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Significance and Impact of the study
Xanthine oxidase, an oxidoreductase enzyme that generates reactive oxygen species, is
endogenously produced by many bacterial species. In this study, production of the enzyme
by bacterial isolates from a full-scale desalination plant, was investigated for potential use
as biological control of membrane fouling in seawater desalination. We have previously
demonstrated that free radicals generated by a commercially available xanthine oxidase in
This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/lam.12747
This article is protected by copyright. All rights reserved.

the presence of a hypoxanthine substrate, effectively dispersed biofilm polysaccharides on
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industrially fouled membranes. Bacterial xanthine oxidase production in the presence of
hypoxanthine may prove to be a cost effective, in situ method for alleviation of fouling.

Abstract
Control of biofouling on seawater reverse osmosis (SWRO) membranes is a major challenge
as treatments can be expensive, damage the membrane material and often biocides do not
remove the polymers in which bacteria are embedded. Biological control has been largely
ignored for biofouling control. The objective of this study was to demonstrate the
effectiveness of xanthine oxidase enzyme against complex fouling communities and then
identify naturally occurring bacterial strains that produce the free radical generating
enzyme. Initially, 64 bacterial strains were isolated from different locations of the Perth
Seawater Desalination Plant. In our preceding study, 25/64 isolates were selected from the
culture collection as models for biofouling studies, based on their prevalence in comparison
to the genomic bacterial community. In this study, screening of these model strains was
performed using a nitroblue tetrazolium assay in the presence of hypoxanthine as substrate.
Enzyme activity was measured by absorbance. Nine of 25 strains tested positive for xanthine
oxidase production, of which Exiguobacterium from sand filters and Microbacterium from
RO membranes exhibited significant levels of enzyme production. Other genera that
produced xanthine oxidase were Marinomonas, Pseudomonas, Bacillus, Pseudoalteromonas
and Staphylococcus. Strain variations were observed between members of genera
Microbacterium and Bacillus.
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Introduction

The complexity of a diverse multispecies bacterial community and their exopolysaccharides
in the biofilm matrix on RO membrane demands efficient control methods to alleviate
fouling in SWRO systems. Current practices include pretreatment of feed water with
coagulants, dosing feed water with chemical disinfectants, biocides and antimicrobials,
membrane surface modifications, nutrient limitation and membrane cleaning procedures
(Nguyen et al. 2012). Biological control is an area that is still underexplored. Some of the
suggested methods for biological control include quorum sensing signal inhibition,
bacteriophages and the use of nitric oxide donors.

Of the above approaches, quorum quenching compounds are gaining increasing attention as
biofilm control methods in recent years. Biofilm maturation is largely dependent on quorum
sensing; therefore quenching these systems may provide a valuable solution to alleviate
biofouling. Enzymatic degradation of quorum sensing signaling molecules is one such
option. The potential of oxidoreductases as quorum quenching enzymes has been reported
in a few previous studies. These enzymes catalyze the oxidation or reduction of acyl side
chains of AHL molecules (Uroz et al. 2005; Chowdhary et al. 2007).
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Nitric oxide donors as free radical generating compounds in mitigating fouling has
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previously proved successful (Barraud et al. 2009; Xiong and Liu 2010). However, the
potential of reactive oxygen species (ROS) to disperse biofilms is a less explored area.
Hydrogen peroxide, superoxide, hydroxyl radical and singlet oxygen are a group of reactive
molecules and free radicals derived from molecular oxygen, usually formed as byproducts of
oxidative metabolism in enzyme catalyzed aerobic respiration, and have a role in many
degenerative processes. Xanthine oxidase is an oxidoreductase enzyme that is
endogenously produced by many bacterial species. It may be classified as a quorum
quenching enzyme that is naturally produced by many marine bacteria. As a result of
oxidation of xanthine to hydrogen peroxide and oxygen, reactive oxygen species are released as
by products. These ROS molecules are known to quench auto-inducer 2(AI-2) signals responsible for
quorum sensing and thereby suppress biofilm formation, as reported recently by a study on E.coli
(Xiao et al. 2016). Xanthine oxidase catalyses purine metabolism, resulting in the production

