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Abstract Few data are available concerning the composition of biofilms found at the
surface of filtration membranes, which, to some extent, explains the long-term failure of
numerous strategies developed to control biofouling. This preliminary study intended
to design a metagenomic tool targeting the 16S rRNA gene in order to unravel a general
portrait of bacterial communities found on spiral-wound membranes used in the dairy
industry. A total of seven spiral-wound membrane elements (ultrafiltration,
nanofiltration, or reverse osmosis) at the end of their useful lifetimes were collected
from different dairy plants. Targeted analysis of the 16S rRNA genes of the
metagenome extracted from the membranes revealed their bacterial diversity via
high-throughput sequencing technology (Miseq, Illumina). It was found that the nature
of the filtered fluid (milk, whey, water) explained 58.6 % of the variance observed
between communities found on membranes. Treatments applied on dairy fluids (milk
pasteurization, whey bleaching or whey ultrafiltration) induced a selective pressure that
affected the diversity of bacterial communities found on membranes and the propor-
tions of spore-former bacteria among them. This work provides the first complete
bacterial portrait of the biofilm composition of spiral-wound membranes used in the
dairy industry. It suggests that the nature of the filtered fluid and potentially filtration
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operating parameters may be important elements to consider in order to design new
cleaning strategies or preventive measures targeting biofouling.

Keywords Dairyprocessing .Filtration . Spiral-woundmembrane .Biofouling .Biofilms .

16S rRNAgene

1 Introduction

Membrane separation processes improve the efficiency of dairy processors by enabling
the recovery of all milk constituents and coproducts (whey, milk ultrafiltration perme-
ate, effluents) (Mistry and Maubois 2004). Membrane installations in dairy processing
plants are designed to operate continuously for 18 to 24 h daily under processing
conditions (transmembrane pressure, recirculation rate, temperature, etc.) that are
specific to each filtered fluid (milk, whey, whey permeate) and the technology used
(microfiltration, ultrafiltration, nanofiltration, or reverse osmosis) (Jirjis and Luque
2010). At the end of the filtration step, a cleaning-in-place (CIP) is performed on
membranes with acid and alkaline solutions in order to ensure hygienic operations and
recover membrane performance (Tang et al. 2010).

However, even with daily care, long-term fouling of the membranes remains a
major issue affecting the performance of membrane systems and leads to expensive
membrane replacements (Jirjis and Luque 2010; Anand et al. 2014). For most dairy
fluids, short- and long-term fouling results from the accumulation of proteins
(Bégoin et al. 2006) and minerals (Anand et al. 2014) on membrane surfaces.
However, concerns around bacterial adhesion warrant further investigation in the
dairy industry because of the great resilience of biofilms exposed to cleaning
procedures (Tang et al. 2009; Hassan et al. 2010; Anand et al. 2012; Anand and
Singh 2013; Anand et al. 2014) and the high bacterial counts observed in filtered
products (Anand et al. 2012). Biofouling, through biofilm development, has been
reported in desalination plants (Matin et al. 2011; Khan et al. 2013; Levi et al. 2016)
and membrane bioreactors (Ivnitsky et al. 2007; Malaeb et al. 2013; Vanysacker
et al. 2014b). Initially, it requires the formation of a conditioning film and the
adhesion of specific bacteria (pioneer bacteria) equipped with numerous adhesion
strategies (Ivnitsky et al. 2007). The pioneer bacteria grow and modify surface
properties, producing extra polymeric substances (EPS) that affect membrane per-
formance and permit recruitment of other bacteria as the biofilm matures (Lappin-
Scott and Costerton 1989; Ivnitsky et al. 2007; Vanysacker et al. 2014a). In the
dairy industry, biofouling may also result in serious quality issues for the filtered
fluid and subsequent dairy products because of the presence of spore-forming or
pathogenic bacteria on membranes (Burgess et al. 2010; Anand et al. 2014) and
their concurrent microbial enzyme production (Raats et al. 2011; Teh et al. 2014).
However, only a few studies described the microbial composition of biofilm detect-
ed on dairy processing membranes, and they have been limited to microscopy
(Hassan et al. 2010) or culture-based observations (Tang et al. 2009; Tang et al.
2010; Anand et al. 2012; Anand and Singh 2013). Considering that the majority of
bacteria in environmental samples are usually unculturable (Amann et al. 1995), the
use of culture-independent approaches, such as metagenomics, is essential.
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Consequently, the main objective of this preliminary study was to characterize the
compositional diversity of biofilms found on industrial dairy processing membranes in
order to understand these complex communities and the factors leading to biofouling.

