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a b s t r a c t 

Detrimental biofilms on RO membranes remain a crucial challenge for seawater desalination. Comparative anal- 
ysis of 16S rRNA gene amplicon sequencing data revealed differences and commonalities of biofilm communities 
associated with unit operations in the two largest seawater desalination facilities in the U.S., the Claude "Bud" 
Lewis Carlsbad Desalination Plant and the Tampa Bay Seater Desalination facility. At both plants, feedwater col- 
lected at a single time point was a poor indicator of the RO membrane communities, which showed far greater 
taxa diversity. The analysis of prefilter cartridges from the Carlsbad plant revealed similarly high taxon diversity 
as the RO module biofilms, with relevant differences. Algal sequences were enriched on the prefilter cartridges as 
were sequences representing Bdellovibrionota , which are predatory bacteria. Sequences representing opportunistic 
Gammaproteobacteria (i.e., Shewanella, Woesia ) were present in significantly higher relative abundance on the 
RO membranes than in the prefilter cartridges, suggesting growth of certain taxa in the RO modules. Untargeted 
metabolomics distinguished intra- and inter-desalination plant biofilm samples, highlighting the potential value 
of this tool for biofilm monitoring. These findings underscore the value of omics tools for effective microbial 
monitoring, to understand biofouling dynamics within RO desalination plants, and to provide insight for the 
development of ecologically-informed biofilm control measures. 
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Statement of Novelty 

This study provides an unprecedented baseline analysis of the mi- 
crobial community structure and associated metabolomes in end- 
of-life reverse osmosis (RO) modules from the two major seawater 
desalination facilities in the U.S., thus providing valuable insight 
into biofouling and opportunities for higher precision biofilm con- 
trol measures. 
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Reverse osmosis (RO) membrane seawater desalination is an in-
reasingly relevant technology to augment water supplies in water-
tressed coastal regions ( Amy et al., 2017 ). Although effective in gen-
rating high-quality drinking water ( Elimelech and Phillip, 2011 ), RO
s costly due to the high energy demand and the reoccurring cleaning
nd replacement of membrane modules. Thus, operational efficiency
s paramount to the sustainable operation of these plants and genera-
ion of drinking water at reasonable cost. One major challenge to effi-
ient operation is biofouling, where detrimental biofilms grow on the
O membrane and lead to performance decline. Biofouling has been
eferred to as the “Achilles heel ” of membrane water treatment facil-
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ties ( Flemming et al., 1997 ), and substantially inflates the operating
osts ( Jafari et al., 2021 ). Current approaches to alleviate biofouling are
hemical-intensive and disruptive with the potential to damage mem-
ranes ( Subramani and Hoek, 2010 ). Alternative approaches include nu-
rient balancing ( Huang et al., 2019 ) and hypertonic solutions to inflict
smotic stress on biofilm bacteria ( Katebian and Jiang, 2013 ), periodic
smotic backwashing ( Liberman, 2018 ), or frequent chemical cleaning.
hese efforts lead to additional costs, operational downtimes and pro-
uctivity loss. Although these non-specific microbial control approaches
ave been implemented with some success, biofilm formation remains
roblematic for many desalination plants. Opportunities exist for tech-
ological innovation to enhance the cost-effectiveness and sustainability
f biofouling mitigation. 

Insufficient understanding of the ecophysiology and dynamics of mi-
roorganisms causing RO membrane biofouling has precluded the ratio-
al development of ecologically-informed and more effective proactive
ontrol approaches. However, recent advances in omics technologies,
cological network modeling and data sciences generate opportunities
o overcome existing hurdles and inform more precise and sustainable
olutions ( Cho, 2021 ). Such tools could be used to discern keystone bac-
erial species and/or functions that could be preferentially, and there-
ore more efficiently targeted, based on their specific characteristics
e.g., nutritional requirements, susceptibility to bacteriophages and/or
pecific chemical agents). 

