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ABSTRACT

Background: During lifespan of reverse osmosis systems applied in seawater desalination plants, a com-
mon phenomenon of undesirable growth and accumulation of biological material known as biofouling
occurs. Microbial cells are first settlers, attaching and enclosing themselves in extracellular polymeric
substances —biomass accumulation usually referred to as microfouling or biofilms, which becomes a seri-
ous issue when having a detrimental effect on materials or hampering industrial processes. Thus, control
of microfouling on reverse osmosis membranes is crucial since chemical and physical treatments are usu-
ally costly and ineffective. In this context, even though microorganisms are the source of the problem,
they can also provide possible solutions due to their capacity to produce secondary metabolites, being
several of these competition mediators secreted compounds (i.e., bioactive molecules) produced during
the stationary phase (e.g., lipases, proteases, DNases and other enzymes with alginate lyase and xanthine
oxidases). Such bioactive substances can be utilized against the development of biofilms. Considering
biofouled surfaces a niche for complex microbial interactions, here we have used reverse osmosis
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membranes and cartridge filters applied in a seawater desalination plant as a source for the isolation of
bacteria with anti-fouling potential, among other biotechnological applications.
Results: We obtained 27 bacterial isolates able to secrete exoenzymes displaying a wide array of bioac-

tivity such as lipases, alginases, and glucosidases, among others. Additionally, we showed two main can-
didates able to inhibit the growth of common microbial colonizers of ROM and cartridge filter.
Conclusions: These results highlight the potential biotechnological application of bioactive molecules
against biofouling formation.
How to cite: Vera-Villalobos H, Cortes-Martinez A, Gonzalez-Gutierrez A, et al. Reverse osmosis mem-
branes applied in seawater desalination plants as a source of bacteria with antifouling activity:
Isolation, biochemical and molecular characterization. Electron ] Biotechnol 2023;66. https://doi.org/
10.1016/j.ejbt.2023.09.003.
© 2023 Pontificia Universidad Catdlica de Valparaiso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

According to recent reports, 40% of the world’s population is
currently experiencing severe water scarcity, and this proportion
is expected to increase to nearly 6 billion people by 2050 [1]. These
statistics are alarming, especially considering that as of 2013, an
estimated 4 billion people —approximately 66% of the global popu-
lation- experienced inadequate access to water for at least one
month [2]. In the present context of Climate Change, where exten-
sive desertification and droughts are ever more common concepts
for society, seawater desalination plants have become a popular
alternative to mitigate water scarcity issues stemming from con-
ventional sources such as freshwater reservoirs and lakes. In the
past two decades, desalination plants developed into increasingly
more cost-effective technologies, where reverse osmosis (RO) sys-
tems stand out as a promising solution due to their continuous sea-
water supply [3].

During the lifespan of RO systems applied in seawater desalina-
tion plants, a common phenomenon known as biofouling takes
place. This phenomenon is defined as, the undesirable growth
and accumulation of biological material on surfaces that have been
submerged in water. In the initial stadium of biofouling develop-
ment, microbial cells are the first settlers, attaching and enclosing
themselves in extracellular polymeric substances (EPS) -biomass
accumulation usually referred to as microfouling or biofilms. It
has been established that biofilm formations are not possible in
the absence of EPS [4]. These substances consist mainly of water,
polysaccharides, exDNA, proteins, glycoproteins and phospho-
lipids. The build-up of such biological structures (from micro to
macrofouling) is quite stable, which becomes a severe issue when
having a detrimental effect on materials or hampering industrial
processes [5].

In seawater desalination plants, the control of microfouling on
RO membranes (ROM) is crucial since chemical and physical treat-
ments are usually costly and ineffective, as well as techniques that
do not completely remove EPS in which microbes are embedded.
Microfouling has been shown to damage ROM by mechanical
obstruction and deformation, which ultimately impact the perme-
ability of these membranes to seawater. Even though microorgan-
isms are the source of the problem, they can also provide possible
solutions. Many microbes (e.g., bacteria, fungi and phytoplankton)
produce bioactive compounds, which, in some cases involve the
production of secondary metabolites able to mediate competitive
interactions between microbes [6]. Interestingly, several of these
substances that mediate competition are secreted compounds pro-
duced during the stationary phase (e.g., lipases, proteases, DNases
and other enzymes with alginate lyase and xanthine oxidases),
bioactive molecules that can be utilized against the initial develop-
ment of biofilms [7,8].

