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Abstract

In this study, total bacteria, enteric members of the y-proteobacteria, and microbial communities in seawater were analyzed as indirect indicators
for quantifying biofouling. Biomass in seawater can significantly affect feed water pretreatment and membrane biofouling of reverse osmosis desa-
lination processes. The purpose of this paper isto investigate microbiological quantity and quality of seawater at the potential intake of a desalination
plant. For this analysis, the total direct cell count (TDC) using 4'-6-diamidino-2-phenylindole (DAPI)-staining and DNA-based real-time PCR were
used to quantify the total bacteria and relative content of enteric members of y-proteobacteriain seawater, respectively. In addition, microbial com-
munities were examined using 16S rRNA gene cloning and bacterial isolation to identify the most abundant bacteria for a further biofouling study.
The experimental results of this study identified about 10° cells/mL of (total) bacteria, 10° 16S rRNA gene copies/mL of enteric v-proteobacteria,

and the presence of more than 20 groups of bacteria.
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1. Introduction

The acceleration of globa warming has increased the effects
of climate change, and due to a concurrent growth in the world
population it is becoming ever more difficult to overcome the
problem of a potential global water shortage. However, one
technology, seawater reverse osmosis (SWRO) desdination,
has shown promise in removing salts from seawater having a
sdlinity level of up to 45,000 ppm of totd dissolved solids (TDS).
Largely, this process is composed of pretreatment of the sea
water intake, a reverse osmosis membrane driven by a high
pressure application, and a post-treatment process.

There is a strong need to determine the biofouling potential
of feed seawater in reverse osmosis desalination processes since
the detailed knowledge of biological matter can lead to the deve-
lopment of amore cost effective feed intake and ultimately lower
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the occurrences of bi ofouling.l'g) Biofouling is a common trou-
blesome feature of membrane systems that causes flux decline,
requires frequent cleaning, and high energy, al of which ulti-
mately shortens the lifetime of the system.*” Generally, biofou-
ling from bacteria originates from seawater intake; a number of
previous studies have reported that the biological matter and
environmental factors of seawater have affected the pretreatment
regimes of numerous desalination plants®™® In addition, the
effects of different doses of chemicals and pretreatment designs
on the reduction of bacteria in feed seawater, characteristics of
marine microorganisms depending on variable environments as
sources of fouling problems, and biofilm formation on materials
exposed to seawater have also been studied.

To evaluate the biofouling potential in the seawater intake,
the total direct cell count (TDC), adenosine triphosphate (ATP),
modified fouling index (MFI), and biofilm forming rate (BFR)
have generally been used.™ During this process, having steady
microbiological quality and quantity in seawater is important in
achieving a stable SWRO system. However, diverse bacteria
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communities and marine environments such as viable, biofilm-
forming cells and nutrients promoting growth and proliferation
can severely affect the pretreatment step in the desalination
process.*?

Most microorganisms exposed to a marine environment imme-
diately respond to a variety of abiotic and biotic stresses. For
instance, biotic factors such as predation by protozoa and abio-
tic stresses like sunlight, temperature, and salt make the persis-
tence of many bacteria difficult. Therefore, microbia activities,
microbial biomasses, or dissolved organic pools affected by
abiotic and biotic components incur potential for biofouling.™
Furthermore, in cases where domestic wastes are introduced
into the seawater, human pathogens and indicator microorga-
nisms of fecal pollution could potentially enter the seawater and
retain their pathogenicity even though die-offs occur. In addition,
studies on the retention of potential virulence by viable but non-
culturable cells have been undertaken with respect to determin-
ing the safety of seawater.™

It should also be considered that there are many different
species of bacteria present in seawater. Thus, it is important to
understand the effects that bacterial groups may have on the
SWRO process when designing an appropriate pretreatment.
Dominant groups or specific bacteria may increase the concen-
tration of high molecular weight organics or microbial extracel-
lular polymeric substances.”*®

