First, one RO
system is not likely to be representative of all, especially as
upstream treatment processes and operating parameters will
differ among (and potentially within) facilities. For example,
during our sampling period, the facility was operated without a
chloramine residual, which may have affected cell growth,
nutrient availability, and the microbial communities observed.
Second, the sequencing data was affected by reagent-associated
contamination, as is common in low biomass studies.47,48

These sequences were readily identified and removed by
comparison to negative controls, and the extent of contami-
nation in the metagenomic data was clearly related to the
concentration of DNA resulting from extraction (Figure S14).
Trends in contamination of the 16S rRNA gene amplicon
sequencing data were less apparent due to the intermediate
steps of PCR, library normalization, and pooling, but the same
reagent-associated contaminants were identified during data
decontamination (see Section 2). Owing to the plate-based
PCR steps during amplicon library preparation, the amplicon
data may also have been affected by cross-library contami-
nation, which is much more difficult to account for than
reagent-associated contamination.49 Nevertheless, Miller et al.9

previously analyzed our samples with qPCR, showing that
DNA concentrations and 16S rRNA gene copy numbers were
significantly higher in these RO samples compared to negative
controls. Given the application of negative controls, careful
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decontamination with manual review, and minimal overlap
with other sample types (Figure 2C), we are reasonably
confident that the RO permeate bulk water sequence data was
representative of the samples collected.

4. CONCLUSIONS
A key contribution of this study is the description of RO
permeate microorganisms, consistency of the microbial
community, and a lack of potential sources for these organisms.
While previous work demonstrated log removals of bacteria
across the treatment train,9 our microbial composition analysis
shows that different organisms were present after each unit
process. This implies that the majority of the microbial
biomass observed was not “regrowth” but rather the takeover
of a new set of organisms after each treatment process.50 In
this regard, it is perhaps more relevant to consider the removal
of nutrients and changes to the nutrient profile across the
treatment train. Those changes, while unmeasured in this
study, appear to have affected the microbial profile through
selection of specific groups. Although we were not able to
sample after the AOP treatment or downstream steps that
would be present in a full-scale system (e.g., remineralization,
storage, or distribution), we suggest that the microorganisms
observed in RO permeate samples may be representative of the
type of community that could grow after treatment, given the
nutrient profile of the water. Critically, the results of feeding
RO-treated, highly purified water into a drinking water
distribution system or storing this water are still largely
unknown. These downstream phenomena are difficult to
simulate using pipe loops11 or bench-scale reactors, and likely
will not be reasonably known until such water enters a full-
scale system and can be sampled in situ.
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