To develop biotechnological applications using bioactive com-
pounds, it is crucial to obtain and characterize microbes that can
prevent the settling of biofilm-forming microbes -a process that
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still heavily relies on conventional techniques for growing
microorganisms. While classical microbiology methods are being
increasingly replaced by high-throughput molecular approaches,
the advantages of working with culturable microorganisms are still
valuable when testing the effectiveness and applicability of a can-
didate compound. Once candidate compounds are obtained, it is
essential to determine what array of species have settling prefer-
ences for the surface to be subjected to treatments for a successful
application of inhibitory compounds [9], as microbial communities
can react differently depending on the treatment [10]. An example
of such isolation and characterization efforts is a previous study in
which extracellular bioactive compounds from Alteromonas spp.
were found to be effective in degrading and avoiding biofouling
growth even when applied under operating conditions of desalina-
tion processes, such as high pressure and water flux [11].

Considering biofouled surfaces a niche for complex microbial
interactions, here we have used ROM and cartridge filters applied
in a seawater desalination plant as a source for the isolation of bac-
teria with anti-fouling potential, among other biotechnological
applications. We obtained 27 bacterial isolates able to secrete
exoenzymes displaying a wide array of bioactivity such as lipases,
alginases, and glucosidases, among others.

2. Materials and methods
2.1. Sampling procedure

ROM and sections of cartridge filters were obtained from the
local seawater desalination plant “La Chimba” (Aguas Antofagasta
S.A.), situated on the coast of Antofagasta, Chile (lat. -23.55,
long.-70.40). Sections of 10 x 10 of either ROM or cartridge filters
(with at least 3 years of continuous usage) were subjected to son-
ication (Sonicator water bath - Elmasonic E60H) applying a fre-
quency of 37 kHz per 5 min. Then, 10 mL of the resulting
resuspended supernatants were used to perform serial dilutions.
Next, 100 pL of each dilution were inoculated to Zobell Agar and
incubated at 20°C for a week. Isolates were obtained and morpho-
logically characterized based on standard parameters such as
shape, margin, elevation, and color.

2.2. Bacterial culture for exoenzymatic tests

The exoenzymatic activity was assessed by bacterial growth
onto specific culture media (commercial kits for detecting enzymes
from gastrointestinal enterobacteria, API20, API zym and xanthine
oxidase assay). For this evaluation, each strain was sub-cultured on
M9 minimal medium (M9; distilled water 960 mL, casamino acids
1 g/L, Na,HPO, 6 g/L, KH,PO,4 3 g/L, NH4Cl 1 g/L, NaCl 21 g/L, filter-
sterilized glucose 0,1M MgS0,*7H,0 10 mL, CaCl,*2H,0 10 mlL,
Vitamin B1 (1%) 0.2 mL y glucose (20%) 20 mL) incubated at
20°C, with continuous shaking for 3 d [11].
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2.3. Enzymatic characterization of bacterial isolation by culturing on
plates

Lipase, DNase, cellulase, protease, carrageenase and alginase
were assessed by culturing on plates of the bacterial isolates and
performed as follows:

e Lipase activity was determined by the method described by
Sierra [12]. The plates were incubated for 3 d at 20°C. A positive
reaction can be assigned when calcium crystal precipitation
halos are formed around bacterial colonies, indicating lipids
degradation.

DNase activity was determined using Agar ADNse (Difco)
according to the method described by Jeffries et al. [13]. Agar
plates were incubated between 3 and 5 d at 20°C. The DNase
activity was revealed by flooding the plates with 5 mL of hydro-
gen chloride (HCI) 1 N. A positive reaction can be assigned when
clear-zone halos are observed around the colonies.