A first step to achieve sustainable biofouling control is to understand
he diversity and dynamics of RO membrane biofilms, and to reveal the
riggers for the transition of benign to detrimental biofilms. Two im-
ortant questions need to be addressed. Are similar types of microor-
anisms responsible for detrimental biofilms in desalination plants that
se intake water from different sources? If this is not the case and the
iofouling culprits are taxonomically distinct, could shared metabolic
eatures be identified and used as indicator for the onset of detrimen-
al biofilm formation? Several phenomenological studies have described
icrobial communities associated with intake water, prefiltration units,

nd RO membranes of seawater desalination plants, but there are only
 few comprehensive studies providing relevant ecological insights,
ith some of them reporting contradictory results. Dominant bacteria

n RO biofilms were generally found to be distinct from those in in-
et seawater in most studies ( Zhang et al., 2011 ; Rehman et al., 2019 ;
anes et al., 2011 ). One study reported a decrease in microbial diversity

long the treatment train from the pretreatment filter to the RO mem-
rane ( Levi et al., 2016 ), while another study found increased microbial
iversity along the treatment train ( Kim et al., 2020 ). Temporal shifts in
icrobial composition of RO biofilms were also reported ( Nagaraj et al.,
017 ). 

This present baseline study provides a detailed analysis of the micro-
ial community structure and metabolome profiles of end-of-life filtra-
ion units, including RO modules from the two major seawater desali-
ation facilities in the U.S. We collected and analyzed samples from the
reatment train and applied 16S rRNA gene amplicon sequence and un-
argeted metabolome analyses to assess differences and commonalities
n biofilm communities within the one desalination plant and between
wo plants as a first step towards informing novel, ecologically-informed
iofilm mitigation and control measures. 

aterials and methods 

Sampling Locations and Collection. Fig. 1 illustrates the sampling loca-
ions at the two desalination plants considered in this study: the Claude
Bud" Lewis Carlsbad Desalination Plant in Carlsbad, CA and the Tampa
ay Seawater Desalination plant in Tampa Bay, Florida. Samples were
ollected at the Carlsbad facility on March 24 th , 2021 and May 13 th ,
021. The plant operates in accordance with all state and federal reg-
lations, and at full capacity produces the plant produces 54 million
allons of drinking water per day. A single sampling event occurred at
he Tampa Bay facility on May 27 th , 2021. Samples collected included
2 
eedwater (intake), prefilter cartridges (Carlsbad only), and end of life
O modules (lead modules at the time of sampling). The RO modules
btained from the Tampa Bay facility were Hydranautics SWC4 LD mod-
les that had been in operation for 524 days. The overall average op-
rational flux for modules at the plant was ∼14 Liters per squared me-
ers per hour (LMH) with the lead module operating at a flux of ∼ 31
MH. Total organic carbon of influent water at Tampa was between 3
nd 6.8 mg/L for the duration of module operation. The RO modules
btained from the Carlsbad desalination facility were Dupont seawater
SWRO) modules operated for between 3 and 5 years. The membranes
n the facility are operated at an average flux of 12-17 LMH. Details
f procedures and samples collected are summarized in the Supporting
nformation and Table S1 . 

DNA extraction and 16S rRNA gene amplification, sequencing, and

nalysis . DNA extraction, 16S rRNA gene amplification and sequencing,
nd untargeted metabolome workflows followed established procedures
nd analysis pipelines. Procedural details are presented in the Support-
ng Information. 

esults 

High microbial diversity but uneven taxa distribution across

amples at the Carlsbad plant. The analysis of feedwater samples
eflected microbial communities that are characteristic of coastal en-
ironments. Between the two collection dates, we observed shifts in
he community structure, likely reflecting seasonal changes and fresh
ater runoff into the lagoon is typically higher during the January to
arch versus the April to May time periods ( Tetratech 2007 ), in addi-

ion to frequent algal blooms occurring in spring ( Anderson and Hepner-
edina, 2020 ). The most abundant taxa changed from Arcobacteraceae