2 Materials and methods

2.1 Sampling industrial membranes

A total of seven spiral-wound membranes (SWMs) were collected in four Canadian
dairy processing plants named D1, D4, E2, and F3, at the end of their useful lifetime
(between 119 and 920 days of use) (Table 1). These membranes were used to filter
pasteurized milk (pM), bleached or fresh cheese whey (respectively bW and fW),
ultrafiltration whey permeate (P), or a blend of condensed water and permeate from
reverse osmosis of dairy fluids (the term “water blend” will be used to simplify the text,
Wa) (Table 1). Ultrafiltration (UF), nanofiltration (NF), or reverse osmosis (RO) SWMs
were collected (Table 1).

Before being sampled, SWMs were frozen at −20 °C in the different dairy plants and
carried frozen to Université Laval (Québec city, QC, Canada) until analysis. Among the
SWMs, the final treatment applied in the different dairy plants on membrane was a
rinsing with tap water for D4RO-fW and D4RO-Wa while other SWMs were cleaned
with the specific CIP procedure of each plant. The dairy manufacturers provided
information on their membranes such as their age, the filtered fluid, the temperature
of the feed during filtration, and their daily usage times (Table 1), while other
proprietary operating parameters and details about cleaning conditions were kept
confidential.

Samples of 150 cm2 were taken in duplicate with a sterile scalpel at four (4)
locations on each unrolled SWM (total of eight samples, 1200 cm2): at the inlet and
outlet sides, at the inner part of the membrane, close to the permeate tube, and at the
outer part of the membrane. Samples from each section were cut into 1-cm2 pieces with
sterile scissors to fit in a 15-mL sterile polypropylene tube for DNA extraction. No
visual sign of the presence of biofilms was detected, except for the uncleaned D4RO-
fW membrane.

2.2 DNA extraction method

DNA extraction was performed following the methodology of Ferrera et al. (2010),
including an enzymatic pretreatment and a phenol-chloroform extraction but adapted
according to other authors (Ercolini et al. 2003) as described below. Membrane samples
were soaked in 3.8 mL of TES buffer (50 mmol∙L−1 Tris–HCl, 1 mmol∙L−1 EDTA,
8.7% w/v sucrose; pH 8.0). Lytic enzymes were added (200 μL of 40 mg∙mL−1

lysozyme, 50 μL of 5 U∙mL−1 mutanolysine, and 10 μL of 10 mg∙mL−1 RNAse A)
to the tubes maintained at 37 °C and incubated for 60 min (Ercolini et al. 2003; Ferrera
et al. 2010). Subsequently, 500 μL of 10 mg∙mL−1 proteinase K, 50 μL of 10 % w/w
SDS, and 450 μL of TES buffer were added. The tubes were incubated at 55 °C for
60 min, then at 65 °C for 10 min. Next, 900 μL of 5 mol∙L−1 NaCl and 900 μL of TES
were added and tubes were held on ice. The phenol-chloroform extraction was
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performed as specified by Ferrera et al. (2010) with the following modifications: no
isoamyl alcohol was used and the centrifugation steps were conducted at 13,000×g at
4 °C for 10 min. The polymeric phase of the membrane samples dissolved completely
in phenol. DNA in the aqueous supernatant was precipitated using 1/10 vol of
8 M LiCl and 1 vol of pure ice-cold isopropanol, the latter being selected to
precipitate the low amounts of DNA extracted from SMWs even if it increased the
salt concentration in the DNA samples. Tubes were chilled for 1 h at −20 °C.
DNA was recovered after centrifugation (15,000×g for 30 min at 4 °C) and
washed twice with ice-cold 70% v/v ethanol to remove residual salts. The DNA
pellet was dried and resuspended in 50 μL of sterile deionized water. DNA yield
and quality (purity) were assessed using a Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware, USA). DNA extractions were
done in duplicate for each membrane section (eight extractions per SWM). For
each membrane section, the sample having the highest DNA extraction yield
between the two duplicates was selected for high-throughput sequencing (four
samples per SWM). The absence of PCR inhibitor was assessed prior to sequenc-
ing by amplifying the selected samples by PCR (universal bacterial primers 27F
and 1492R) and migrating amplicons on a 0.8% w/v agarose gel.