of reactive oxygen species (ROS) which affords several benefits to the bacterial cell in a
multispecies biofilm environment. It has been suggested that ROS imparts genetic variability
to biofilm cells, signal cell death in deeper layers leading to metabolic differentiation in
upper layers of biofilms, therefore increasing the possibility of survival (Čáp et al. 2012).
Thus endogenously produced ROS may be described as an oxidative weapon against
competing bacteria in multispecies biofilm communities.
In our previous study it was reported that treatment of industrially fouled membranes with
xanthine oxidase and hypoxanthine dispersed the biofilms by degrading polysaccharides and
brought about a significant improvement in membrane permeability. During the process of
oxidation, free radicals are generated which breakdown the polysaccharides (Nagaraja et al.
2017). In this study, we initially demonstrate that xanthine oxidase treated membranes have
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better permeability and lesser biofilm polysaccharides than fouled membranes and propose
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potential biological control measures based on the production of xanthine oxidase enzyme
by some species in the presence of hypoxanthine and xanthine as substrate. Previous
researchers have investigated the production of xanthine oxidase enzyme in bacteria, by use
of easy screening methods. Agarwal and colleagues developed a method of screening
xanthine oxidase producing bacteria from soil using a nitroblue tetrazolium based
colorimetric assay (Agarwal and Banerjee 2009). Recently a thermostable xanthine oxidase
enzyme was identified from Bacillus species (Sharma et al. 2016). This enzyme has also been
identified in various other bacteria such as Arthrobacter (Woolfolk and Downard 1978),
Enterobacter (Machida and Nakanishi 1981), and Pseudomonas (Sakai and Jun 1979).
However, there is little knowledge on the xanthine oxidase enzyme producing ability of
marine microbes, especially those fouling seawater desalination systems.

This study forms part of an extensive body of work which involves investigation and control
of biofouling in a full-scale seawater reverse osmosis desalination plant by bacteria and their
exopolysaccharides. The study is comprised of different but related aspects of the research.
Initially, bacterial communities on RO membrane surfaces of a full-scale desalination plant
were explored by 16S rRNA gene metabarcoding (Nagaraj et al. 2016a). It was evident that
certain bacterial groups such as Caulobacterales, glycosphingolipid-producing bacteria,
nitrate-reducers and Pseudomonadales played an important role in biofouling. Bacteria
were isolated from various locations of the full-scale plant and identified; the culture library
was compared to the biofilm community, based on which the most representative models
were selected for biofouling studies. These models belonged to 13 different genera (Nagaraj
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et al. 2016b). Bacterial exopolysaccharides of model strains that fouled RO membranes were
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characterized and it was reported that they all are comprised of specific sugars such as
fucose, rhamnose and uronic acids that may impart stronger structural integrity (Nagaraj et
al. 2016c). We then successfully used free radical generating compounds, which included
xanthine oxidase, for control of biofilms by polysaccharide degradation on industrially
fouled membranes in bench-scale experiments (Nagaraja et al. 2017).

The present paper fills the gaps in our most recent study (Nagaraja et al. 2017); as

commercial xanthine oxidase is expensive and not feasible to use on a large-scale, we
explored the possibility of using bacteria that naturally produce the enzyme. Further benchscale and pilot scale studies are required to establish their definitive use as a control
measure.