 Poseidonibacter , 19% of sequences), Rhodobacteraceae ( Amylibacter ,
%), various Gammaproteobacteria ( Vibrio, Colwellia, Marinomonas ) and
lphaproteobacteria (SAR11, 6%) in March to a dominance of SAR11
equences (18%), SAR86 (Gammaproteobacteria, 9%) and Flavobacte-

iaceae (NS5, 6%) in May ( Fig. 2 ). Some lineages remained relatively
onstant between sampling dates (e.g., Planktomarina , Marine group II
rchaea). AAlgae, detected based on chloroplast sequences (5-6% of the
mplicons), shifted somewhat in composition but were still dominated
y Ochrophyta (brown seaweeds) and Haptophyta (T halassiosira, Haslea ).
oth the prefilter cartridges and the RO modules harbored diverse mi-
robial taxa, indicating that the prefilter cartridges (20-μm cutoff) do not
ct as a strict barrier ( Fig. 2 ). The observed community differences be-
ween prefilter cartridges and the RO modules are therefore not caused
y the filtration (i.e., retention) per se, but by the establishment of some-
hat distinct communities on the RO membranes. The prefilter does,
evertheless, appear to exert some separation, as indicated by the rela-
ively higher abundance of SAR11 (very small vibrioid-shaped cells with
 length of < 1 𝜇m and a cell diameter of < 0.2 𝜇m ( Rappé et al., 2002 ))
n the water collected past the prefilter cartridges. The prefilter car-
ridges retained larger algal cells and chloroplast sequences contributed
o more than 0.5% of sequences in the RO module samples. Oligotrophic
AR11 were not enriched in the RO biofilm and photosynthetic algae
id not accumulate in the prefilter cartridge, suggesting these organ-
sms do not grow and their biomass is likely consumed by heterotrophic
acteria. An interesting observation was the increased relative abun-
ance of Bdellovibrionota , a group of bacteria with predatory behavior
 Shilo and Bruff, 1965 ), in the prefilter cartridges, which was observed
t both sampling events and suggests active growth. Multiple members
f the Bacteroidia and the Gammaproteobacteria, Shewanella and Woe-

ia that generally opportunistic r-strategists, were barely detected in the
ntake water and the prefilter cartridges but were enriched in the RO
iofilms. 

In addition to the bacterial and archaeal sequences that represented
he top 25-30 most dominant lineages ( Fig. 2 ) and (depending on sam-
les) accounted for 40-60% of all sequences, we also analyzed the over-
ll community diversity taking into consideration the hundreds of lower
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Fig. 1. Plant layouts and sampling locations at the Claude “Bud ” Lewis Carlsbad Desalination Plant in Carlsbad, CA, and the Tampa Bay desalination plant in Tampa 
Bay, FL. The red diamond and the red circles indicate the sampling locations. The pie charts represent the relative abundance of the top 25 microbial taxa and 
illustrate the changes in microbial community composition along the water treatment process, full details of the charts are provided in the Supporting Information. 
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bundance taxa. In this analysis, as is common in microbial ecology
iterature, Shannon entropy ( Shanon and Weaver, 1963 ) was used as
 measure of diversity. Alpha diversity, which accounts for diversity
ithin individual samples, was calculated based on the phylogenetic
istance between microbial taxa, considering both the abundance of in-
ividual taxa and the evenness of their distribution within the commu-
ity ( Shanon and Weaver, 1963 )) ( Fig. 3 ). 

The highest diversity was observed in the prefilter cartridge sam-
les. The lagoon intake water samples showed a lower diversity; how-
ver, these samples represent snapshots of an open environment, and
ime-series sampling would be needed to capture microbial community
ynamics, and thus overall diversity, in the feedwater. The prefilter car-
ridge community is influenced by inflowing pretreated feedwater over
xtended periods of time, allowing lagoon water microorganisms that
ass through the sand/multimedia filtration step to establish biofilms,
hich explains the highly diverse communities associated with prefilter