2.3 16S rRNA Gene sequencing

Targeted amplification of the 16S rRNA gene, equimolar pooling, and sequenc-
ing were performed at the Plate-forme d’Analyses Génomiques (IBIS,
Université Laval, Québec City, Canada). Briefly, amplification of the V6-V8
region of the gene encoding 16S rRNA (Comeau et al. 2011) was performed
using a two-step, dual-indexed PCR approach specifically designed for Illumina
instruments (Illumina, San Diego, California, USA) (Table 2). In the first step,
the gene-specific sequence was fused to the Illumina TruSeq sequencing
primers and PCR was carried out in a total volume of 25 μL containing 1×
Q5 buffer (New England Biolabs, Ipswich, MA, USA), 0.25 μmol∙L−1 of each
primer, 200 μmol∙L−1 of each dNTP, 1 U of Q5 High-Fidelity DNA polymerase

Table 2 Oligonucleotide sequences used for the amplification of the V6-V8 region of the 16S rRNA gene

Oligonucleotide (PCR step) Oligonucleotide sequence (5′- > 3′)a

V6-V8 forward-specific primer (first PCR step) ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGCGHNRAA

CCTTACC

V6-V8 reverse-specific primer (first PCR step) GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGGGCRG

TGWGTRCAA

Generic forward second-PCR primer AATGATACGGCGACCACCGAGATCTACAC[indexl]ACACTCTTI

CCCTACACGAC

Generic reverse second-PCR primer CAAGCAGAAGACGGCATACGAGAT[index2]GTGACTGGAGTTCA

GACGTGT

a Please note that primers used in this work contain Mumina-specific sequences protected by intellectual
property (Oligonucleotide sequences © 2007–2013 Illumina, Inc. All rights reserved). Derivative works
created by Mumina customers are authorized for use with Illumina instruments and products only. All other
uses are strictly prohibited)

Biofilm composition of filtration membranes 831



(NEB) and 1 μL of the template DNA. The PCR parameters were 30 s at
98 °C, followed by 35 cycles (10 s at 98 °C, 10 s at 55 °C, 30 s at 72 °C),
and a final extension of 2 min at 72 °C. The PCR reaction was purified using
the Axygen PCR Clean-up kit (Axygen Biosciences, Union City, CA, USA).
The quality of the purified PCR product was determined on a 1% w/v agarose
gel. The second PCR step, performed with a 50- to 100-fold dilution of the
previously purified PCR product as a DNA template, allowed the addition of
barcodes (dual-indexed) and the missing sequence required for Illumina se-
quencing. The PCR parameters were 30 s at 98 °C, followed by 12 cycles
(10 s at 98 °C, 10 s at 55 °C, 30 s at 72 °C), and a final 2-min extension at
72 °C. PCR reactions were purified as described above, and quantification and
quality assessment were performed using the Nanodrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, Delaware, USA) and a
DNA7500 Bioanalyzer chip (Agilent Technologies, Santa Clara, CA, USA),
respectively. Barcoded amplicons were then pooled at equimolar concentration
for sequencing by the Illumina’s MiSeq sequencer.

2.4 Sequence accession number

The 1,369,080 raw reads have been deposited in the NCBI Sequence Read Archive
under accession number SRP065116.

2.5 Metadata processing and statistical analysis

Raw sequences were processed with Mothur v1.34.4 following Schloss’s MiSeq SOP
(available at http://www.mothur.org/wiki/MiSeq_SOP) (Schloss et al. 2009; Kozich
et al. 2013). Computations were made on the supercomputer Colosse from Université
Laval, managed by Calcul Québec and Compute Canada. After assembling forward
and reverse amplicons (make.contigs), sequences containing ambiguous bases
(maxambig = 0) and sequences that were too short (minlength = 400) or too long
(maxlength = 440) were removed (screen.seqs). Remaining sequences were aligned
(align.seqs) for the V6-V8 region (obtained with pcr.seqs) of a reference database
(SILVA bacteria release 102). Chimera reads were removed using the UCHIME
program (Edgar et al. 2011). A naive Bayesian classifier (classify.seqs) assigned a
taxonomy file (RDP 16S rRNA reference v14) to the trimmed sequences with 1000
iterations (iters = 1000) (Mizrahi-Man et al. 2013), and a minimum bootstrap value of
80 % was set as recommended (Manes et al. 2011). Since bacterial primers were used,
sequences belonging to Chloroplast, Mitochondria, Eukaryota, and Archae were
discarded (remove.lineage). Sequences were clustered (cluster.split) using the average
neighbor algorithm method to the order level (taxlevel = 4) with a minimum of 97% of
similarity (cutoff = 0.03), which is commonly accepted for classifying sequences at the
genus level (Comeau et al. 2011).

