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Abstract

Finding efficient biofouling control strategies tegs a better understanding of the
microbial ecology of membrane biofilm communitiesmembrane bioreactors (MBRS).
Studies that characterized the membrane biofilmnoomties in lab-and pilot-scale
MBRs are numerous, yet similar studies in full-eddBRs are limited. Also, most of
these studies have characterized the mature biocbimmunities with very few studies
addressing early biofilm communities. In this gtuiive full-scale MBRs located in
Seattle (Washington, U.S.A.) were selected to addi@o questions concerning
membrane biofilm communities (early and maturg)tgithe assembly of biofilm
communities (early and mature) the result of randtmmigration of species from the
source community (i.e. activated sludge)? andgithere a core membrane biofilm
community in full-scale MBRs? Membrane biofilm {gaand mature) and activated
sludge (AS) samples were collected from the fiveRdBand 16S rRNA gene sequencing
was applied to investigate the bacterial communibieAS and membrane biofilms (early
and mature). Alpha and beta diversity measuresated clear differences in the
bacterial community structure between the AS andllbn (early and mature) samples in
the five full-scale MBRs. These differences weianty due to the presence of large
number of unique but rare operational taxonomitsufil3% of total reads in each
MBR) in each sample. In contrast, a high percen{ag§7% of total reads in each MBR)
of sequence reads was shared between AS and bgaitmples in each MBR, and these
shared sequence reads mainly belong to the dontisveanin these samples. Despite the
large fraction of shared sequence reads betweesndiofilm samples, simulated

biofilm communities from random sampling of thepestive AS community revealed
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that biofilm communities differed significantly frothe random assemblages (P < 0.001
for each MBR), indicating that the biofilm commueg (early and mature) are unlikely
to represent a random sample of the AS commumityaddition to the presence of
unique operational taxonomic units in each bioflample (early or mature), comparative
analysis of operational taxonomic units and genevaaled the presence of a core
biofilm community in the five full-scale MBRs. Thke findings provided insight into the
membrane biofilm communities in full-scale MBRs.oM comparative studies are
needed in the future to elucidate the factors sttptie core and unique biofilm

communities in full-scale MBRs.

Keywor ds Biofouling; membrane bioreactor; activated sludeg]y biofilm; mature

biofilm; 16S rRNA gene sequencing
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1. Introduction

Providing adequate supply of clean fresh watehasvorld’s population increases is
one of the grand challenges facing society in tireenit century. One possible solution
to address this challenge is to recover clean wateeuse from wastewater using
membrane bioreactors (MBRs). The MBR offers sehadgantages over conventional
activated sludge (AS) process, such as producsmdieidge and providing high quality
permeate without encountering a large footprintufdiet al., 2007; Wang et al., 2009).
Despite these advantages, membrane fouling, pkatigiiofouling remains a major
hindrance to the wide spread application of MBBgveral control strategies have been
suggested to mitigate biofouling in MBRs includipigysical cleaning (e.g. back-washing,
back-pulsing, air sparging), chemical cleaning.(aaids, bases, oxidants, chelating
agents, polymeric coagulants, surfactants), mensbmawdification (e.g. charge,
hydrophobicity, roughness), and biological-basef@ring strategies (e.g. quorum
quenching, enzymatic disruption, energy uncouplamgl biofilm disruption by adding
bacteriophage) (Malaeb et al., 2013). Howevedlsrategies often fail to adequately
control biofouling. Finding more efficient strateg to control biofouling requires a more
fundamental understanding of the factors that shagm@brane biofilm community
assembly in MBRs.

Several sequential steps are generally consideried involved in the progression of
biofilm formation on surfaces, beginning with tleerhation of a conditioning film
followed by a series of ordered processes: (ichttent of pioneer colonizers onto
surfaces; (ii) growth of pioneer colonizers, whatange the surface characteristics of the

substratum and facilitate the attachment of nevamiggns resulting in early biofilm
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formation; and (iii) subsequent development to mehiofilms (Dang and Lovell, 2000;
Zhang et al., 2006; Bereschnko et al., 2010). $agence of events in the colonization
of surfaces is well understood for human dentajydsand other solid surfaces (Dang
and Lovell, 2000; Davey et al., 2000; Costertor§2jelleberg et al., 2007), and it has
been observed in the colonization of reverse oss1(®D) membrane and spacer surfaces
(Bereschnko et al., 2010). However, this detdisel of understanding on biofilm
formation on membrane surfaces in MBRs is lessiatud

Studies in lab- and full-scale AS process {€fi et al., 2010; Ayarza and Erijman
2011; Valentin-Vargas et al., 2012; Bagchi et2015; Vuono et al., 2015; Meerburg et
al., 2016; Saunders et al., 2016) suggest thatlbo#h (environmental and operational
condtions, biotic interactions) and regional (drspéor-the propagaticemd immigration
of biota) processes regulate the assembly of A$otmi@l community. By viewing
biofilms as microbial landscapes and adopting noetecunity ecology as a framework
to elucidate the mechanisms underlying biofilm camity assembly in streams,
Besemer et al. (2012) and Wilhelm et al. (2013stbthat stochastic dispersal from the
source community was unlikely to shape biofilm cammities in streams, and species
sorting by local environmental conditions was tkeg knechanism underlying biofilm
community assembly. Biofilms in streams assemtamfdifferent sources (e.g. soil and
groundwater) in the catchment (Besemer et al., ROlR2contrast, biofilms in biological
wastewater treatment plants such as MBRs mainbnalsie from one source (i.e. AS).
However, a large knowledge gap exists whetherlmofommunities on membrane

surfaces of MBRs assemble because of local ormafmocesses.
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Previous studies characterizing the biofilm micablommunity in MBRs (Lim et al.,
2004; Choi et al., 2006; Jinhua et al., 2006; Zheingj., 2006; Miura et al., 2007; Huang
et al., 2008; Fontanos et al., 2010; Lim et all2@Piasecka et al., 2012; Lee et al., 2014,
Jo et al., 2016), showed that the biofilm microls@nmunity was distinct from the AS
community. Despite these numerous studies, wekablw little of the bacteria that form
biofilms on membrane surfaces of MBRs. This isntyadlue to the fact that the majority
of these studies were conducted in lab-scale MBR=r@vconditions are not as complex
as in full-scale systems, and with very few ontpdcale MBRs (Jinhua et al., 2006;
Miura et al., 2007) and one study in full-scale MBRo et al., 2016). Most community
ecology studies of full-scale biological wastewdteatment plants have been limited to
microbial diversity surveys of AS communities, anthajor finding of these studies was
the existence of some core AS communities sharedelea geographically distributed
biological wastewater treatment plants (Xia et2010; Zhang et al., 2012; Wang et al.,
2012), which raises the question of whether a ba®m community also exists in
geographically distributed full-scale MBRs.