artridges. We observed somewhat higher diversity in the samples col-
ected in May, in intake water, prefilter cartridges and the RO elements,
uggesting a dynamic composition of biofilms in prefilter cartridges and
O elements. 
3 
Spatially, the individual prefilter cartridge and RO membrane mi-
robial communities were overall quite similar, as indicated by the lack
f statistically significant differences (Kruskal–Wallis ANOVA test) be-
ween the subsamples taken along the length of the prefilter cartridges
r at different depths of the RO modules ( Fig. 3 , panels B and C). These
re relevant observations suggesting that single samples of prefilter car-
ridges and RO membranes are representative for the entire cartridge or
odule, respectively, and should simplify biofouling diagnostics. 

High microbial diversity in the Tampa Bay intake water, while

istinct microbes in the Tampa Bay RO modules, reflect the inter-

ittent operation and storage regime. The Tampa Bay intake water
icrobial community structure was distinct from that recovered from

he feedwater at Carlsbad though some commonalities were observed
 Fig. 2 ). The bacterial populations were dominated by several SAR11
lades ( ∼23% of the amplicons), SAR86, and the AEGEAN-169 ma-
ine group ’Candidatus Actinomarina’ (Alphaproteobacteria) ( Ghai et al.,
013 ). Algae constituted a larger fraction (17% of the amplicons)
han in the Carlsbad samples and were primarily represented by a di-
tom related to Cylindrotheca closterium, known to produce mucilage
 Alcoverro et al., 2000 ). Prefilter cartridges were not available at the
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Fig. 2. Bubble plot presenting the relative taxonomic abundance of the most abundant microbial taxa across samples collected at the two major seawater desalination 
plants in the U.S. The size (area) of the circle is scaled to the relative abundance of that taxon. For each sample type, we used an average of the abundance detected 
across all samples/replicates from that sample point. 
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ampa plant. The RO modules sampled had been taken off regular oper-
tion 3-4 days before the sampling event and were being flushed with a
olution of sodium bisulfite (SBS). The amplicon sequence variant (ASV)
nalysis of biofilms recovered from the Tampa Bay RO modules pre-
ented a very distinct microbial community of much lower diversity than
hat recovered from the RO modules at the Carlsbad desalination plants
 Fig. 3 ). The ASV analysis indicated that bacteria involved in sulfur
etabolism, including Thiomicrospira, Hydrogenovibrio, Muricauda and
 member of Rhodobacteracea were abundant, possibly reflecting the re-
ccurring SBS flushing and storage (2-3 months per year) of RO modules
t the Tampa Bay plant. 

Microbial diversity comparisons across all samples reveals site

pecific and temporal influences. To determine how the micro-
ial communities from all sampling locations relate, a beta diversity
omparison was performed using the unifrac distance ( Lozupone and
night, 2005 ), a metric that considers phylogenetic diversity of indi-
4 
idual samples. The more similar the communities, the closer they are
n a three-dimensional projection based on principal coordinates anal-
sis (PCoA) ( Fig. 4 a ). The PCoA illustrates that the RO membrane mi-
robial diversity is quite distinct between the RO modules from Carls-
ad versus Tampa Bay, being clearly separated in the first principal
oordinate. The prefilter cartridges and the RO modules from Carls-
ad show distinct community structures, separation between the two
ime points (March versus May) was evident, within filtration units,
ndicating dynamic microbial communities in both the prefilter car-
ridges and the RO modules. It is possible that such variation is linked
o temporal changes of microbes in the intake water, which was ap-
arent between the March and the May samples. During the May sam-
ling event at Carlsbad, an RO feedwater sample was collected post car-
ridge filter ( Fig. 1 ). The microbial community associated with these
ater samples was clearly distinct from that in the lagoon intake water
 Fig. 1 ) and in the prefilter cartridges, indicating that some microbes
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Fig. 3. Box and whisker plots showing the Shannon’s entropy for water samples and filtration cartridges. The numbers of samples for each category are indicated in 
parentheses. A larger Shannon entropy (y-axes) corresponds to higher taxon diversity. Panels B and C show grouped subsamples that were collected along the length 
and the depth of RO modules. RO12012, RO12705, and RO12912 are three replicate RO modules (for biofilm samples) collected from Carlsbad and TRO7, TRO8, 
and TRO9 are three replicate RO modules (for biofilm samples) from Tampa Bay. 