Within-sample diversity (Alpha diversity) was analyzed with Good’s coverage
estimator (Good 1953) index, as described by Tully and Heidelberg (2013); the
Chao-1 richness estimator (community richness), as described by Katra (Katra et al.
2014); and the inverse Simpson diversity index (community diversity) with the same
number of sequences in each sample (sub.sample) (Schloss et al. 2009). Rarefaction
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curves were made using R software (v3.2.0; http://www.r-project.org/) with the data
generated by Mothur (rarefaction.single). The ThetaYC calculator based on the relative
abundance of each operational taxonomic unit (OTU) was used to generate a dendro-
gram showing similarities/dissimilarities between samples (beta diversity) (Tully and
Heidelberg 2013). A web-based tool (iTol) was further used to add a stacked bar chart
to the dendrogram figure (Letunic and Bork 2011). Jaccard and Bray-Curtis dissimi-
larity calculators were also tested, but, as per Tully and Heidelberg (2013), they were
not discussed since their outputs were very similar to those of ThetaYC. Finally, the
variance in bacterial communities was calculated by permutational analysis of variance
(PERMANOVA test, Vegan package of R) based on the ThetaYC distance matrix
(Anderson 2001). Considering the heterogeneity of the biofilms detected on filtration
membranes (Hassan et al. 2010), the results of the four membrane sections were
merged for the presentation of bacterial ratio and diversity indexes. However, the
PERMANOVA test was done on unmerged samples to maximize the degrees of
freedom.

3 Results

3.1 Ecological comparisons of the SWMs

Total genomic DNA amounts recovered from the SWM samples varied between
0.17 ng·cm−2 (E2UF-bW) and 1091.06 ng·cm−2 (D4RO-fW). DNA extraction on
F3UF-bW resulted in the highest extraction yield on a cleaned membrane
(9.65 ng·cm−2) (Table 1). The average A260/A280 and A260/A230 ratios of the DNA
samples of each SWM varied from 1.28 to 1.93 and from 0.32 to 1.04, respectively
(Table 1).

The number of OTUs identified on SWMs varied between 515 and 2452 (Table 1),
with flattened rarefaction curves indicating a sufficient sequencing depth for most of
the samples but only for partial depth for F3UF-bW (Supplementary material, Fig. S1).
Good’s coverage index was greater than 99% for all samples and there were low ratios
of unclassified OTUs at the phylum level (ranging from 0.01 to 2.10%) (Table 3). A
higher number of OTUs (higher richness) was observed (Sobs) and estimated (Chao 1
index) on the oldest SWM sampled (F3UF-bW, collected after 930 days of operation),
even if its rarefaction curve was not completely saturated. The lowest Sobs was found
on the youngest SWM (E2UF-bW), collected after 113 days of operation (Table 1).

The membranes E2UF-pM1 and E2UF-pM2 were cleaned applying the same
industrial procedure. Membrane E2UF-pM1 was older (458 compared to 322 days
for membrane E2UF-pM2), but their theoretical richnesses were not statistically dif-
ferent (2648 and 3840 for E2UF-pM1 and E2UF-pM2, respectively, 95% confidence
interval). Comparing these two membranes, the highest Sobs was observed on E2UF-
pM2, which had a longer daily usage (18 h instead of 15 h for E2UF-pM1).