The overall objective of this study isto investigate the micro-
biological quantity and quality of seawater at the intake of a
desdlination plant. To thisend, the totd bacteria, enteric number
of ~-proteobacteria, and microbia communities in seawater
were analyzed as indirect indicators to quantify biofouling.
Next, the TDC using 4'-6-diamidino-2-phenylindole (DAPI)
staining and DNA-based real-time PCR were utilized to quan-
tify total bacteria and the relative content of enteric members of
the ~-proteobacteria in seawater, respectively. Currently, less
than 1% of the total bacteriain nature are known to be cultive-
ble; since conventional culture methods significantly underesti-
mate the actual bacteria count, DAPI staining and real-time
polymerase chain reaction (PCR) satisfy the criteria of accuracy
and speed in assessing the microbiological quantity of seawater.
DAPI is known to form fluorescent complexes with natural
double-stranded DNA, showing fluorescence specificity for
AT, AU, and IC clusters, and rea-time PCR quantifies the
initial amount of the template genein ahighly specific, sensitive,
reproducible and rapid manner based on the detection and quan-
tification of a fluorescent reporter.*”*® Finally, microbial com-
munities were examined using 16S rRNA gene cloning and
bacteria isolation to identify the most abundant bacteria for a
further biofouling study. Here, 16S rRNA gene cloning and
sequencing is useful for examining microbia diversity and
ecology in the environment due to its taxonomic specificity.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

Seawater samples for this study were taken from one site in

an area of Korea. Immediately, 100 mL of the sample was passed
through a cellul ose acetate membrane (pore size, 0.45 um; dia-
meter, 47 mm) and concentrated for DNA extraction.

Genomic DNA was then extracted from the filter membrane
using a phenol/chloroform extraction and an ethanol precipita-
tion method.” The extracted DNA was subsequently quantified
using a spectrophotometer (Ultraspec 3100 pro, Amersham Phar-
macia Biotech, Sweden) at 260 nm. The effects of the DNA con-
centration on PCR performance was determined by diluting the
extracted DNA (from 10.7 to 171.2 ng) before PCR amplifica
tion.

2.2. Quantification of Total Bacteria in Seawater

For DAPI staining, 10 mL of the seawater sample was filtered
using a black polycarbonate membrane with a 25 mm diameter,
and the membrane was then placed on a glass side. Next, 100
puL of DAPI solution (10 pL of 1 mg/mL solution and 90 pL
distilled water at 0.1 mg/mL) was added to the membrane. After
5 min incubation at RT, the membrane was washed three times
with distilled water and observation of the DAPI-stained sam-
ple was undertaken using a confocal laser scanning microscope
(LSM5, Zeiss, Germany). Ten images of the same size were
randomly taken using Pascal software and subsequently analy-
zed using |-solution software to cal culate the number of bacte-
rid cells.

2.3. Real-time PCR Assay

Real-time PCR on triplicate samples was carried out and then
analyzed using a Rotor-Gene 6000 system (Corbett Research,
USA) with SYBR Green, a fluorescent double-stranded DNA
(dsDNA)-intercalating dye. Two primers, corresponding to
positions 8-28 (F1, 5-GAG TTT GAT CAT GGC TCA-3') and
positions 519-536 (R1, 5'-GTA TTA CCG CGG CTG CTG-3')
of the E.coli 16S rRNA gene, were used to amplify the 16S
rRNA genes (529 bps) of al enteric members of y-proteobacteria
(genera Escherichia, Shigella, Salmonella, Serratia, Erwinia,
Citrobacter, etc.) and their relatives (genera Oceanospirillum,
Haemophilus, Actinobacillus, Vibrio, Pasteurella).?%

As aresult, each 20-pL reaction mixture contained 10 pmole
of each primer, 10 ng of the template DNA extracted from sea
water, and 10 pL of the SYBR Green PCR master mix (Quanti
Tech SYBR Green PCR kit, QIAGEN, France). Next, the ther-
ma cycling reactions consisted of an initial denaturation/
enzyme activation step (94°C, 15 min) followed by 40 cycles of
denaturation (94°C, 30 sec), primer annealing (55°C, 30 sec),
and extension (72°C, 30 sec). For each cycle, fluorescence was
recorded for the final 5 sec at 72°C. To determine the specifici-
ties of the amplified products affected by nonspecific amplifi-
cation and/or primer dimmer formation a melting-point anaysis
was carried out after completion of the amplification; slow hea-
ting at 1°C per step from 72 to 95°C while continuously acquir-
ing fluorescence data during the 5-sec hold per step. A standard
curve for the real-time PCR assay was created by serially dilut-
ing the standard plasmids [E.coli 16S rRNA gene (accession
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number J01859)] by 10-fold (from 2.72 x 107 to 2.72 x 10°
copies). This standard curve was also used to calculate the total
number of 16S rRNA gene copies of the enteric members of ~
-protecbacteria and their relatives from the seawater sample by
comparing the threshold cycle (Cr) values.