Cellulase activity was determined using TSA NaCl (2% wj/v)
plates supplemented with carboxymethylcellulose (0.2% w/v -
Sigma). Plates were incubated between 3 and 5 d at 20°C. After-
ward, the plates were stained using Lugol (Merck) for 1 min. A
positive reaction can be assigned when yellow halos are
observed around the colonies [14].

Protease activity was determined by the casein hydrolysis in
TSA NaCl (2% w/v) plates supplemented with hydrolyzed casein
(1% w/v - Oxoid). Plates were incubated between 3 and 5 d at
20°C. A positive reaction can be assigned when clear-zone halos
are observed around the colonies [15].

Carrageenase activity was determined using TSA NaCl (2% w/v)
plates supplemented with carrageenan (0.2% w/v - Sigma).
Plates were incubated between 3 and 5 d at 20°C. Plates were
revealed by Lugol staining for 1 min. As in the case of cellulase
activity, a positive reaction can be assigned when yellow halos
are observed around the colonies [16].

Alginase activity was determined following the method pre-
sented by Gacesa and Wusteman [17] —with modifications. Bac-
terial isolates were cultured on TSA NaCl (2% w/v) plates
supplemented with sodium alginate (1.5% w/v) and bromothy-
mol blue (0.003% w/v) and incubated between 3 and 5 d at 20°C.
A positive reaction can be assigned when clear-zone halos are
observed around the colonies.

2.4. Biochemical characterization of bacterial isolated using API20 and
APIzym kits

The marine bacterial isolates were cultured on M9 [18] for 3 d
at 20°C using constant shaking of 120 rpm. Then, APY 20 y APlzym
kits (bioMerieux) were applied for the exoenzymatic characteriza-
tion of the strains following the supplier’s recommendations. Then,
Hierarchical Cluster Analysis (HCL) and Network analysis were
performed using Pearson correlation followed by a complete link-
age algorithm using MeV: MultiExperiment Viewer [19].

2.5. Antimicrobial activity of isolated strains against bacterial
colonizers of ROM

To assess the potential antifouling activity of our isolated
against microbes colonizing the ROMs (further referred to as the
mix of native biofouling-producing bacteria), we conducted the
following experiment. First, we aimed to obtain resuspended cells
from the ROM by sonication (using an Elmasonic model EGOH
water bath) for 5 min at a frequency of 37 kHz in 100 mL of sterile
seawater. Then, 100 pL of the resulting resuspended cells were
plated using a spreading technique onto Miiller Hinton Agar NaCl
(2% wi/v). In parallel, the previously isolated candidates with
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antifouling activity obtained in Zobell Marine Broth (reaching
exponential phase) were further cultured onto Miiller Hinton Agar
NaCl (2% w/v) by plating 100 pL of inoculum and incubating 72 h at
20°C. Then, a section of 1 cm? was cut off from the agar matrix,
placed on top of the growing cultures from the ROM, and left for
incubation for 72 h at 20°C. The results were collected by deter-
mining the radius of inhibitory clear zone halos as follows: a radius
of 1 cm was assigned a clear red; between 1 and 2 cm a middle
intensity red; and a radius > 2 cm was assigned a high intensity
red.

2.6. Inhibitory effect of bacterial extracts on the adherence of common
intertidal and ROM-associated microalgae

Bacterial isolates with potential antifouling activity were grown
to reach the stationary phase using M9 medium (room tempera-
ture and constant shaking). Then, cultures were centrifuged at
11,000 rpm for 15 min at 4°C. The supernatants were retrieved
and filtered sterile twice through 0.2 pm membranes (Millipore).
The inhibition adherence bioassays were carried out using Nitzchia
Ovalis, Navicula incerta, Psammodictyon sp. and Amphora sp. -com-
mon intertidal and ROM-associated microalgae. The microalgae
were cultured in seawater supplemented with F/2 medium. The
cells were harvested, and the cellular pellets were washed with
seawater only in order to minimize a possible background effect
of the additional nutrients provided by F=/2 [20]. The concentra-
tion of resuspended microalgae was set to ~ 7.6 x 10° cellsemL
(1 x 10° cellsecm2).