While most previous studies have characterizedriceobial communities in mature
biofilms (Jinhua et al., 2006; Miura et al., 208iyang et al., 2008; Fontanos et al., 2010;
Lee et al., 2014; Jo et al., 2016), some reseasdi@im that characterizing the early
colonizers on membrane surfaces might help devsdtier biofouling control strategies;
yet, few studies have addressed these early cel@en{Zhoi et al., 2006; Zhang et al.,
2006; Lim et al., 2012; Piasecka et al., 2012)soAktudies characterizing both the early

colonizers and mature biofilm communities in MBRs kacking.
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This study was motivated by two questions conceytiie membrane biofilm
communities (early and mature) in full-scale MBR}Is the assembly of biofilm
communities (early and mature) the result of randtmmigration of species from the AS
community or the result of specific selection oftaen species due to local conditions?
(i) Is there a core membrane biofilm communityfuii-scale MBRs? To address these
questions, 16S rRNA gene sequencing combined witlivrariate statistical analysis was
applied to characterize the biofilm (early and matand AS bacterial communities in
five full-scale MBRs located in the same city (SleatWashington, U.S.A.), and
equipped with the same membrane type and treatedpminantly domestic wastewater.
To the best of our knowledge this is the first gttmlcharacterize both early and mature

biofilm communities in full-scale MBRs.

2. Materialsand methods

2.1. Full-scale MBRs and sample collection

Five full-scale MBRs were identified in the regiohSeattle (Washington, U.S.A.)
(Fig. S1). The five MBRs (referred to herein as®IB, 2, 3, 4 and 5) were equipped
with KUBOTA flat-sheet microfiltration (MF) membras (KUBOTA Membranes, USA)
and treated predominantly domestic wastewaterail3eadf influent wastewater
characteristics and operational parameters ofiteeMBRSs were provided by the plant
operators and are listed in Table S1. Old membnaodules that have been in operation
for at least six months were removed from the mamdibasin with a crane and duplicate
membrane samples (5 Emach) were sectioned from different locationstan t

membrane surfaces, on which mature biofilms hareadly been developed.



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Immediately afterwards, new membrane modules wepdogted in the membrane basin
to replace the old membrane modules and after Eshadiltration, the new membrane
modules were removed and duplicate membrane sattfptes’ each) were sectioned
from different locations on the membrane surfacaswyhich early biofilms or colonizers
have already been developed. The 5 hours oftidtravas sufficient to observe a visible
biofilm on the surface of the new membrane modullese. AS samples (20 mL each)
were collected from the membrane basin of each MB&ment plant at the same time
when the early and biofilm samples were collectal. membrane and AS samples from
the five full-scale MBRs were collected over a pdrof one week during the month of
December (December 6 to 12) (Table S1). In t@@lsamples were collected including
duplicate samples of early biofilms, mature bioland AS from the five full-scale

MBR plants. All samples were immediately storedaand transported to the

laboratory, where they were stored at’@@intil further analysis.

2.2. DNA extraction, PCR and 16SrRNA gene sequencing

Before DNA extraction the membrane samples weredrwith 1 x PBS (phosphate-
buffered saline: 8 g NaCl, 0.2 g KCl, 1.44 g;NRQO,, and 0.24 g KEPO, per liter
distilled water, pH 7.4) to remove loosely depasgéidge (Huang et al., 2008).
Genomic DNA was extracted from the mature biofilessly biofilms and AS samples
using the PowerSoil DNA extraction kit (MO BIO Laiatories, inc., Carlsbad, CA)
according to the manufacturer’s protocol. The iu&h260/A280) and quantity (A260)
of the extracted genomic DNA was determined wiNeaodrop® 1000

spectrophotometer (Thermo Fisher Scientific, Walth®IA).
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For each DNA sample, triplicate PCR reactions wexfopmed in a 254 reaction
volume using the HotStarTaq Plus Master Mix (QIAGBAMdlencia, CA), 0.5 uM of
each primer and 100-200 ng of template DNA. Thieaeted DNA samples were
amplified using the forward primer 8F (5-AGAGTTTGBCTGGCTCAG-3') and
reverse primer 533R (5'-TTACCGCGGCTGCTGGCAC-3') ¢tal., 2012). These
primers targeted the V1-V3 region of the bactet&® rRNA gene. Barcodes that allow
sample multiplexing during pyrosequencing were ipocated between the 454 adapter
and the forward primer. PCR was performed usi@d @00 Thermal Cycler (BIO-RAD,
Hercules, CA) with the following PCR conditionsitial denaturation at 9& for 5
minutes, followed by 25 cycles of denaturation 3for 30 seconds, annealing af65
for 30 seconds, and extension at@2or 30 seconds. The PCR was completed with a
final extension at 7Z for 5 minutes (Lu et al., 2012).

The triplicate PCR products from each sample werdgu and confirmed by gel
electrophoresis. Then, gel bands were exciseganfied using the Qiaquick gel
extraction kit (QIAGEN, Valencia, CA) accordingttee manufacturer’s protocol. The
concentration of the PCR products was measuredubnt® 2.0 Fluorometer using the
PicoGreen® dsDNA quantitation assay (Invitrogemn|skbead, CA). The purified
barcoded amplicons were pooled in equimolar comagahs and sequenced on the
Roche 454 FLX Titanium genome sequencer (Rochémagolis, IN) at the Bioscience
Core Laboratory at King Abdullah University of Soge and Technology, according to

the manufacturer’s instructions.