3.2 The composition of bacterial communities on dairy processing SWMs

Various diversity levels were observed among SWM, mostly depending on the nature
of the filtered fluid (Table 1). The highest diversity (Inverse simpson diversity index)
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was found in communities formed on milk processing membranes (8.41 E2UF-pM1
and 14.10 for E2UF-pM2). The diversity decreased on bleached cheese whey process-
ing membranes (5.76 for E2UF-bW and 4.63 for F3UF-bW). The lowest diversity was
observed on UF whey permeate processing membrane (1.21 for D1NF-P). The level of
diversity found on both membranes from dairy plant D4 (D4RO-fW and D4RO-Wa)
was similar (1.49 and 1.51, respectively) but not comparable to other membranes since
they were not subject to a complete cleaning cycle but were only rinsed (Table 1). The
uncleaned membrane used for fresh cheese whey filtration (D4RO-fW) had a signifi-
cantly lower diversity index than both cleaned membranes used to filter bleached
cheese whey (E2UF-bW and F3UF-bW) (Table 1).

Proteobacteria, Firmicutes, and Actinobacteria were the three major phyla observed
on the SWMs but the dominant phylum differed according to the filtered fluid. In the
case of milk processing membranes, Proteobacteria were dominant with relative
abundances of 63.62 and 62.68% for samples E2UF-pM1 and E2UF-pM2, respectively
(Table 3). The highest proportion of Actinobacteria was also found in those samples.
On both E2UF-pM1 and E2UF-pM2, Methylobacterium sp. was the most abundant
genus and accounted for 23 and 14% of the global population, respectively. The
dominant Bacilli genera identified were Streptococcus sp., Enterococcus sp., and
Lactococcus sp. while Acinetobacter sp., Cronobacter sp., and Klebsiella sp. were
the major γ-Proteobacteria found (relative abundance >5%) (Table 3). In the case of
E2UF-pM1, less diversity was found and only Lactococcus sp., Psychrobacter sp., and
Arthrobacter sp. had a relative abundance higher than 5 %.

Bacterial communities of SWMs used for cheese whey (raw and bleached), whey
permeate, and water blend filtration were dominated by the Firmicutes phylum,
essentially because of the presence of a high ratio of the Bacilli class. Except for both
membranes from the plant D4, spore-forming bacilli dominated these bacterial com-
munities (Table 3). For example, the E2UF-bW membrane showed a great abundance
of Paenibacillus sp. (28.37 %) and Brevibacillus sp. (17.81 %). These genera were
found at low ratio on milk processing membranes from the same plant, E2 (relative
abundances of 0 to 0.02%). The α-Proteobacteria Methylobacterium sp. was the only
one to be substantially present on both milk and bleached whey filtration membranes
used in plant E2.

Spore-forming Alicyclobacillus sp. was the most abundant genus on the F3UF-bW
membrane (49.36%; Table 3). The UF whey permeate filtration membranes (D1NF-P)
had the greatest proportion of spore-forming bacteria with 93.18% of Anoxybacillus sp.
(Table 3). No spore-forming bacteria were detected on the uncleaned membrane used to
filter raw cheese whey (D4RO-fW). Genera possibly related to lactic acid bacteria
(LAB) such as Streptococcus sp. (83.02%), Lactobacillus sp. (10.78%), and
Lactococcus sp. (2.82%) were detected instead. The same phenomenon was observed
with D4RO-Wa for which the bacterial community was mainly composed of
Streptococcus sp. (81.56%) and Lactococcus sp. (4.12%).

Statistically, according to a PERMANOVA test, 58.6, 14.2, and 27.2% of the
variations observed would be respectively explained by the nature of the filtered fluid,
the temperature of the feed, and other parameters (Table 4). Among these other
parameters, it is suggested that the plant environment where the SWMs were sampled
may have had an effect, with divisions occurring between the SWMs of each plant on
the ThetaYC similarity dendrogram (Fig. 1). For example, based on the relative
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proportions of their OTUs, the community identified on the whey processing membrane in
the plant E2 (E2UF-bW) was closer to those found on milk processing membranes (E2UF-
pM1 and pM2) sampled in the same plant as the one found on F3UF-bW, which filtered the
same type of fluid in a different plant (Fig. 1). Specific OTUs had a higher proportion in
specific dairy plants, for example, Anoxybacillus sp. and Meiothermus sp. (D1 plant),
Streptococcus sp. (plant D4),Methylobacterium sp. (E2), or Alicyclobacillus sp. (F3).