The objective of this study was to screen bacterial isolates that were cultured from a fullscale desalination plant in Western Australia, for the production of xanthine oxidase enzyme
in the presence of hypoxanthine as substrate. The study provides an interesting insight
about the nature of bacteria that produce this enzyme, which may offer a potential measure
of biological control. Using naturally occurring bacterial enzymes allow the cell machinery to
produce them, circumventing the need to add large quantities of enzyme exogenously
which would also be prohibitively expensive.
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Bench scale RO experiments demonstrated that xanthine oxidase improved the permeate
flux of treated membranes (Fig. 1). The initial flux of xanthine oxidase treated membranes
(9.4 L.m-2.h-1) was similar to that of clean membrane (8.9 L.m-2.h-1) and higher than flux
across fouled membranes (5.9 L.m-2.h-1). The flux of treated membranes stabilized after an
initial decline during the first three hours. Over a run time of 20h, the average permeate flux
were as follows: fouled membrane- 5.7 L.m-2.h-1±0.8, clean membrane- 9.7 L.m-2.h-1±1.0,
xanthine oxidase treated membrane- 8.4 L.m-2.h-1±0.4. There were no significant differences
between average flux of clean and treated membranes (p > 0.05), but the difference
between average flux of fouled and treated membranes was significant (p < 0.05), indicating
that xanthine oxidase treatment improved permeate flux effectively. The average flux of
treated membranes was 86.7% of the average flux of clean membranes. The confocal
images clearly indicated that a reduction in biofilm polysaccharides on the membranes was
brought about by the xanthine oxidase enzymes (Fig. 2). Upon investigation and comparison
of membrane biofilm polysaccharides by CLSM, it was evident that there was a significant
decrease of biofilm polysaccharides (~ 50%) in treated membranes compared to that of
control fouled membranes. The fluorescent lectin stain used (FITC conjugated ConA)
specifically stains biofilm polysaccharides containing glucose and mannose, the most
commonly found sugars in marine bacterial polysaccharides. Therefore, results strongly
suggested that mechanism of xanthine oxidase enzyme action was mucolytic in nature,
likely to be brought about by physical degradation of polysaccharides. The results were
supported by a recovery in the flux of treated membranes when subjected to RO. Above
results support the potential use of xanthine oxidase producing bacteria as biological control
agents.
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Of the twenty five bacterial isolates tested, nine strains exhibited a positive reaction for the
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production of xanthine oxidase. Strains that exhibited an average absorbance value ≥ 0.9
(absorbance of positive control), were identified as xanthine oxidase producers. These were
Marinomonas sps. (RSW8), Pseudomonas brenneri (RSW14), Bacillus amyloliquefaciens (S5),
Exiguobacterium sps. (S8), Bacillus pumilus (C19), Pseudoalteromonas sps (FSW3),
Microbacterium sps. (RO16), Staphylococcus saprophyticus (RO25) and Microbacterium sps.
(RO27). The results of the absorbance values and positive reactions are presented in Fig. 3
and Table 1. Exiguobacterium (S8) from sand filters and Microbacterium (RO16) from RO
membranes (Fig 3; Table 1) showed absorbance values significantly higher than the positive
control indicating production of the enzyme to higher levels by these two bacterial strains. It
was interesting to note that although both RO27 and RO16 belong to the genus
Microbacterium, they differed in level of production of xanthine oxidase. Similarly, S5 and
C19 of the genus Bacillus produce xanthine oxidase while other strains of the Bacillus
species such as C4, C14 and C16 tested negative. These results clearly indicate that there
were species and strain variations in the production of xanthine oxidase enzyme within
members of the same genus.

Previous evidence of xanthine oxidase production by marine strains of psychrophilic
Exiguobacterium sps. strain OS-77 (Nonaka et al. 2014), Exiguobacterium acetylicum (Kim et
al. 2005) and thermostable Bacillus pumilus isolated from a hot spring (Sharma et al. 2016)
has been documented. It is of interest to note that the aforementioned organisms as well as
our isolates that have tested positive for xanthine oxidase production belong to extreme
environments.
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Xanthine oxidase generates reactive oxygen species (ROS) such as hydrogen peroxide,
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superoxide radical, hydroxyl and singlet oxygen, by catalyzing the hydroxylation of
hypoxanthine to xanthine; and xanthine to uric acid. Chemically, it is a homodimer, with a
molecular weight of 290kDa (Kostić et al. 2015). There are two substrate binding sites in the
structure of the enzyme. Upon contact with hypoxanthine, the enzyme oxidises the
substrate, converting it to xanthine and subsequently uric acid (Cos et al. 1998; Candan
2003). Xanthine oxidase is then reoxidised by molecular oxygen , thus producing superoxide
radicals and hydrogen peroxide, the latter being the major product of oxidation (Kelley et al.
2010). Superoxides are spontaneously or under the influence of superoxide dismutase (SOD)
converted into hydrogen peroxide and oxygen (Flemmig et al. 2011). In the organisms that
produce xanthine oxidase, DNA and RNA are degraded into purine nucleotides and bases,
which are further metabolised by the enzyme, to xanthine and uric acid, which in turn
generate superoxide radicals.