2.3. Processing of sequencing data
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The 16S rRNA gene amplicons were processed usen@tiantitative Insights Into
Microbial Ecology (QIIME v1.7.0) pipeline (Caporasbal., 2010b). All raw reads were
first denoised, filtered for quality check and détipiexed to trim the barcodes, primers
and to remove low-quality sequence reads, suck@gesaces outside the bounds of 200
and 600 bp, sequences containing ambiguous baspgrees with 6 homopolymers and
sequences with quality score below 25 (El-Chaktgairal., 2015). Chimeric sequences
were identified and removed from the sequenceguSimmera Slayer as implemented in
QIIME. The sequences were clustered into operatitmxonomic units (OTUS) using
UCLUST (Edgar, 2010), with 97% sequence identitgshold. Representative sequence
from each OTU was phylogenetically aligned usinQlR$T (Caporaso et al., 2010a)
and assigned to a taxonomic identity using the @yeees 13 _5 database (DeSantis et al.,
2006).

To compensate for stochastic sampling efforts addce effects of variation among
replicates (Andrew et al., 2012), duplicate samplese pooled together to create
combined OTU files, resulting in 15 pooled sampl&he OTU table was further
clustered based on biomass category into threeeubs. Early, Mature and AS or by
MBR plant into five subsets. Shared OTUs withioteaf the three subsets (i.e. AS,
Early or Mature) or each MBR plant was visualizgdMenn diagram in R ‘vegan scalpel’
program. The distribution of the different bacéphyla and proteobacterial classes was
visualized in a heatmap using R ‘vegan scalpelgpao.

The sequencing reads were deposited into the Segirerad Archive (SRA) of the
National Center for Biotechnology Information (NGBInder study accession number

SRP0640089.

1C
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2.4. Alpha and beta diversity estimates

For alpha diversity measurements, both non-phylpgased metrics (observed
OTUs, Shannon diversity index (H) and Chao 1 rislsrestimator) and phylogeny based
metric (phylogenetic diversity (PD_whole)) wereataated with QIIME at the 3%
distance level for each pooled sample using rad€li@éU dataset. Community
comparisons between samples (beta diversity) wdsrpged with unweighted UniFrac
and Bray-Curtis distance and visualized by prinlcgo@rdinate analysis (PCoA) in
QIIME. To remove inherent heterogeneity of sanmpliepth, we subsampled the dataset
(normalized abundance values) to an even deptt06D4equences across the pooled
samples. This number was chosen, as it was glighss than the pooled sample with the
lowest reads (i.e. Early biofilm from MBR 2, whiblad 4,007 reads). We also assessed
the beta diversity of total, dominant and rare timxahe pooled samples. Rare taxa were
defined as OTUs that encompas20 sequences (i.€.0.5%) (Bagchi et al., 2015).
Unweighted UniFrac distance was calculated fort¢te, dominant and rare OTUs and
visualized by nonmetric multidimensional scalingNS) using the software PRIMER
6 (version 6.1.13) and PERMANOVA+ add on (version3) (PRIMER-E LTD, United
Kingdom).

The OTU table was separated based on biomass caiagmthree subsets i.e. Early,
Mature and AS. Average unweighted UniFrac distamtiein and between Early, Mature
and AS communities was calculated for each catelgpdistance comparison command

in QIIME.

11



235 25, Satistical analysis

236 Reproducibility between duplicate samples was atatliby one way pairwise

237  analysis of similarity (ANOSIM) based on Spearmamaisk correlation at a 999

238 permutation using the statistical software PRIMERésion 6.1.13) and

239 PERMANOVA+ add on (version 1.0.3) (PRIMER-E LTD, itbd Kingdom). ANOSIM
240  produces a test statistic (R) which can range fibto 1 (Rees et al., 2004). An R value
241  of 0 indicates no separation in community strucamd a value of 1 indicates separation
242  (Ramette, 2007).

243 To estimate the probability that a biofilm commuyr{garly or mature) represents a
244 random sample of the respective suspended comm(ueitAS), a random subsampling
245  of the AS community from each MBR was done as desdrin Besemer et al. (2012). In
246  brief, OTUs from each AS community were sampledhwéplacement until the number
247  of OTUs in this randomly assembled community eqiihe richness of the respective
248  biofilm community. This procedure was repeategliédd 1,000 random subsamples of
249  each AS community. The probability of the biofitammunity to fall within the

250 distribution of these random subsamples was cdbilas the percentage of the distances
251 of the random subsamples to their centroid (Bes@&inak, 2012). The results of the

252  random sampling procedure were visualized in NMDS.

253

254 3. Reaults

255 3.1. Alphadiversity measures

256 16S rRNA gene sequencing was conducted on 30 sanmgleding duplicates from

257  each type of sample (i.e., AS, early and maturélinis). One-way pairwise analysis of

12



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

similarity (ANOSIM) showed high similarity (98.49R: -0.25) between duplicate
samples. Spearman correlation coefficient was §2%0.001). A total of 743,970 high-
quality reads were generated for the 15 pooled kEngfter denoising, quality filtering
and removal of chimeric sequences. The sequeneesaclustered into 22,877 OTUs at a
97% sequence identity threshold.

The alpha diversity values of the pooled 15 sampiisg rarefied OTUs ranged as
follows: observed OTUs (939-6,943), Chao 1 (1,768E8), H (6.41-8.22) and PD
(74.59-226.01) (Table 1). All four indices (i.daserved OTUs, Chao 1, H and PD)
demonstrated that the early biofilm samples haghédnidiversity than the mature biofilm
samples among the five MBR plants. Similarly, A$nples had higher diversity than
mature biofilm samples except for MBR 3 where Chabl and PD were higher for
mature biofilms than AS. No clear trend in diversvas observed between AS and early
biofilm samples. Good's coverage (84.20-97.91%rvaning 95%) revealed that the 16S
rRNA gene sequences identified in these samplessept the majority of bacterial

diversity present in each sample.