2.4. 16S rRNA Gene Cloning and Sequencing for Phylogenetic
Analysis

A universal bacterial primer set, forward primer 9F (5'-GAG
TTT GAT CCT GGC TCA G-3') and reverse primer 1512R
(5-ACG GHT ACC TTG TTA CGA CTT-3)," was used to
amplify the 16S rRNA gene from the genomic DNA extracted
from the seawater sample. The 20-uL PCR mixture included a
PCR premix (AccuPower™ PCR premix kit, K-2010, Bioneer,
Korea), 20 pmole of each primer, and 10 ng of the template
DNA. Sterile distilled water was then added to the mixture, for
afina volume of 20 pL. The thermocycling conditions included
an initial denaturation step at 94°C for 10 min followed by 30
cycles at 94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec
with afinal extension step at 72°C for 5 min. Aliquots (2 uL) of
the total reaction volume were analyzed by gel electrophoresis
with 1% (wt/vol) agarose in a TAE buffer and stained with ethi-
dium bromide (0.5 mg/L). Bands were then visuaized using a
UV illuminator. Next, the PCR products were purified to the
manufacturer’s guidelines using an AccuPrep™ PCR purifica-
tion kit (Bioneer, Korea). These purified products were then
cloned using the pGEM®-T Easy vector cloning kit (RCOOL,
RBC Bioscience, Taiwan) to standard manufacturer protocols.
After that, transformation was carried out using high-efficiency
competent cells (E.coli DH5a, RBC Bioscience, Taiwan) and
recombinant colonies were selected using blue/white color
screening. At this time, plasmid DNA samples from each indi-
vidual white colony were isolated using a plasmid purification
kit (NucleoGen Inc., Korea), and subsequently amplified by
colony PCR using a pair of universal vector primers, pUuC/M13
(-40)F (5'-GTT TTC CCA GTC ACG AC-3') and pUC/M13R
(5-TCA CAC AGG AAA CAG CTA TGA C-3). All amplified
16SrRNA gene inserts were then sequenced using an ABI Prism®
BigDye™ Terminator cycle sequencing ready reaction kit (App-
lied Biosystems, USA) and an automatic DNA sequencer (model
3700, Applied Biosystems, USA). The universal bacteria reverse
primer 805R (5'-GAC TAC CAG GGT ATC TAA TCC-3)
was used for sequencing the 16S rRNA gene inserts. Findly,
for identification, the partial 16S rRNA gene sequences were
compared with the full sequences available in the GeneBank
database using a BLAST search.

2.5. Bacteria Isolation from Seawater

Each 20-uL diluted seawater sample was spread on individual
marine agar dishes, which were then were incubated at 37°C for
24 hrs or more until colonies appeared. Based on the colony
morphology, each colony was selected and transferred to a new
medium dish, and the DNA of each fresh colony was extracted
for PCR. Then, PCR using a universal bacterial primer set,

purification of the PCR product, and its sequencing were carried
out as mentioned above.

3. Results and Discussions

3.1. Enumeration of Total Bacteria

Fig. 1 shows the TDC of the seawater samples from January
2008 to October 2008, where the cell densities averaged 6.03 x
10° cells per 1 mL of seawater. The highest average was 8.35 x
10° cellsmL and the lowest was 4.12 x 10° cells/mL. It should
be noted that the cell densities in the collected samples were not
relatively high based on other studies; for example, bacteria
cellsin the northern Gulf of Mexico ranged from 0.4 x 10° cells/
mL offshore to 1.0 x 10° cell¥mL inshore2? In addition, no
clear link between monthly variation and bacterial cell densities
was observed, suggesting that the total bacteria in the seawater
we sampled as the potential intake of a desalination plant does
not have asignificant level of biomass.
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Fig. 1. Direct enumeration of total bacteriain seawater samples using
DAPI 4'-(6-diamidino-2-phenylindole) staining.