The by-products of xanthine oxidase regulated metabolism are free radicals that belong to
the category of Reactive Oxygen Species (ROS). As these radicals have important cell
functions and could be quenched in cells, we previously investigated the effect of
exogenously produced free radicals on membrane polysaccharides by treating industrially
fouled membranes with commercial xanthine oxidase and hypoxanthine. In a bench scale
cross flow RO system, xanthine oxidase and hypoxanthine treated membranes displayed a
permeability recovery of ~ 83% of that of the clean RO membrane. The enzyme also
effectively reduced biofilm volume by removing polysachharides (Nagaraja et al. 2017).The
breakdown of polymers was more of a physical nature, rather than cell signalling
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mechanism. We also analysed the xanthine oxidase treated and fouled membrane biofilms
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using live dead staining by CLSM in our recent study (Nagaraja et al. 2017). It was observed
that xanthine oxidase brought about a reduction in total bacterial cell count compared to
fouled membranes, however the live to dead cell ratio in treated membranes (1: 0.59) was
similar to that of fouled membranes (1: 0.71), suggesting that biofilm was removed by
xanthine oxidase but no significant cell death/lysis was observed (Fig 2). The study also
highlighted the possibility of using xanthine oxidase and hypoxanthine as a clean in place
procedure to effectively disperse polysaccharides by the reactive oxygen species radicals
generated by the enzymatic action.

The present study was aimed at detection of xanthine oxidase producing bacteria, with the
perspective of using them as potential antifouling agents in SWRO systems. Biofouling on
RO membranes is caused by bacteria and their complex EPS matrix which mainly comprises
of polysaccharides, proteins, lipids, humic substances and nucleic acids. Of these,
exopolysaccharides form a substantial part of the matrix and are largely responsible for the
physical integrity and strength of the biofilm (Sutherland 1990; Skillman et al. 1998).
Therefore it is important to break down the polysaccharides for effective dispersal of
biofilms. As a further investigation into potential biological control, we were interested in
exploring if any of our culture isolates from the same desalination plant, endogenously
produced xanthine oxidase enzyme; and if they did, they may possibly be used for biological
control of fouling.
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Marine bacteria that belong to dense coastal communities are known to constitute a higher
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percentage of cultivable quorum quenching strains which include those with oxidase activity
for e.g. Rhodococcus erythropolis and Bacillus megaterium (Romero et al. 2011). This may be
an evolutionary adaptation to the competitive environment and strong bacterial
interactions within a dense microbial biofilm community, which is also typical of prefilters
and industrially fouled RO membranes used in our present study.

Xanthine oxidase is a quorum quenching enzyme that disperses biofilms; it is possible that

in mixed species environments of the desalination system where there is high stress, the
proportion of bacteria that naturally produce oxidative enzymes may be higher. This may be
a survival mechanism to release free radicals which not only inhibit quorum sensing signals
that induce biofilm formation, but also physically break down biofilm polysaccharides and
disperse biofilms, the latter observation evident from our study.