3.2. Betadiversity measures

The bacterial communities in the five MBRs were paned using both phylogenetic
(unweighted UniFrac) and non-phylogenetic (BrayiSutistance) measures. The PCoA
results based on unweighted UniFrac distance resi@¢hht the bacterial communities in
the 15 pooled samples were clustered into five ggouith AS and biofilm (early and
mature) samples from the same MBR plant groupeetheg (Fig. 1). Similar results

were obtained using Bray-Curtis distance at 3%f&@adU level (Fig. S2).

13



281 To compare the bacterial communities in the fiveR4lants based on total,

282  dominant and rare OTUs, the bacterial communityaich sample was separated into rare
283  (blue triangles), dominant (red squares) and tata (green triangles) and visualized in
284 NMDS plot generated based on unweighted UniFraamnite (Fig. 2). Rare OTUs were
285 defined as OTUs with relative abundarc@.5% (Bagchi et al., 2015). The NMDS

286  results showed that the bacterial communitiesérfitre MBR plants were more

287  dispersed based on rare OTUs than the total anéhdotOTUs as can be seen by their
288  wide distribution in the NMDS plot (Fig. 2). Alsthe total and dominant bacterial taxa
289  were clustered together. These results suggdsaethie difference in the bacterial

290 communities in the five MBR plants was mainly daalifferences in the community
291  structure of the rare OTUs.

292 Although PCoA (Fig. 1 and Fig. S2) and NMDS anay&iig. 2) showed that the AS
293 and biofilm samples from each MBR were clusterggktioer, comparison of unweighted
294  UniFrac distance between samples in different categ revealed that AS samples from
295 the five MBRs were highly dissimilar from the bilofi samples (early and mature), and
296 early biofilms were dissimilar from mature biofilniSig. 3). Also, high dissimilarity was
297  observed between samples within the same categenAS, Early or Mature) (Fig. 3).
298

299  3.3. Effect of source community

300 To estimate the probability that the biofilm comnitias (early and mature) represent
301 random samples of their respective AS communitiespiofilm communities were
302 compared to 1,000 random subsamples of the AS cartiesiand the results were

303 visualized on NMDS plot based on the Horn Indexy(B). In all five MBRs, the biofilm

14
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differed significantly from the random assembla@fes 0.001 for each MBR), indicating
that the biofilm communities (early and mature) anékely to represent a random

sample of the AS community.

3.4. Shared and core genera/OTUs

Using PyNAST with the Greengenes database as i@enefe, 100%, 87%, 68%, 52%
and 32% of the V1-V3 16S rRNA gene pyrotags co@dssigned to the phylum, class,
order, family and genus level, respectively. Ti®akd biofilm samples (early and
mature) were allocated to 13 phyla, 21 classes382dyenera. The dominant phylum
across the 15 samples wrdteobacteria (47.4%), followed byBacteroidetes (13.9%),
Actinobacteria (9.7%),Acidobacteria (6.0%),Chloroflexi (5.7%),Nitrospira (3.8%),

OD1 (3.3%),TM7 (2.8%),Firmicutes (2.4%),Gemmatimonadetes (2.0%) and
Planctomycetes (2.0%) (Fig. S3). The numbers in parentheseesemt the averages of
all 15 samples (i.e. AS, early and mature) coli@détem the five MBRs. The phylum
Bacteroidets was relatively more dominant in MBR 4 and 5, while phylum
Chloroflexi was more abundant in MBR 4. The phylAstinobacteria was relatively
more dominant in early (13.6%) and mature (9.9%fjillons than AS (5.5%) samples
(Fig. S3). WithinProteobacteria, Alphaproteobacteria (20.9%; 18.7%; 28.8%) was the
dominant class, followed etaproteobacteria (18.4%; 18.1%; 13.7%),

Gammaypr oteobacteria (4.3%; 3.1%; 3.6%) anDeltaproteobacteria (1.9%; 1.9%; 1.5%)
(Fig. S4). The numbers in parentheses represeravitrages of AS, early and mature

samples collected from the five MBRs, respectively.
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In the current study, core indicate shared memigefglenera or OTUs) across all 5
samples in the same category (i.e. AS, early ourag{Wang et al., 2012; Zhang et al.,
2012). Of the 382 classified genera (32% of seqeie@ads), 83, 63 and 50 core genera
were detected in AS, early biofilm and mature thiofsamples, respectively (Table S2).
The relative abundance of the dominant core geinezach category are presented in Fig.
5. This resulted in 30 genera that were commall tbs samples, but their relative
abundance varied between the different sample @agsy(i.e. AS, early or mature). The
30 core genera mainly belonged to Breteobacteria (Alphaproteobacteria and
Betaproteobacteria), Actinobacteria, Bacteroidetes, Firmicutes, Chloroflexi,
Gemmatimonadetes, Nitrospira andPlanctomycetes phyla.

To assess the number of core OTUs within the sategory (i.e. AS, early or
mature), the five AS, five early or five mature flim samples, from the five different
MBRs were combined together. Of the 14,090, 14g8#89,518 total observed OTUs,
only 228 OTUs (1.62%), 138 OTUs (0.96%) and 114 @TU20%) were shared
respectively by the five combined AS, early biofiémd mature biofilm samples (Table 2,
Fig. S5). However, these core OTUs comprise a figgttion of the total number of
sequence reads in the AS (35.17%), early biofilih92%) and mature biofilm (25.80%)
samples, respectively (Table 2). Based on the \éggrams (Fig. S5), the unique OTUs
(i.e. those found in only one sample) for the fteenbined AS, early biofilm and mature
biofilm samples were 10,948 OTUs, 11,387 OTUs add4 OTUs, respectively. These
correspond to 77.70% (AS), 79.50% (early biofilmyl&8.20% (mature biofilm) of the
total observed OTUs in each category (Table 2).c&yparing the ratio of the number of

sequence reads to the number of core or unique Wit the same category (i.e. AS,
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early or mature), the core OTUs corresponded taltiminant OTUs (332 to 629 reads
per OTU; averaging 468 reads per OTU), whereasitigue OTUs corresponded to the
rare OTUs (15 to 20 reads per OTU; averaging ldsear OTU) (Andrew et al., 2012).
Despite the fact that the AS, early and matureilbiah each MBR harbored a large
number of unique OTUs (Fig. S6), the percentagehafed OTUs between the three
samples (i.e. AS, early and mature) within each M&4& high ranging from 17.15%-
41.46% (Table 2). These shared OTUs compriselaftagtion (52.01%-94.99%,
averaging 85.74%) of the total number of reads i@ah Also, the shared OTUs
correspond to the dominant OTUs (22 to 72 read©dés; averaging 49 reads per OTU)
in each MBR plant, whereas the unique OTUs cormegpo the rare OTUs (3 to 10 reads

per OTU; averaging 4 reads per OTU).