3.2. Sandard Curve and Performance of Real-time PCR Assay

Fig. 2 shows the results of the real-time PCR assay of the 10-
fold serial dilutions when the plasmids (from 2.72 x 10” to 2.72
x 10° copies) containing the E.coli 165 rRNA gene was used as
astandard. For each standard dilution, a Cr value was determined
at the PCR cycle number at which the fluorescence signa rea
ched the maximum threshold automaticaly set by the Rotor-Gene
software [Fig. 2(a)]. Fig. 2(b) shows the standard curve where
the log of the known copy number of E.coli 16S rRNA gene is
plotted against the Cr value. Here, the solid line represents the
curve (correlation coefficients = 0.999, PCR efficiency = 0.82)
from the most efficient measurement; the log linear correlations
of the E.coli 16S rRNA gene copy number and Cr value were
observed over four orders of magnitude, ranging from 2.72 x 10°
t0 2.72 x 10° copies.

3.3. Relative Quantification of Enteric Members and Relatives
by Real-time PCR

Quantitative results of the enteric members of v-proteobacteria
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Fig. 2. (a) CT determination and (b) standard curves of real-time PCR for detection of bacterial 16S rRNA gene based on the E.coli 16S rRNA

gene.

and related bacteria determined by the real-time PCR assays are
shown in Table 1. Randomly, three seawater samples were taken
a different sites and time; A1 and A2 indicate samples taken
from the same site but at different times. The results of each
assay varied dlightly, as the concentrations of the 16S rRNA
genes extracted by a rea-time PCR assay using E.coli 16S
rRNA gene as the standard were determined to range from 7.30
x 10° to 9.96 x 10° copies/mL. The copy numbers of the rRNA
operon in E.coli were taken from the Ribosomal RNA Operon
Copy Number Database (RRNDB). Then, the number of E.coli-
equivalent cells was calculated by dividing the number of 16S
rRNA gene copies by the number of 16S rRNA operons in a
single chromosome of E.coli; E.coli possesses seven 16S rRNA
operons per chromosome® As a result, the total number of
enteric members of ~-proteobacteria and other related bacteria
in the seawater sample was estimated to be approximately 1.18
x 10° cellsmL. However, He et al. reported that Enterococcus
in seawater was quantified as 7.3 x 10° gene copies/100 mL by
real-time PCR and 8.8 x 10° CFU/100 mL by plate counting.”
It isthought that the relatively high gene copy value obtained in
this study resulted from the difference in primer sets, as the
primer set used in this study deals with a broader range of
enteric members of v-protecbacteria, not just E.coli.

3.4. Analysis of Microbial Community Based on 16SrRNA
Genes and Bacteria Isolation

More than 20 different colonies were obtained from the expe-

rimental results of bacteriaisolation (Table 2). Traditional tech-
niques for identifying bacteria based on phenotypic characteristics
are generally not as accurate as identification based on genoty-
pic methods; thus, a comparison of the bacterial 16S rRNA gene
sequence has emerged as the preferred genetic technique to iden-
tify bacteria. From the results of the 16S rRNA gene sequenc-
ing of each colony, the closest strains to Pseudoalteromonas sp.
and Bacillus sp. were predominantly observed.

Table 3 shows the high phylogenetic diversity in the seawater
sample as atotal of 93 partiad 16S rRNA gene sequences were
identified during a comparison to a GeneBank database using a
BLAST search. The BLAST analysis of the sequences indicated
that the screened clones were highly similar (mean = 96%) to
the target clones. Division level bacteria diversity in the sea-
water sample was then estimated by dividing the number of
clones representing each division by the total number of clones
and most of the microbia diversity shown here came from a
particular genus of proteobacteria found in seawater (Fig. 3).
The most abundant sequences in the seawater clone libraries
were o-protecbacteria (53%) and a large fraction of the a-pro-
teobacteria was uncultured Rhodobacteraceae bacterium. The
next most abundant clones were Bacterioidetes (29%), with a
significant fraction of the Bacterioidetes also being composed
of uncultured Bacteroidetes bacterium; uncultured clones com-
prised 48.4 % of the total clones. The fraction of ~-proteobac-
teria was relatively small, comprising approximately 5% of the
community and an unknown bacteria of unclear taxonomical
identity accounted for 14%.