For the bioassay, 12-well polystyrene plates were loaded with
2 mL of each resuspended and washed microalga at the pre-
stationary phase growth and 1 mL of the bacterial extract. Here,
the suppressant of Alteromonas sp. Ni1LEM (with already described
antifouling activity) was applied as the positive control [10]. The
12-well plates were kept at 20°C with a photoperiodic cycle of
12 h (light:dark) with a light intensity of 100 pmol x m2 x s~ .
After the period of incubation (24 h attachment), 12-well plates
were emptied, and the wells were washed 5 times using sterile
seawater in order to remove the remaining loosely attached cells.
Next, cell counts of microalgae were taken by microscopic visual-
ization using a x 100 objective lens (inverted microscope Olympus
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Fig. 1. Relative abundance of bacterial isolates from (A) Cartridge Filter and (B)
Reverse osmosis membranes. It is possible to observe that the predominant
bacterial genera are Bacillus (blue color) and Microbacterium (green color).
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IX 50) and expressing the values as cells per cm?. Additional nega-
tive controls included bioassay using sterile M9 and seawater only.
All experimental conditions were performed in triplicate.

2.7. 16S rRNA molecular characterization

DNA from bacterial candidates was extracted using Wizard
Genomic DNA Purification (Promega). PCR amplification was car-
ried out wusing the wuniversal primers 27F (5-AGAGTTT
GATCCTGGCTCAG-3’) and 1492R (5'-GGTTACCTTGTTACGACTT-3').
PCR amplification products were further purified and sequenced
by Macrogen Inc. (Seul, Korea).

3. Results

3.1. Molecular identification of bacterial isolates obtained from ROM
and cartridge filters

A total of 27 isolates were obtained from cartridge filters and
ROMs used in desalination processes. These isolates possessed dif-
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ferent morphotypes, and the bioinformatic analyses showed that
curated 16S rRNA sequences obtained high identity and query cov-
erage scores. In detail, we were able to obtain a diversity of bacte-
rial genera from our samples, being the genus Bacillus the most
dominant isolate (7 isolates from cartridge filters and 5 from
ROM), followed by Microbacterium. Overall, we found a different
profile of isolates obtained from either ROM or filters. For instance,
the isolates Staphylococcus and Pseudomonas were exclusively
observed from ROM samples and Brevundimonas, and Vibrio
appeared only in cartridge filters (Fig. 1). Additionally, isolates
related to the Bacillus genus showed a predominance of B. cereus
species; meanwhile, Microbacterium isolates showed that M. kita-
miense species were observed in greater occurrence (Table S1).

3.2. Molecular characterization of exoenzymatic activity assessed by
plating methods

Using this method, it was possible to screen for different exoen-
zymatic activities; Lipase, DNase, Cellulase, Protease, Carragenase,
and Alginase. We were capable of detecting positive exoenzymatic

Lipase

Sample

Carragenase Protease DNAse Celulase Alginase

Bacillus pacificus (F1.1)

Bacillus thuringiensis (F1.4)

Microbacterium maritypicum (F1.6)

Vibrio alginolyticus (F1.7)

Microbacterium kitamiense RWA47 (F2.3)

Bacillus cereus st MD152 (F2.4)

Bacillus cereus st BC1 (F2.5)

Barillus cereus st A (F.2.7)

Vibrio sp. MNW3.1 (F3.1)

Brevundimonas sp. (F3.2)

Microbacterium oxidans (F3.3)

Luteimonas sp. (F3.4)

Microbacterium oxidans (F3.5)

Bacillus cereus (F3.6)

Bacillus wiedmannii (F3.7)

Sample

Lipase

Carragenase Protease DNAse Celulase Alginase

Bacillus cereus HYM82 (M1.3)

Bacillus cereus MIR2 (M1.4)

Microbacterium kitamiense (M1.5)

Staphylococcus lugdunensis (M1.6)

Pseudomonas sp. DF5 (M1.7)

Microbacterium oxidans (M2.1)

Oceanisphaera donghaeinsis (M2.3)

Bacillus safensis (M2.4)

Microbacterium oxidans (M3.6)

Bacillus tropicus (M4.2)
Microbacterium kitamiense QT183 (M4.8)
Bacillus thuringiensis (M4.9)