4. Discussion
The aim of this study was to evaluate if the asdgmibiofilm communities in full-
scale MBRs is random or the result of speciesrsmprand to determine if a core biofilm

(early and mature) community exists in full-scalBRs.

4.1. Isthe assembly of biofilm community (early and mature) the result of random
immigration of species fromthe AS community or the result of specific selection of
certain species dueto local conditions?

Alpha (Table 1) and beta diversity measures usingeighted UniFrac distance (Fig.

3) revealed clear differences in the bacterial camity diversity between the AS and

early (after only 5 h of filtration) and mature film samples in the full-scale MBRs.
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This difference was due to the difference in treeatbly mechanism of AS and biofilm
communities, which are two distinct forms of miciakaggregates. Similar results were
reported in previous studies where the biofilm camity was distinct from the AS
community in lab- (Lim et al., 2004; Choi et alQdB; Zhang et al., 2006; Huang et al.,
2008; Fontanos et al., 2010; Lim et al., 2012; &3ka et al., 2012; Lee et al., 2014),
pilot- (Jinhua et al., 2006; Miura et al., 2007} dull-scale (Jo et al., 2016) MBRs.
Based on the Venn diagrams, the difference betw&eand biofilm communities (early
and mature) was mainly attributed to the presehedarge number of unique OTUs in
each sample (Fig. S6). These unigue OTUs représemare OTUs in the community as
they correspond to a small fraction (averaging 43).6f the total sequence reads in each
MBR plant. It has been theorized that rare species are regasla ‘seed bank’ (i.e. a
reserve of taxa that survive in an ecosystem atlloundance and low activities) that
may become abundant when the conditions are falo(Bedrés-Alid, 2006; Saikaly and
Oerther, 2011). However, this should not be tad®n rule to suggest that these rare
OTUs are of little importance to the community.r Egample, Musat et al. (2008)
showed that the least abundant species (~0.3%edbtal cell number) contributed to
more than 40% and 70% of the total uptake of amororand carbon, respectively in the
oligotrophic, meromictic Lake Cadagno. In contrashigh percentage (averaging
87.1%) of sequence reads was shared between thadBiofilm samples (early or
mature) in each MBR plant (Table 2) and these sheegquence reads mainly belong to
the dominant OTUs in these samples. These remgiée with previous studies in full-

scale MBRs (Jo et al., 2016), and freshwater (Bdwesko et al., 2008) and seawater
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(Zhang et al., 2011) RO plants, where the biofismmunities on membrane surfaces
best resembled the source community (i.e. AS, Wvasdr or seawater microbes).

Biofilm community in MBRs may also assemble frore thicrobial community
present in the influent domestic wastewater. Tfleént wastewater community was not
sampled in the current study. However, the 16SARENe sequencing results clearly
showed that a large fraction of sequence readsdgvey 87.1%) was shared between the
AS and biofilm (early and mature) communities sisfigeg that the AS community
mainly contributed to the assembly of biofilms be thembrane surfaces of the full-scale
MBRs in the current study. Saunders et al. (2@b6wed that immigration from the
influent wastewater had a modest impact on aciivaligdge community in full-scale AS
wastewater treatment plants. Also, Vuono et &16) showed in a full-scale AS study
that only during disturbance (lowering the SRT hgreasing the biomass wasting rate)
some of the most abundant bacteria in the immigramtmunity (i.e. influent
wastewater) colonized the AS community and in fases, became dominant.

The fact that a large fraction of sequence readsshared between the AS and
biofilm (early and mature) communities does notgasy that the biofilm community is a
mere reflection of the AS community or a simple @amtration of bacteria present in the
AS. Battin et al. (2007) suggested viewing bioslas microbial landscapes, which
offered an opportunity to microbial ecologists tody biofilm community assembly
according to the metacommunity ecology theory, Whitates that local and regional
processes regulate the assembly of local commarfiteibold et al., 2004; Holyoak et al.,
2005). In this context, we found that stochasigpersal or immigration from AS was

unlikely to shape the biofilm (early or mature) coomity structure on membrane
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surfaces (Fig. 4). This suggests that speciesgdsy the local environmental,
operational and biotic conditions likely selectednmorganisms from AS for biofilm
formation. This species sorting by local condifi@asulted in the presence of unique
OTUs (rare taxa) in the early and mature biofilfaig( S6) and in different relative
abundances of shared genera (dominant taxa) betiweek and biofilms (Fig. 5).

It has been suggested that initial colonizatioswfaces in natural environments such
as lakes and streams is likely to be stochastakédm et al., 2001; Besemer et al., 2007),
as it mainly depends on immigration from the sow@@amunity. However, this might
not be a general rule as we showed in the curtedyghat biofilm formation on virgin
membrane surfaces in MBRs after a short periodtadtfon (5 h) was not stochastic (Fig.
4). Bereschenko et al. (2008, 2010) identifgpingomonas spp. as the key
microorganisms responsible for initiating membrandace colonization in full-scale
freshwater RO treatment plant because of their etithge advantage in this environment,
suggesting that initial colonization is not stodl@asTan et al. (2014) reported that
initiation of granulation from AS in aerobic graaubiofilm reactor is not random, and
was positively correlated with quorum sensing (@§haling. Besemer et al. (2012) and
Wilhelm et al. (2013) showed that species sortipdpbal environmental conditions was
the major mechanism for shaping biofilm communitysture in natural environments
such as streams (Besemer et al., 2012; Wilhelrh,&041.3). Collectively, these results
indicate that local conditions rather than regiquralcesses regulate assembly of biofilm

communities in natural and engineered ecosystems.