Fig. 4. A. Beta diversity analysis of microbial communities across samples. Visualization of the degree of similarity between samples using a three-dimensional 
projection of their composition metric. Each symbol represents one sample. The samples are color-coded for location (Tampa Bay, blue) and sampling date (Carlsbad 
only). The symbol shapes indicate different types of samples collected along the treatment train ( Fig. 1 ). The numbers on the axes indicate the percent of variation 
explained by each coordinate. B. Partial least squares-discriminant analysis (PLS-DA) of untargeted metabolomics data collected from seven RO membranes (distin- 
guished in legend by numbers 7 through 10 for the May samples) from two desalination plants. RO samples collected from the same plant and time of year clustered 
together and separated from each other. TRO7, TRO8, and TRO9 are three replicate RO modules (for biofilm samples) from Tampa Bay 
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hat colonize the prefilter cartridges become dislodged and seed the RO
lements 

Untargeted metabolome analysis generates patterns of metabolites
nd can distinguish microbial communities based on metabolic activity.
he application of this omics tool to prefilter cartridge and RO biofilm
amples illustrated unique metabolite patterns that clearly differentiated
amples ( Fig. 4 B ). Further work is needed to assess if this approach pro-
ides sufficient resolution to discern specific metabolites or metabolite
atterns that can serve as indicators when a benign (neutral) biofilm
ransitions to a detrimental biofilm impacting RO performance. 

iscussion 

Feedwater and RO membrane biofilm communities are distinct.

icrobial communities of the feedwater are very different from the
5 
ommunities associated with the prefilter cartridges (Carlsbad) and RO
embranes (both Carlsbad and Tampa Bay), in line with previous find-

ngs at other desalination plants ( Zhang et al., 2011 ; Rehman et al.,
019 ; Manes et al., 2011 ; Levi et al., 2016 ). Distinct microbial com-
unities in the feedwater collected in March versus May suggest a
ighly dynamic nature of these microbial communities ( Needham and
uhrman, 2016 ). A year-round sampling campaign would be needed to
etter capture this dynamic nature in terms of taxa composition and to-
al cell abundances, and its potential impact on biofilm formation and
ommunity composition in downstream filtration units. 

Despite extensive pretreatment including flocculation/coagulation
nd multimedia filtration steps to remove suspended solids, highly di-
erse microbial communities were observed in the prefilter cartridges,
ndicating that these pretreatment steps are not a strict barrier for mi-
robial cells ( Levi et al., 2016 ; Kim et al., 2020 ). The prefilter cartridges
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t the Carlsbad plant have a 20-μm cutoff indicating that larger cells
i.e., > 20 μm) will be retained. Consistently, algal chloroplast sequences
ad much higher relative abundances in samples of the prefilter car-
ridges than in the samples collected from the RO membranes. There was
trong enrichment of Shewanella in RO membrane samples while such
equences were barely detected in prefilter cartridge samples, indicating
hewanella grew in biofilms on RO membranes, at least during the March
o May period at the Carlsbad plant. Metabolically versatile Shewanella

pp. are known to form biofilms ( Thormann et al., 2004 ; Bagge et al.,
001 ) and may play a key role in RO biofouling ( Nagaraj et al., 2017 ;
ereschenko et al., 2010 ). Other bacterial groups with potential roles in
rimary attachment and biofilm resiliency include Caulobacterales and
lycosphingolipid-producing bacteria, namely Sphingomonadales, Rhizo-

iales and Sphingobacteriia ( Nagaraj et al., 2017 ). 
A relative enrichment of Shewanella was not observed in the RO mod-