Fig. 2. Exoenzymatic activity of bacterial isolates. A) Isolates obtained from cartridge filters. B) Isolates obtained from ROM; red color intensity showed high semiquantitative

enzymatic activity depending on the radium of the halo formation.
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activity out of all substrates tested, with all isolates obtained from matically active, with 3 isolates belonging to the genera Pseu-
cartridge filters showing to be active against the substrates domonas (M1.7), Microbacterium (M2.1) and Bacillus (M2.4)
assessed (Fig. 2A). Conversely, ROM isolates were overall less enzy- showing no positive exoenzymatic activity at all (Fig. 2B). Our

oDC ARA

;%’7; H:H——-::- H——- Fi i
I__%' +galac B-gn SOR

B-gn
a- mano
a- gluc
B-galac
a- fuco
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a-Chemtrp
NABP LDC Ay

@ ] m A ohE @-sac @ van
— Alk phos

Tryp
T 11 T 1T vaB-gluc
1 cIT

| Alginase
Lipase

|| Carragenase
11 | j) 11 1 celulase
1 11 | 1 v

Fig. 3. (A) Hierarchical Clustering Analysis (HCA) of bacterial isolates and their respective exoenzymatic activities from plating, Api20e and Api ZYM methods;
(B) Network analysis of enzymatic activities relationships. Alkaline phosphatase (Alkphos), esterase (ES), esterase-lipase (ESlip), leucine (Leu aryl), valine (Val aryl),
cysteine (Cis aryl), arilamidases, trypsin (Tryp)o-chemotrypsin (o-chemotryp), acid phosphatase (Ac.phos), naftol-fosfohydrolase (NABP), oo y 6-Br-2-naphthyl-
glucopyranoside B galactosidase (o-galac y B-galac), B-glucuronidase (B-gn), ooy B glucosidase (a-gluc y B-gluc), glycosaminidase (NaB-gluc), a-mannosidase (o-mano) y
a-fucosidase (o-fuco), 2-nitrophenyl-glucopyranoside B-galactosidase (ONP), (Arginine di-hydrolase (ADH), lysine (LDH), ornithine (ODC) decarboxylase, citrate (CIT) usage,
H2S production (H2S), Urease (URE), Tryptophan deaminase (TDA), indole (IND), acetoin (V) production, Gelatinase (GEL) and glucose (GLU), mannitol (MAN), inositol (INO),
sorbitol (SOR), rhamnose (RHA), sacarose (SAC), melibiose (MEL), amygdaline (AMY) and arabinose (ARA) degradation were evaluated in each bacterial isolate.

Fig. 4. Antimicrobial activity of M. kitamiense strains against bacterial colonizers of ROM. (A) Antimicrobial activity of strain F2.3 obtained from cartridge filter.
(B) Antimicrobial activity of strain M4.8 obtained from ROM.

79



H. Vera-Villalobos, A. Cortes-Martinez, A. Gonzalez-Gutierrez et al.

Table 1

Electronic Journal of Biotechnology 66 (2023) 75-83

Microalgae adherence inhibition exposed to bacterial supernatant from isolated strains F2.3 and M4.8. Two common diatoms of biofouling from Antofagasta coastal
intertidal Navicula incerta (Ni); Amphora sp. (Amph) and 2 diatoms commonly found in ROMSs Nitzschia sp. (Nitz) y Psammodictyon sp. (Psa). As the negative control, seawater
(CtSW) and M9 culture medium were used (CtM9), and Alteromonas sp. supernatant as a positive control (Ni1LEM).

Treatment Adherence %

Ni Amph Nitz Psa
CtSw 95.6 + 2.5 96.1 £ 3.0 954 +2.2 95.7+19
CtM9 934 +3.2 94.0 £ 4.0 93.7 £3.7 939 £ 3.1
Ni1LEM 409 +29 41.5+28 409 £ 2.5 403 £33
Microbacterium kitamiense RW47 (F2.3) 60.5 +2.3 62.1+34 59.5+43 60.1 +24
Microbacterium kitamiense QT183 (M4.8) 39.7 £2.7 40.0 + 1.7 42.2 £3.0 40.6 £ 2.9

results showed that the most represented exoenzymatic activity
was Lipase (12 isolates in total), followed by DNase and Alginase
activities (Fig. 2).