4.2. Istherea core membrane biofilm community in full-scale MBRSs?
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Comparative analysis of OTUs (Table 2) and genEahlé S2) revealed the presence
of a core biofilm (early and mature) and AS comnacross the five full-scale MBRs.
Although the shared OTUs between the biofilm samfdgarly or mature) in the 5 MBRs
was < 2%, these shared OTUs represented the dontéxanand corresponded to a high
fraction (averaging 26.9%) of shared sequence reenigeen the biofilm communities
(Table 2). Classification of the 30 abundant agerera (AS and biofilm) across the 5
full-scale MBRs (Fig. 5) showed the presence ofgeithat were also observed in full-
scale AS systems in Asia (China, Hong Kong and &ioge), North America (Canada
and United States) and Europe (Denmark), inclu@iechloromonas, Flavobacterium,
Gordonia, Galdilinea, Gemmatimonas, Mycobacterium, Nitrospira, Tetrasphaera,

Thauera, andZooglea (Wang et al., 2012; Zhang et al., 2012; Jo eRall6; Saunders et
al., 2016). Zhang et al. (2012) identified a detave genera (AS) shared by 14 full-scale
AS treatment plants from distinct geographic lamadi (Asia and North America), and
operated using different process configurationswsadl to treat sewage with different
characteristics (i.e. chemical oxygen demand, totebgen, total phosphorous, pH and
conductivity). Similarly, Wang et al (2012) idered 60 core genera (AS) shared by 14
full-scale AS treatment plants from different citi@ China and operated under different
conditions (dissolved oxygen, temperature, SRTMh8S) and treated sewage with
different characteristics. Jo et al. (2016) det¢@0 dominant core genera in the biofilm
and AS community in 10 full-scale MBRs in China jpiés significant differences in
environmental factors (e.g. flux, hydraulic retenttime, solid retention time, specific
aeration demand, membrane type, wastewater chassicee and mixed liquor

suspended solids). In the current study, thelsstidle MBRs were selected from the
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same city (Seattle, U.S.A.), equipped with the saype of membrane (KUBOTA flat-
sheet MF membranes) that were designed to opemdes the same flux and air-scouring
rate, sampled during the same period (Decembendg)t¢Table S1), and treated
predominately domestic wastewater. Thereforeas wot surprising to observe a large
number of common genera between the samples (A®fm) (Table S2). It should be
noted that 13Arcrobacter, Caldilinea, Dechloromonas, Flavobacterium, Gordonia,
Haliscomenobacter, lamia, Mycobacterium, Nitrospira, Novosphingobium, Rhodobacter,
Trichoccus, andSeroidobacter) out of the 20 core genera detected on the biaffih0
full-scale MBRs in China (Jo et al., 2016) wereoaletected on the biofilm (early and
mature) in the current study (Fig. 5) despite dédfees in geographic location (North
America vs. China), wastewater characteristic)tpdperation, membrane type, flux, etc.
This further supports that a core biofilm commumgysts in geographically distributed
full-scale MBRs.

In the current study, the abundant core communi$ was also present as an
abundant core community in the biofilm, but theilative abundance varied between the
AS and biofilm samples. This is not surprisingceithe AS community is the main
source of inoculum for the biofilm. Nevertheless is not to say that the biofilm
community is a mere reflection of the AS communréiygd our results showed that the
assembly of biofilm communities from AS was notdam, and was the result of species
sorting by local conditiongenvironmental and operational condtions, biotteriactions).
However, the specific local conditions driving gmesembly of the abundant core
community in the full-scale MBRs were outside tbepe of the current study. In MBRs,

several operating parameters have been shownltemte the microbial community
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486  structure on membrane surfaces. For example, Heiaalg (2008) compared the

487  biofouling communities of identical membranes ofestaunder different fluxes (15 and
488 30 L/nt.h) and solid retention times (SRTs, 8 and 30 k), they concluded that the

489 imposed membrane flux affected the community stimecand composition of biofouling
490 microorganisms. Miura et al. (2007) reported thatshear force induced by aeration
491 over the membrane surface directly influenced tb&hling community composition
492  where high shear forces selectedBetaproteobacteria. Also, studies have shown that
493  the biofilm community structure may be affectecdthy physicochemical properties of
494  polymeric membranes such as hydrophobicity, roughaad surface charge (Fontanos et
495 al., 2010; Lee et al., 2014). The aforementioriadiss were conducted in lab- or pilot-
496 scale MBRs where conditions are different from-&dhle MBRs. As the only published
497  study in full-scale MBRs, Jo et al. (2016) showeat imixed liquor suspended solids,
498 hydraulic retention time, food to microorganismaand specific aeration demand are
499  important factors affecting the biofilm bacterialngposition, whereas flux, temperature
500 inthe membrane tank, influent wastewater charetites and membrane type are not
501 important factors affecting biofilm community.

502 In addition to the presence of a dominant core man#biofilm community in the
503 five full-scale MBRs, there was a presence of & mgmber of unique OTUs (rare taxa)
504 in each biofilm (early or mature) sample (Fig. SB)d these unique OTUs were mainly
505 responsible for the difference in the communitysture between the 5 MBRs (Fig. 1
506 and Fig. S2). This was evidenced in the NMDS asialyhich showed that the bacterial
507 communities in the five MBRs were more disperseskedaon rare OTUs than the total

508 and dominant OTUs (Fig. 2). The rare OTUs on tleenlorane surfaces may have an
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important ecosystem function, but their importaoceld not be evaluated with the
current experimental design, and other criterian@eded to evaluate to what extent they
should be considered important. The unique OTUWhkerdifferent biofilm (early or
mature) samples could be due to differences irtiveiconmental and operational
parameters between the 5 MBRs. A recent studyrtegbthat core AS communities in
full-scale AS systems are more shaped by detertidfiegetors than the rare members,
which are more shaped by neutral factors (Meerbtigd., 2016). Although it was out of
the scope of the current study, a more comprehermsid systematic study is needed in
the future to elucidate the factors shaping the emd rare biofilm communities in full-
scale MBRs.