The results present some key interesting findings about the enzyme producing ability of
bacteria. Isolates that belonged to genera Marinomonas (RSW8), Pseudomonas (RSW14),
Bacillus (S5, C19), Exiguobacterium sps. (S8), Pseudoalteromonas (FSW3), Microbacterium
(RO16, RO27) and Staphylococcus (RO25) produced xanthine oxidase enzyme when cultured
in media enriched with hypoxanthine as the sole source of carbon. Of all the isolates that
tested positive, S8 and RO16 produced significantly high amounts of xanthine oxidase
enzyme compared to the control. As per previous studies conducted in our laboratory,
Microbacterium was one of the most ubiquitously present organisms in RO membranes as
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well as prefilters. Owing to its smaller size, it may be possible for these bacteria to escape
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through prefilters along the fluid dynamic forces of feed water and access the RO
membrane surface. The polysaccharide analysis of RO16 suggested that the EPS molecules
were rich in proteins, which may be responsible for their surfactant properties (Nagaraja et
al. 2016c). The isolate RO16 also produces a yellow pigment, as observed in our cultures. A
few previous studies suggest that pigments produced by marine bacteria have antifouling
properties (Holmström et al. 2002; Soliev et al. 2011). The aforementioned properties along
with the production of xanthine oxidase enzyme may be potentially utilized as a control
strategy to prefoul the membranes with these bacteria along with other xanthine oxidase
producers, and expose them to hypoxanthine substrate either as an additive in feed water
or by coating the membrane surface. It may be postulated that the rapid production of free
radicals by these organisms upon contact with substrate may assist in mitigating fouling.
However, experiments have to be carried out on bench scale and pilot scale to demonstrate
their use.

Exiguobacterium (S8), isolated from sand filters, also exhibited a substantial enzyme
production activity in our study. This isolate produces orange coloured pigments in culture,
which indicates that carotenoid pigments of these organisms may have antifouling
properties. Members of Exiguobacterium genus have been previously studied for production
of oxidizing enzymes (Nonaka et al. 2014). Exiguobacterium is yet another potential model
for alleviation of fouling using biological control methods in SWRO systems.
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Based on our results, it may be proposed that these isolates could find their use as biological
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control agents for biofilm dispersal. In a clean system with new membranes, this may be
accomplished by coating the membranes with one or more of these organisms as primary
foulants and subsequent inclusion of hypoxanthine substrate either in feed water or
membrane surface in standardized doses at regular intervals, so that there is a continuous
production of free radicals on the membrane surface, which may effectively loosen and
disperse the biofilm forming on the membranes by the multispecies bacterial community.
In fouled membranes/used systems, it may be feasible to coat the biofilm surface with
hypoxanthine as a clean in place procedure, and thereafter introduce the xanthine oxidase
enzyme producing bacteria on membrane surface to ensure delivery of free radical
generators in situ. The above methods may prove to be more cost effective than using
expensive synthetic xanthine oxidase, which may be required in large doses to cover the
entire surface area of membranes in pilot scale or large scale experiments. For initial
investigation, synthetic xanthine oxidase was used to optimise the concentrations required
to effectively disperse biofilms, without damaging the membrane structure or altering salt
rejection rates. Based on these findings, we have explored the possibility of using bacteria
from our culture collection that naturally produce xanthine oxidase.

Due to time constraints, it was not in the scope of this study to use these isolates for fouling
experiments, therefore we have presented the findings to direct future research in
biological control using xanthine oxidase producing bacteria. However, bench scale
experiments have to be carried out initially to prove the efficacy of these methods.
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RO experiments and confocal laser scanning microscopy
Bench scale reverse osmosis experiments were conducted in a cross-flow RO cell (2.28mm
slot depth, 39mm slot width and 42cm2 membrane surface area). Industrially fouled
polyamide membranes were chosen as the model membranes in this study. The membranes
used in these experiments (Dow FilmTec) had been autopsied after a lifespan of 7 years use
in the full-scale plant. Membranes that were homogenously fouled with visually uniform
surface coverage were selected for RO experiments in order to minimise variations due to
heterogeneity of biofilms. After initial soaking of 1 clean and 2 fouled membrane (one of the
fouled membranes was used for xanthine oxidase treatment) samples in deionized (DI)
water for 2h, each of the membranes was placed in Sterilitech CFO42 cross-flow RO cell
under a constant pressure of 600psi, flow rate of 0.54L/min and cross flow velocity of
8.5cm/s at a constant temperature of 22-23 °C to stabilize water fluxes in the filtration
process using 6L of artificial seawater (ASW) as feed. The concentration of sea salts (Sigma)
used was 40g/L of DI water to make up the ASW as per manufacturer’s instructions. The
membranes were then taken out of the cell, placed in a clean Petridish, and the surface of
one of the fouled membranes treated with 1mL of sterile artificial seawater containing 1
unit xanthine oxidase (Sigma) plus 100µM hypoxanthine (Sigma) (pH 7.01) for 1h at 37 °C.
Control membranes were treated similarly with sterile artificial seawater. After 1h, the
membrane surface was gently rinsed with artificial seawater taking care not to disturb the
biofilm surface. Following this the RO filtration process was carried out for a period of 20h
under similar conditions that were used prior to treatment. The permeate was collected in a
container on a digital balance (A & D Australasia Pty. Ltd, AU); weight change per minute
was monitored over the duration of RO run by a laboratory computer and the data used for
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calculation of permeate flux as follows
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J = QP/ASystem
Where
J= flux (L.m-2.h-1)