les from the Tampa Bay plant. Shewanella are broadly distributed and
ossibly reach the RO modules of the Tampa Bay plant; however, the
utritional and/or geochemical conditions in the RO modules appar-
ntly did not favor this bacterial group. A possible explanation is the
nnual SBS treatment that occurred before RO module sampling at the
ampa Bay plant and impacted of the microbial community compo-
ition as well as the continuous dosing of excess SBS (2-3 times that
equired for dichlorination) at this plant after cartridge filtration. SBS
reatment does not preclude the presence of oxygen ( Sommariva et al.,
012 ) and this could explain the abundance of Thiomicrospira , which
as also dominant in another study where RO membranes were op-

rated intermittently ( Kim et al., 2020 ). Thiomicrospira spp. oxidize re-
uced sulfur compounds (sulfide, thiosulfate, and elemental sulfur) with
xygen as electron acceptor. 

SAR11 is a group of heterotrophic bacteria that thrive under olig-
trophic conditions and make up approximately 25% of all oceanic
lankton ( Giovannoni, 2017 ) . While it was not surprising to find SAR11
equences, we observed a relative abundance increase in the post pre-
lter cartridge water samples, presumably dues to the small size of
AR11 cells. SAR11 was part of the RO biofilm communities albeit
resent in low relative abundances, likely due to retention rather than
rowth. SAR 11 has also been found in intake water and RO membranes
n other studies ( Levi et al., 2016 ), and SAR11 necromass may play a
ole in supporting microbial growth on RO membranes. 

Amplicon sequencing provides relative abundance information, and
ata collected from the sampling location over time or from different
ampling locations (e.g., different desalination plants) cannot be directly
ompared. Absolute quantitative information about relevant community
embers (e.g., Bdellovibrionota, Shewanella, SAR 11) is desirable to doc-
ment seasonal dynamics in the intake waters and within the desalina-
ion treatment train, and to assess growth within prefilter cartridges and
O module biofilms. 

An interesting question revolves around the carbon and energy
ources that allow microbial growth in the prefilter cartridges and the
O modules. A major goal of pretreatment is the removal of organic
arbon, and the total organic carbon (TOC) of post-filtration water is
ubstantially reduced; however, assimilable organic carbon (AOC) is
ikely more important ( Weinrich et al., 2011 , 2016 ). Biofouling inten-
ity generally increases at the Carlsbad Plant with algal blooms in the
agoon and more algal cells or components thereof reach the prefilter
artridges. Since algal cells are generally larger and retained by pre-
lter cartridges with a 20-μm cutoff, macromolecules and metabolites
eleased from lysed cells are likely nutritional resources for microbes
olonizing the RO modules, including those involved in the formation of
iofilms ( Caron et al., 2010 ). Gaining control over nutrients can prevent
icrobial growth in RO modules but is difficult to achieve in practice.
lternative strategies are needed and the in-depth, time-resolved under-
tanding of microbial communities associated with prefilter cartridges
nd RO modules can inform innovative control approaches to prevent
he transition from benign to detrimental biofilms. For example, our
tudy identified that predatory bacteria, Bdellovibrio, are present in pre-
6 
reatment units and could possibly be exploited to control biofouling.
imilarly, polysaccharide consuming Planctomycetacea that have been
ound on RO biofilms ( Bereschenko et al., 2008 ) can provide a mecha-
ism to control biofilm formation on RO membranes . 

The complexity of dynamic microbial communities across the sea-
ater desalination treatment train highlights the need for more com-
rehensive, time-resolved sampling campaigns. Integrated meta-omics
nalyses promise to unravel temporal dynamics of RO biofilm formation
nd transition to detrimental and uncontrolled biofilm propagation in
esponse to feedwater conditions and pretreatment. Such experimental
atasets may reveal potential biomarkers for biofouling, which would
upport the development of in operando biofouling sensors to inform
lant operators of forthcoming biofouling events. Our study illustrates
he power of integrated meta-omics analyses and identifies a need for
ore comprehensive sampling campaigns capture year-round microbial

ommunity dynamics. 
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