It has been suggested that targeting the earlydos in MBRs could help in
preventing biofouling (Choi et al., 2006; Zhangkt 2006; Piasecka et al., 2012). This
is based on the premise that early colonizers ohéerthe composition and nature of the
mature biofilm (Dang and Lovell, 2000; Davey et 2D00; Kolenbrander et al., 2005;
Zhang et al., 2006; Costerton, 2007; Kjelleberglet2007). For example, Lu et al.
(2016) observed that initial colonizeldi{rosomonas, Nitrospira, Nitrobacter,
Pseudomonas andAcinetobacter species) profoundly affected the fouling behasiod
bacterial succession in a lab-scale nitrificatioBR1 Similarly, Bereschenko et al. (2008,
2010) identifiedSphingomonas spp. as key organism responsible for the initiatibn
membrane surface colonization that facilitatesat@chment of other bacteria and
encourages the formation of mature biofilm in &dhle freshwater RO treatment facility.
Nevertheless, the large number of core early cotyni(63 genera) detected in the 5 full-

scale MBRs (Table S2) renders the application mbvative biological-based fouling
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532  control strategies (e.g. quorum quenching, enzydhsiruption, energy uncoupling, and
533  biofilm disruption by adding bacteriophage) chaffeny. For example, quorum

534 quenching (QQ) has been suggested to be an etfeuthod for mitigating biofouling
535 in MBRs (Lee et al., 2016). However, of the 63ecgenera detected in the early biofilm
536 samples across the 5 full-scale MBRs, only 7 ge(fssi@ovorax, Arcobacter,

537  Bradyrhizobium, Flavobacterium, Nitrobacter, Nitrospira, andRhodobacter) have been
538 classified in the literature as QS related baci@uaeet al., 2016). Jo et al. (2016) detected
539 only 11.6% of QS bacterial genera in the biofilmL6ffull-scale MBRs in China. These
540 results suggest that a single approach might neffeetive in controlling biofouling in
541 MBRs, and a combination of approaches might be reffeetive. For example,

542  combinations of phage enzymes and disinfectantdding the phage and then the

543 disinfectant have been found to be more effectiveiofilm eradication than adding

544  either alone (Tait et al., 2002). Combination @ @d chemically enhanced

545  backwashing with chlorine injection was more effiexin controlling fouling in MBR
546 than adding either alone (Weerasekara et al., 20I6¢ current study is the first to

547 characterize the early colonizers in full-scale MBRDue to technical reasons, only five
548 MBR plants were selected in this study, and morepgarative studies on full-scale

549 MBRs are needed in the future to characterize #dutelial community structure of early
550 colonizers with the aim of developing an effectijlebal approach for mitigating

551 biofouling in MBRs.

552

553 5. Conclusions

554 The main outcomes of this study can be summarigddll@ws:
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Alpha and beta diversity measures showed cleagrdifices in the community
structure between activated sludge and biofilm comitres (early and mature) in the
five full-scale MBRs. This difference was mainlyriouted to the presence of large
number of unique but rare operational taxonomitsufil3% of total reads in each
MBR) in each sample.

Despite the large fraction of sequence reads (~8f7ftal reads in each MBR)
shared between activated sludge and biofilm comtiesnjearly and mature),
simulated biofilm communities from random samplafdghe respective activated
sludge community revealed that stochastic immigratiom the source community
(i.e. activated sludge) was unlikely to shape tioéilln community assembly in
MBRs.

In addition to the presence of unique operatiomabhomic units in each biofilm
sample (early or mature), comparative analysispefational taxonomic units and
genera revealed the presence of a core biofilm aamtgnin the five full-scale MBRs.
These core genera and operational taxonomic wptesented the dominant taxa in

the community.
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Figure Captions

Fig. 1. Principal coordinate analysis (PCoA) of the 15 pdatamples based on
unweighted UniFrac distance showing the relatedoks®e bacterial community
structure of AS and biofilms (Early and Mature)heTnumbers from 1 to 5 refer to the
five different full-scale MBRs.

Fig. 2. Nonmetric multidimensional scaling (NMDS) plot bkt 15 pooled samples based
on unweighted UniFrac distance showing the totaddg triangles), dominant (red
squares) and rare taxa (blue triangles). The ntsrfbem 1 to 5 correspond to the five
different full-scale MBRs.

Fig. 3. Box plot showing unweighted UniFrac distance witand between Early, Mature
and AS communities in all five full-scale MBRs. &hed lines within the box represent
the median while the plus signs are for outliers.

Fig. 4. Nonmetric multidimensional scaling (NMDS) analysisualizing the results of a
random sampling procedure, to estimate the probathiat the biofilm communities
(Early and Mature) represented random samplesetf tbspective AS communities. A
total of 1,000 random subsamples of the AS comnaswrere assembled for each MBR.
Five examples A) MBR 1 B) MBR 2 C) MBR 3 D) MBR AdE) MBR 5 are shown, to
illustrate the distribution of the randomly proddc&S communities in relation to the
biofilm community. White, red, blue, and greerclgs represent the random subsamples
of the AS community, the AS community, the earlgfidin community, and the mature
biofilm community. NMDS was calculated based oa iHorn Index. Plotted NMDS
values were selected from ten independent randarting positions. The minimum
stress values for each MBR ranged from 0.44 t0.0.46

Fig. 5. Heatmap distribution of the most abundant core ge(@esent at a relative
abundance > 0.5% in at least one of the 5 sampleadh category) in the 5 full-scale
MBRs. Core genera indicate shared membershipg@émrera) across all samples in the
same category (i.e. AS, early or mature). The dol@nsity in each cell shows the
percentage of genus in the corresponding sampérire to the color key at the top left.
The numbers from 1 to 5 correspond to the 5 fudles®/BRs.
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Tablel

Alpha diversity measures for the 15 pooled samples.