3.3. Biochemical characterization of bacterial isolates using API20 and
APIzym kits

To enhance our characterization of the bacterial isolates and
better understand their exoenzymatic activity, we employed a
set of standardized biochemical tests commercially contained in
API20 and APIzym kits. Regardless of molecular similarities at the
phylogenetical identity level (i.e., 16S rRNA identification), the
results collected from API galleries provide a distinctive pattern
of enzymatic activity for each of our bacterial isolates. However,
we also found that common enzymatic activities are also observ-
able; for instance, lipase activity seems widely dominant across
the isolate tested. When collecting results using APIzym, isolates
from cartridge filter samples displaying positive activities were
more abundant and dominated by acid and alkaline phosphatases.
In contrast, the enzymatic activities of isolates from ROM samples
were dominated by lipases and esterases. Additionally, a similar
pattern emerged using API20, with most enzymatically active iso-
lates obtained from filters displaying oxidative and fermentative
reactions (Fig. S1 and Fig. S2). Even though isolates from ROM sam-
ples exhibited lower enzymatic activity, overall, Bacillus tropicus
(M4.2) stood out due to its exceptional oxidative and fermentative
capacity.

To gain a broader view of the enzymatic activity of the bacterial
isolates, we conducted a hierarchical clustering analysis (HCA) to
visualize correlations between isolated and enzymatic activities
detected by both API and plating methods. Our results showed
the formation of a dominant cluster mainly composed of microbial
isolates obtained from cartridge filters and a minor representation
of 3 isolates from ROM samples; however, high correlations (M1.7,
M2.3 and M2.4) (Fig. 3A). Conversely, ROM isolates were showed to
produce 2 main clusters, which is indicative of a relatively higher
enzymatic activity diversity. These 2 clusters were found (M4.8,
M4.9 and M1.5, M1.6, M2.1 and M4.2) to be dominated by more
than 15 enzymatic activities where phosphatases (acid and alka-
line) appear in booth clusters. Additionally, the enzymatic network
revealed that the cluster formation was influenced by mainly 2
prevailing metabolic triad functions, one consisting of ODC, LDC
and B-gn, and a second ARA, SOR and AMY (Fig. 3B).

3.4. Antimicrobial activity of bacterial isolates against microbial
colonizers of ROMs

The antimicrobial capacity of our bacterial isolates was tested
against a mix of native biofouling-producing bacteria. Our results
show that only 2 out of the 27 testes strains were capable of form-
ing clear-zones halos -an indication of growth inhibition or
antimicrobial activity. Interestingly, both isolated strains were
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identified as Microbacterium kitamiense and obtained from either
cartridge filter or ROM samples (Fig. 4). However, we could see that
M. kitamiense M4.8 displayed wider inhibition halo -radium of
clear-zone halo.

3.5. Inhibitory effect of bacterial extracts on the adherence of common
intertidal and ROM-associated microalgae

Here, we show that most of the extracts do not exhibit adher-
ence inhibition. However, consistent with the results obtained
from our assays using live cultures, M. kitamiense strains (F2.3
and M4.8) do display an inhibitory effect over typical biofouling-
forming microalgae, resulting in a reduction of approximately
40% of the fouling capacity (Table 1). This effect is similar to that
observed with Ni1-LEM supernatant used as a positive control.

4. Discussion
4.1. Bacterial isolates obtained from different stages of the RO systems

While molecular and further bioinformatics approaches to
describe complex microbial communities have attracted most of
the attention, it is well known that only a fraction of those
microbes (less than 2% - Wade [21]) is susceptible to being grown
by classic microbiological methods. Therefore, this approach,
despite its limitations, allows for potential biotechnological appli-
cation. More specifically, we targeted the discovery of novel bacte-
ria with the capacity to inhibit biofouling in RO membranes and
cartridge filters. For example, Altermonas sp. Ni1-LEM [22], a strain
that we previously isolated and showed its high cleaning potential
of ROMs used in seawater desalination plant conditions such as
high pressure and water flux [11]. Aiming to obtain bacterial
strains highly adapted to marine systems and not mere oppor-
tunistic bacteria, our enzymatic assessments were conducted by
growing microbes in a minimal medium (M9 - 2% of NaCl). This
strategy ultimately allows us to have a better approach to the
actual functionality under environmentally relevant conditions,
where potential biotechnological solutions would be applied [22].