4 Discussion

The high-throughput sequencing approach selected for this study allowed to obtain an
overviewof the bacterial communities established on SWMsused in dairy processing plants.
Since most of the SWMs were cleaned prior sampling, low DNA concentrations were
detected on their surfaces. The A260/A230 average ratios of the DNA samples were low,
indicating apossible salt contamination in them.However, theyhada sufficient quality for the
preparation of adequate libraries prior to sequencing (absence of PCR inhibitor and good
A260/A280 average ratios) (Simbolo et al. 2013).

There are controversial results regarding the effect of sample freezing on DNA
extraction yields or the accuracy of high-throughput sequencing data. Indeed, the
freezing processes of the membrane samples for this study could affect the DNA

Fig. 1 Combined stack chart and dendrogram presenting the proportion (%) of bacterial classes found on
SWMs sampled and the similarity between the samples (ThetaYC calculator). The red numbers represent
branch lengths. Distances below 0.05 were not shown

Table 4 Parameters affecting the composition of bacterial biofilms on spiral-wound membranes sampled

Parameter Variance explaineda (%) p value

Filtered fluid 58.6 <0.001

Temperature of the feed 14.2 <0.001

Others 27.2

a Permutational multivariate analysis of variance (PERMANOVA) test based on the ThetaYC distance matrix
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extraction yield and the proportions of some genera observed among bacterial com-
munities observed on SWM (Metzler-Zebeli et al. 2016). However, it was demonstrated
that freezing may only have minor impacts on the global portrait of a bacterial
community (Fouhy et al. 2015), on which this study focused.

The short read lengths (400–440 bp) enabled a thorough taxonomic assignment for all
samples at the genus level, with an overall low abundance of 1% of unclassified phyla. In
comparison to many studies previously conducted on biofouling in water treatment plants
(including desalination and waste water treatment plants), biofilm composition in the dairy
industry is different, most notably because of the high proportion of Firmicutes, which are
absent fromwater treatment plants (Chen et al. 2004; Ivnitsky et al. 2007; Huang et al. 2008;
Matin et al. 2011; Khan et al. 2013; Levi et al. 2016).

As reported by Tang et al. (2009) and Anand et al. (2012), the results of this study
confirm the resilience of biofilms on SWMs after the cleaning processes used in the dairy
industry, possibly indicating inadequate cleaning strategies and/or high intrinsic resistance of
the bacteria and biofilms themselves. Considering this, the richness (and the diversity) of the
communities on the SWMswould be expected to continuously increase during the lifetimes
of these membranes (Manes et al. 2011). Accordingly, the oldest SWM (F3UF-bW) had the
highest Sobs and estimated number of OTUs (Chao1 estimator), while the youngest had the
lowest (E2UF-bW).

4.1 The effect of operating conditions

This study shows the preponderant impact of the nature of the filtered fluid or the
combination of treatments, like heating (milk pasteurization) (Burgess et al. 2010), bleaching
(whey discoloration), or ultrafiltration of the feed (bacteria removal before filtration). The
bacterial community found on pasteurized milk processing membranes had the closest
similarity to natural raw milk microflora of the province of Quebec and to pasteurized
cheese ecosystems, in comparison to the other fluids filtered (Rasolofo et al. 2010; Wolfe
et al. 2014). Bacilli (Lactococcus sp. and Streptoccus sp.) and γ-Proteobacteria (Klebsiella
sp., Acinetobacter sp., and Psychrobacter sp.) found on milk processing membranes could
be associated with their natural presence in raw milk and their natural resistance to
pasteurization since they were found in both milk and cheese rind ecosystems or in biofilms
on post-pasteurization lines (Sharma and Anand 2002; Quigley et al. 2012; Bokulich and
Mills 2013; Quigley et al. 2013). The presence of γ-Proteobacteria on milk processing
membranes could be favored by the cold filtration environment (17 °C, Table 1), as observed
in milk ecosystems during long cold storage at 4 °C, in contrast with fresh raw milk
dominated by Gram-positive bacteria (such as Bacilli) at the farm (Raats et al. 2011;
Quigley et al. 2013).

The prevalence of the Methylobacterium sp. in E2UF-pM1 and E2UF-pM2 bacterial
communities (23 and 14%, respectively; Table 3) could be attributed to the water used
during the milk processing chain, from the farm to the plant.Methylobacterium sp. is well
adapted to survive in a filtration environment due to its resistance to cleaning agents,
which makes it the principal bacterium identified in pink bathroom biofilms (Yano et al.
2013).