Alpha diversity measures

Number of Richness Shannon  Phylogenetic Good’s
MBR Sample observed estimate diversity diversity coverage
plant description  OTUs (Chao 1) index (H)  (PD) (%)
MBR 1 AS 2,836 4,705+58 8.22+0.01 147.85+0.53  96.35
Early 2,531 4,377+101  8.20+0.01 138.04+0.58 95.77
Mature 2,104 3,615+86 7.86+0.01 124.07+0.6 93.80
MBR 2 AS 3,158 5,573+95  7.65+0.01 174.55+0.55 96.12
Early 1,002 2,231+95 7.88+0.01 80.50+0.57 84.20
Mature 939 1,765+39 6.61+0.01 74.59+0.32 93.24
MBR 3 AS 4,927 6,024+187 6.41+0.01 173.65+1.88 97.29
Early 3,852 8,113+3 7.65+0.01 226.01+0.036 93.92
Mature 3,847 6,957+87 7.91+0.01 209.94+0.85 94.95
MBR 4 AS 5,820 7,814+142  7.991#0.01 212.08+2.43 96.51
Early 6,943 7,216+312  8.03#0.01 204.87+2.64 97.48
Mature 3,477 5,7024265  7.83+0.01 171.70+1.37 96.65
MBR 5 AS 2,563 4,874+124 7.79£0.01 156.78+0.64 94.33
Early 4,650 5,212+148  7.99+0.01 170.28+1.69 97.91
Mature 2,497 4,414+60 7.77+0.01 146.81+0.62 95.61




Table2

Percentages of shared OTUs and their corresponding sequences between the different

samples (AS, Early or Mature) from the 5 MBRs. For each MBR, AS: Early, AS: Mature

and Early: Mature correspond to the shared OTUs and sequences within two types of

samples.

OTUs Sequences
Sample Total Shared Shared (%) Total Shared Shared (%)
AS (Combined)® 14,090 228 1.62 286,468 100,744 35.17
Early (Combined)® 14,323 138 0.96 310,757 86,829 27.94
Mature (Combined)* 9,518 114 1.20 146,745 37,864 25.80
MBR 1
AS: Early 3,794 1,573 41.46 65,143 56,326 86.47
AS: Mature 4,016 1,121 27.91 53,442 45,826 85.75
Early: Mature 3,536 1,099 31.08 45,677 39,572 86.63
MBR 2
AS: Early 3,443 717 20.82 43,523 3,1672 72.77
AS: Mature 3,497 600 17.15 47,243 3,1875 67.47
Early: Mature 1,577 364 23.08 11,734 6,103 52.01
MBR 3
AS: Early 6,615 2,164 32.71 131,490 121,604 92.48
AS: Mature 6,726 2,048 30.44 134,487 123,135 91.56
Early: Mature 5,902 1,797 30.44 76,373 67,775 88.74
MBR 4
AS: Early 9,338 3,425 36.67 231,592 217,864 94.07
AS: Mature 7,008 2,289 32.66 145,697 138,392 94.99
Early: Mature 7,841 2,579 32.89 194,763 184,864 94.92
MBR 5
AS: Early 5,418 1,795 33.13 125,477 115,733 92.23
AS: Mature 3,684 1,376 37.35 52,344 49,042 93.69
Early: Mature 5,273 1,874 35.54 128,955 119,139 92.39

#Combined samples correspond to the five AS, five early biofilm, or five mature biofilm samples collected

from the 5 MBRs.
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Fig. 1. Principal coordinate analysis (PCoA) of the 15 pooled samples based on
unweighted UniFrac distance showing the relatedness of the bacterial community
structure of AS and biofilms (Early and Mature). The numbers from 1 to 5 refer to the

five different full-scale MBRs.
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Fig. 2. Nonmetric multidimensional scaling (NMDS) plot of the 15 pooled samples based
on unweighted UniFrac distance showing the total (green triangles), dominant (red
squares) and rare taxa (blue triangles). The numbers from 1 to 5 correspond to the five

different full-scale MBRs.
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the median while the plus signs are for outliers.
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Fig. 4. Nonmetric multidimensiona scaling (NMDS) analysis, visualizing the results of a
random sampling procedure, to estimate the probability that the biofilm communities
(Early and Mature) represented random samples of their respective AS communities. A
total of 1,000 random subsamples of the AS communities were assembled for each MBR.
Five examplesA) MBR 1 B) MBR 2 C) MBR 3 D) MBR 4 and E) MBR 5 are shown, to
illustrate the distribution of the randomly produced AS communitiesin relation to the
biofilm community. White, red, blue, and green circles represent the random subsamples
of the AS community, the AS community, the early biofilm community, and the mature
biofilm community. NMDS was calculated based on the Horn Index. Plotted NMDS
values were selected from ten independent random starting positions. The minimum

stress values for each MBR ranged from 0.44 to 0.46.



ol
0c

|

N jamia

Tetrasphaera
Mycobacterium
Gordonia
Micropruina
Flavobacterium
Terrimonas
Leadbetterella

Actinobacteria

Bacteroidetes

Haliscomenobacter

Caldilinea
Trichococcus
Gemmatimonas

1 Chloroflexi
| Firmicutes
1Gemmatimonadetes

Nitrospira
Gemmata
Pirellula
Bradyrhizobium
Nitrobacter
Devosia
Hyphomicrobium
Methylocystis
Rhodobacter
Novosphingobium
Sphingopyxis
Dechloromonas
Propionivibrio
Thauuera
Zoogloea
Steroidobacter
Thermomonas
Arcobacter

INitrospira
I Planctomycetes

1

Proteobacteria

1.}
N

AS_
S_

AS_3
AS_4
AS_5
Early_1
Early_2
Early_3
Early_4
Early_5
Mature_1
Mature_2
Mature_3
Mature_4
Mature_5

Fig. 5. Heatmap distribution of the most abundant core genera (present at arelative
abundance > 0.5% in at least one of the 5 samplesin each category) in the 5 full-scale
MBRs. Core generaindicate shared membership (i.e. genera) across all samplesin the
same category (i.e. AS, early or mature). The color intensity in each cell shows the
percentage of genus in the corresponding sample, referring to the color key at the top left.

The numbers from 1 to 5 correspond to the 5 full-scale MBRs.
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Highlights

Membrane biofilm (early and mature) community analysisin five full-scale MBRs
Clear difference in bacterial community diversity between AS and biofilm
communities

This difference was attributed to the presence of large number of unique but rare taxa
in each sample

Membrane biofilm (early and mature) communities are not randomly assembled from
AS community

A core membrane biofilm community existsin full-scale MBRs