At an operational level, cartridge filters perform the initial and
more substantial reduction of the total microbial load of the sea-
water that enters the desalination process. This initial filtering step
helps to increase the lifespan of the secondary ROM. Unsurpris-
ingly, relatively higher diversity was detected from the cartridge
filters compared to ROM samples. Overall, our results show a vari-
ety of taxa isolated from ROM and cartridge filter, for instance,
Bacillus, Microbacterium, Vibrio, Pseudomonas, Brevundimonas, Lutei-
monas, Oceanisphaera and Staphylococcus. Interestingly, the genus
Bacillus and Microbacterium were found in both cartridge and
ROM samples, which could be due to a high relative abundance
in seawater or morphological features that allows them to go
through these physical barriers and ensure their persistence along
this process [23,24]. Consistently, a substantial number of our
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isolates obtained in our investigation have been previously identi-
fied from such RO systems [10,25,26].

4.2. Variety of exoenzymatic activity of bacterial isolates obtained
from the RO systems

Bacteria are prime examples of organisms with outstanding
potential as sources of bioactive compounds and enzymes with a
wide range of activities applicable to industrial purposes
[27,28,29,30]. In the literature, there are examples of antifouling
compounds, such as quorum-quenching molecules [31], enzymes
capable of degrading EPS matrix with polysaccharides lyase or
hydrolase, peptidase and DNAse activities [32,33]and compounds
that inhibit the growth of bacteria [34]. In this study, we observed
several enzymatic activities related to biofilm control. Our plating
approach targeting several substrates displayed different types of
exoenzymatic activities, from which, alginases were among the
most efficient enzymes -using the extension of the clear-zone
halos to indicate enzymatic efficiency e.g., degradation halo from
B. pacificus (isolate F1.1). Additionally, Lipases and DNases and
hydrolases —enzymes with the potential to control biofilm forma-
tion [35,36]- were also over-represented, as indicated by the enzy-
matic activities characterized in this investigation.

Our biochemical approach -based on the application of API gal-
leries- showed that alkaline and acid phosphatases were the top
exoenzymatic activity displayed by the bacterial isolates assayed.
Although phosphatases have not been previously characterized
as antifouling agents, these properties should not be dismissed
since these types of enzymes have shown to be effective in other
bioremediation strategies as well as in phosphate solubilization
(e.g. Abdelgalil et al. [37]; Kour et al. [38]). Moreover, we were able
to characterize bacterial isolates such as M. oxidans (M3.6) with
glycolytic enzymes (e.g., o and B glucosidase, & mannosidase and
o fucosidase), capable of degrading specific polysaccharides, which
suggest a potential as inhibition molecules due to the disassem-
bling of the glycosidic structures within biofouling [39]. As
expected, we found an overall higher number of positive biochem-
ical reactions out of the isolates obtained from the cartridge filter,
with many of these micros capable of metabolizing of variety of
carbohydrates e.g., glucose, mannitol, inositol, sorbitol, rhamnose,
saccharose, melibiose, amygdalin, arabinose). Considering that bio-
films are composed of an ample array of biomolecules-including a
high number of polysaccharides [40]- enzymes displaying such
lytic activity become of importance.