QP = permeate flow (L.h-1)
ASystem = active surface area of the membrane
Statistical analysis was done using a paired t test to determine significant differences
between average permeate fluxes of fouled, clean and treated membranes at 95%
confidence interval.
Following RO experiments, fouled and treated membranes were cut into 1cm2 coupons and
stained with FITC conjugated ConA (Life Technologies GmbH). Confocal laser scanning
microscopy was performed as described (Nagaraja et al. 2017) to observe the effect of
enzyme on polysaccharides. Images were captured in triplicate from various sections of
fouled and treated membrane. Therefore the quantification of biofilm was a result of
average values. FITC conjugated ConA staining was performed on unused clean membranes
as a negative control for CLSM studies. There was no autoflourescence observed at the
concentrations of ConA used in the study (100 μg ConA FITC/mL of ultrapure water).
Selection of model bacterial strains

Bacteria were initially isolated from different locations of the Perth Seawater Desalination
Plant in Western Australia across seasons over a year. These were raw seawater (RSW),
sand/dual media filters (S), cartridge filters (C), filtered seawater (FSW), and reverse osmosis
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membranes (RO). Triplicates of 10ml aliquots were sampled from each of 2l volumes of raw,
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filtered and polished seawater samples collected. Triplicates of 2g aliquots were sampled
from each of sand, cartridge and membrane samples. All samples were grown in 30ml each
of enrichment media; Marine Broth (BD Difco) and Tryptone Soy Broth (Sigma-Aldrich), and
incubated at 25 °C for 4-5 days with shaking. Liquid cultures were streaked onto following
solid media; R2A agar (Thermo Scientific), Tryptone Soy Agar (Sigma-Aldrich) and Zobell’s
Marine Agar (BD Difco) and incubated at 25 °C for 3 days. Resulting bacterial growth was
subcultured up to three times under the same incubation conditions until single pure
colonies were isolated. Over 60 distinct types of colonies were isolated in pure culture. Most
strains were preserved in TSB and MB at -20 °C with the addition of 0.5% Glycerol. It was
observed that a few isolates from seawater were not viable at -20 °C; therefore, they were
stored at 4°C and subcultured into fresh media at three monthly intervals. Isolates were
identified by more than two methods; 16s gene sequencing, Biolog Gen III bacterial
identification system and MALDI-TOF.