Cheese whey in plants E2 and F3 is submitted to a moderate heat treatment prior to
its filtration, partly to reduce its microbial load but mainly to reduce chemical fouling
(mineral equilibria) (Cheryan 1998). In addition, this whey is bleached by strong
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oxidizers to remove residual colorant-stabilizing cheese color (Kang et al. 2010).
Compared to the milk filtering SWMs studied, a lower ratio of γ-Proteobacteria was
observed on whey processing membranes. Therefore, it is hypothesized that the
selective pressure induced by the presence of strong oxidizing agents may have
influenced the growth of the most sensitive microorganisms found in the whey prior
to filtration, enhancing the relative abundance of the Bacilli class found on E2UF-bW
and F3UF-bW (Table 3). This led to the growth of more resistant spore-forming
bacteria (Bacillus sp., Brevibacillus sp., Paenibacillus sp., and Alicyclobacillus sp.)
(Burgess et al. 2010). Interestingly, the filtrations conducted in these two plants were
performed at different operating temperatures (48 °C for E2UF-bW and <20 °C for
F3UF-bW), which may have modulated, to some extent, the composition of these
biofilms. Additional experiments are needed to address the exact impact of these
differences even if the PERMANOVA test suggested a significant effect of the tem-
perature of the feed.

The low diversity ecosystem found on UF whey permeate membrane D1NF-P was
composed primarily (93.18%) of the thermophilic spore-forming bacteria
Anoxybacillus sp. The UF treatment prior to NF certainly contributed to the low
diversity observed on D1NF-P since virtually no bacteria should normally cross a UF
membrane (Mistry and Maubois 2004). Anoxybacillus sp. was first identified in
extreme environments such as hot springs and is often found as a single-species biofilm
in milk powder processing lines (Burgess et al. 2010). Its presence on D1NF-P could be
due to its intrinsic resistance to alkaline conditions similar to those found during
industrial CIP cleaning.

Managers of dairy plant D4 expressed their long-term challenges in restoring the
water flux of their membranes after cleaning. Biofouling was suspected for D4RO-fW,
which filtered a fluid containing starter cultures and several nutrients. Conversely,
filtration of an oligotrophic fluid by D4RO-Wa led to the formation of a similar
community. Both membranes were dominated by Streptococcus sp. and were operated
at 40 °C, a temperature known to be near optimal for the growth of streptococci such as
S. thermophilus (Beal et al. 1989). The D4RO-fW and D4RO-Wa membranes were not
cleaned prior to sampling, and consequently, comparisons with membranes from other
plants were not possible. However, since these membranes were the only ones to be
operated at 40 °C, it is suggested that changing the temperature of the feed in this
system may impact the biofilm composition on D4 membranes and, therefore, prevent
and control biofouling. This aspect is under investigation in our laboratory with the use
of a greater number of membrane samples and replicates operated in a controlled
environment.

5 Conclusions

This preliminary study is the first to present a targeted metagenomic analysis of the
bacterial composition of biofilms formed on dairy processing membranes. The results
suggested a possible effect on biofilm composition caused by the operational environ-
ment where the SWMs were used. Similarities were observed at the class level between
communities on membranes that filtered the same type of fluid. In addition, similarities
were observed between biofilms sampled in the same plant, according to ThetaYC
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calculator, suggesting that the environmental microflora could also impact biofilm
composition. However, additional studies are needed with a larger number of mem-
brane samples and true replicates generated under known cleaning conditions to
address the potential impact of the natural microflora of each plant on the composition
of their biofilms, similar to what has been observed for cheese microflora (Bokulich
and Mills 2013).

This study intended to determine a general qualitative portrait of the biofilms found
on SWMs in the dairy industry. Obviously, an analysis including a quantitative aspect
would be of great interest in the future considering the major differences between the
DNA concentrations observed in this study. However, because of the clear differences
observed between the taxonomic composition of each SWMs, it appears that the impact
of each operating parameter (fluid type, temperature of the feed, velocity, turbulence,
membrane type, etc.) should also be studied in more detail to understand the factors
leading to biofouling and to develop new preventive measures and cleaning strategies
specifically designed for the dairy industry.
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