4.3. Antifouling activity of bacterial isolates obtained from a seawater
desalination plant

Several authors have described the capacity of microbes to pro-
duce an array of compounds able to dimmish the fouling formation
of surfaces exposed to seawater. These compounds can exert their
action at different levels; for instance, some peptides are efficient
at interrupting quorum-sensing mechanisms by attaching to sur-
faces, which ultimately hampers the settling of microbes
[10,41,42]. Biomolecules with such properties have attracted
increasing attention due to their eco-friendly nature compared
with chemical alternatives. In this context, the application of
antifouling molecules could become of utter importance, especially
in seawater purification systems where fouling can cause serious
detrimental effects to the process, such as in the city of Antofa-
gasta, where nearly 90% of tap water production has seawater ori-
gin, impacting the continuous tap water supply and endangering
living conditions. We have previously worked on similar applica-
tions involving bacterial supernatants [43], which can be a poten-
tially more efficient cleaning method than traditional chemical
treatments. Here, our targeted approach using filtration systems
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from a seawater desalination plant as the source for bacteria with
antifouling activity showed high potential as a replacement or
complementary strategy for cleaning protocols. Typically, conven-
tional chemical cleaning routines entail treating filtration systems
with different acid and alkaline solutions for around 10 h and 58
psi of flow. In our experience, the application of raw supernatants
as a cleaning solution on ROMs can effectively reduce biofouling;
however, the application of specific active antifouling molecules
needs to be further explored. Although applying bacterial super-
natant can serve as a replacement for industrial chemicals, several
variables must be considered, such as treatment time, cleaning
routines (i.e., cleaning cycles), and efficiency over time.

As demonstrated throughout this investigation, we successfully
obtained a variety of strains with antifouling capacity. Notably, iso-
late F3.6, which exhibited a high genetic identity to Bacillus cereus,
showed a diverse range of enzymatic activity, yielding positive
results across all targeted substrates assessed in this study. Unfor-
tunately, further exploration of this potential was hindered as B.
cereus showed poor growth in M9 cultures. Considering future
biotechnological applications, the utilization of a minimal medium
such as M9 provides both cost-related advantages and the capacity,
in some cases, to stimulate the production of secondary metabo-
lites of interest due to nutrient-restrictive growing conditions
[44,45]. Under the culture condition considered in our approach,
we showed that 2 out of 27 bacterial isolates were capable of ham-
pering biofilm formations -as mentioned previously, a key initial
step in the build-up of more complex structures characteristic of
biofouling- of either bacterial or microalgal nature previously
described affecting RO and cartridge filter in seawater desalination
systems. For instance, Nitzchia Ovalis, Navicula incerta,
Psammodictyon sp., and Amphora sp. have been shown to
contribute to biofouling [10,22]. Here, the two main candidates
screened (i.e., Microbacterium kitamiense) belong to a genus that
has been reported to produce antifouling compounds [8,46].

We previously mentioned that both Microbacterium kitamiense
isolates were capable of reducing the growth and attachment of
microalgae. Nevertheless, the isolates obtained from ROM samples
demonstrated greater efficiency compared to the ones retrieved
from filter cartridges. We further hypothesize that the variation
in performance is attributed to microenvironmental differences
presented by the materials and industrial conditions where these
microbes settle. In this context, the selective abiotic pressure on
ROMs could be increased due to high-pressure flows (58-800
psi) [43], which may influence the enrichment of microorganisms
equipped with versatile survival mechanisms and intensify compe-
tition for resources. For instance, Microbacterium has been found to
actively secrete enzymes with antifouling properties such as pro-
teases, DNases and amylases [46], which aligns with our results.
While no further description of the chemical nature of the antifoul-
ing molecules produced by our isolates is presented, this investiga-
tion provides of wide characterization of the antifouling potential
of M. kitamiense by classical microbial isolation methods and bio-
chemical characterizations -still valuable approaches in order to
produce biotechnological solutions. Even though a full molecular
and structural description of antifouling compounds is desirable
and currently underway, such isolation efforts should not be dis-
missed since many other potential microbial compounds might
bear answers for several industrial and environmental issues.

5. Conclusions

In this study, we obtained 27 bacterial isolates obtained from
desalination plant processes such as filter cartridges and ROMs.
These isolates were able to secrete exoenzymes displaying a wide
array of bioactivity such as lipases, alginases, and glucosidases,
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among others. Additionally, we showed two main candidates able
to inhibit the growth of common microbial colonizers of ROM and
cartridge filter. These results highlight the potential biotechnolog-
ical application of bioactive molecules against biofouling
formation.
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