The RO membrane community from 14 autopsied membrane units of the full-scale plant,
was characterized by next-generation sequencing on Illumina Miseq using barcoded
bacterial primers 515F and 806R (Nagaraja et al. 2016a). The membranes had been
operational for 7 years in the plant, therefore the communities represented a mature stable
biofilm. The culture library was compared to the biofilm community. Based on prevalence
and apparent role in biofouling, 25 out of 64 isolates were selected as model organisms for
further biofouling studies, to represent the diversity of bacterial cultures across all locations
and that of the full-scale biofilm community (Nagaraja et al. 2016b).
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Xanthine oxidase enzyme assay
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The assay for the production of xanthine oxidase enzymes by bacterial isolates was
performed based on the methods previously described (Agarwal and Banerjee 2009). Assay
was performed in duplicate and average values of absorbance calculated. Each of the
bacterial isolates was grown in eight separate Eppendorf tubes for 24 hours in 1ml of
marine broth containing 2mM hypoxanthine as the sole source of carbon. The concentration
of bacterial culture used was 5x107 cfu ml-1. The cultures were centrifuged at 20,000 x g for
10 minutes (Eppendorf 5417 centrifuge). The bacterial cell pellets in each tube were lysed
with 150 μl of 1 mol l-1 NaoH, and loaded to eight separate wells in a 96 well ELISA plate.
The reaction mixture of test samples consisted of the following: 1) Bacterial cell pellet lysed
with 150 μl of 1 mol l-1 NaoH; 2) 150 μl of Nitroblue Tetrazolium solution (NBT) consisting of
i) 50mM Tris Hcl, pH 7.6, ii) 2 millimol l-1 hypoxanthine. iii) 0.5 millimol l-1 Nitroblue
Tetrazolium (Sigma). Two controls were also set up for comparison of absorbance values.
The negative control consisted of 1) 150 μl NBT solution made up with the same
composition as described above for the test reactions; 2) 150 μl of 1 mol l-1 NaoH. The
negative control was designed to assess the interaction between NBT and hypoxanthine in
alkaline conditions. The positive control comprised of 1) 0.02 units xanthine oxidase (Sigma),
2) 150 μl NBT solution, 3) 150 μl of 1 mol l-1 NaoH. All the reaction mixtures were incubated
for 5 minutes at room temperature, centrifuged and absorbance of supernatant measured
in a spectrophotometer (Perkin-Elmer) at wavelength of 570nm.
Positive reaction was indicated by a colour change from colourless to blue, due to the
production of formazan dye. Oxidation of hypoxanthine in the NBT is brought about by
bacterial xanthine oxidase in test wells or commercial xanthine oxidase in the positive
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control. Superoxides produced during the course of oxidation converts the tetrazolium salt
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into a formazan dye, which imparts a blue colour to the reaction mixture. The colour change
was measured by the absorbance, the intensity of which is an indicator of the xanthine
oxidase enzyme activity in the corresponding bacterial isolate. Average absorbance values
for each of the isolates and controls were calculated and results analysed. Strains which
recorded absorbance equal to or greater than that of the positive control well were
identified as enzyme producers.
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Figure Legends

Fig. 1: Permeate flux of fouled (

) xanthine oxidase treated (

) and clean (

) RO

membranes. SD values for fouled, xanthine oxidase treated and clean RO membranes are
within the range of ±2.5, ±1.5, and ±1.2, respectively

Fig. 2: Confocal images of fouled membrane (a) and xanthine oxidase treated membrane (b)
after RO run for 20 h in cross flow cell with artificial seawater as feed. Bar graph represents
analysis of live/dead cell stained CLSM images of same membrane samples, performed
separately. Bars show fluorescence intensity of live (

) and dead cells (

) in fouled and

xanthine oxidase treated membranes.

Fig. 3: Average absorbance values of bacterial isolate reactions and controls in the nitroblue
tetrazolium assay to detect production of xanthine oxidase. The wavy blue line represents
threshold value for positive reactions. Error bars represent standard deviation of mean
absorbance values.
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Table 1: Positive reactions of bacterial isolates in nitroblue tetrazolium assay for the
production of xanthine oxidase enzyme.
Source of sampling Bacterial isolate
Raw seawater
RSW5/Microbacterium natoriense
RSW8/Marinomonas sps
RSW12/Pseudomonas marincola
RSW14/Pseudomonas brenneri
Sand filters
S1/Pseudoalteromonas sps
S5/Bacillus amyloliquefaciens
S8/Exiguobacterium sps
Cartridge filters
C4/Bacillus sps.
C5/Rhodococcus sps.
C10/Cytophaga sps.
C13/Pseudoalteromonas sps.
C14/Bacillus vietnamensis
C16/Bacillus aquimaris
C19/Bacillus pumilus
Filtered seawater
FSW3/Pseudoalteromonas sps
RO membranes
RO10/Pseudomonas monteilii
RO12/Acinetobacter Iwoffi
RO16/Microbacterium sps
RO18/Arthrobacter oxydans
RO19/Rhodococcus sps
RO25/Staphylococcus saprophyticus
RO26/Pseudomonas putida
RO27/Microbacterium sps
RO28/Paracoccus sps
RO32/Burkholderia sps.
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