Table 1. Real-time PCR estimation of enteric members of ~-proteobacteriain seawater

Real-time PCR assay

Sample E.coli 16S gene copies/mL 16S gene copies/E.coli CdlsgmL
Al 9.96 (0.57) x 10° 7 1.42 (0.08) x 10°
A2 7.49 (1.78) x 10° 7 1.07 (0.25) x 10°
B 7.30 (2.14) x 10° 7 1.04 (0.31) x 10°

*No of rRNA operons of E.coli ( Acinaset a., 2004)

- The data are the means of triplicate determinations and the number in parenthesis is the standard deviation.
- The data was estimated based on a standard curve generated by the plasmid of the E.coli 165 rRNA gene (accession no. J01859) within the range of 2.72x107 to 2.72x10°

copies.
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Table 2. Bacteriaisolation from seawater and 16S rRNA gene sequencing

Best-matched organism No. of isolates Similarity (%)
Firmicutes

Bacillus cereus strain CTSP45 2 99-100

Bacillus pumilus strain duxiaoyabaoganjun 2 99

Bacillus subtilis isolate W51 2 100

Bacillus aquimaris strain SCO 1 100

Bacillus megaterium limp 4-1 1 99

Bacillus flexus strain TS10 1 100

Bacillus drentensis strain WN575 1 100

Bacillus sp. 3 99

Planococcus citreus strain TF-16 1 100
~-Proteobacteria

Pseudoalteromonas elyakovii 1 100

Pseudoalteromonas haloplanktis strain BS20582 1 100

Pseudoalteromonas sp. 3 94-99

Altermonas sp. 2 94-99
3-Proteobacteria

Leptothrix sp. SL.1 1 97
a-Proteobacteria

Erythrobacter sp. 1 99
Actinobacteria

Micrococcus sp. 1 98

* Similarity isthe percent of identity to previously identified sequences based on the best-matched bacteriain GeneBank.

Table 3. 16SrRNA gene cloning of seawater sample and sequencing results identified by BLAST
Best-matched organism No. of clones Similarity” (%)
a-Proteobacteria

Uncultured Rhodobacteraceae bacterium 11 96-99
Roseobacter sp. 7 96-99
Sulfitobacter sp. 5 95-98
Uncultured Rickettsiales bacterium 4 92-98
Ruegeria sp. MB2 4 96-98
CV SP bacterium CV1010-362 4 97-99
Uncultured a pha proteobacterium 3 95-99
Saleya japonica IGL5 2 98
Roseovarius crassostreae CV919-312 2 99
Uncultured Rhizobiales bacterium 1 98
Thalassobius mediterraneus CECT 5383 " 1 97
Kordiimonas gwangyangensis GW14-5 1 90
Erythrobacter sp. DG1288 1 99
Chelatobacter sp. Pht-3B 1 93
Caulobacter sp. MCS6 1 90
Alpha proteobacterium GMDsbM 1 1 99
Bacterioidetes
Uncultured Bacteroidetes bacterium 16 98-99
Formosa sp. 51X/A01/134 6 95-99
Aureimarina marisflavi IMCC3054 2 97
Microscilla aggregans catalatica 2 92
Uncultured Flavobacteria bacterium 1 929
~-Proteobacteria
Marinobacterium sp. J5 1 97
Uncultured Chromatial es bacterium clone SIMO-1354 1 96
Uncultured Oceanospirillales bacterium clone SIMO-2851 1 97
Uncultured Pseudomonas sp. clone: BJS81-001 1 96
Unknown
Uncultured marine bacterium 4 90-100
Uncultured bacterium 2 94-99
Marine bacterium ATAM173a_17 7 95-99

* Similarity isthe percent of identity to previously identified sequences based on the best-matched bacteriain GeneBank.
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Interestingly, clones related to pathogens such as Rickettsiales
and Roseobacter sp. (oyster pathogens) appeared and bacteria
that removed hazardous or non-degradable substances were
also observed. For example, Erythrobacter, which were obser-
ved from both bacteria isolation and DNA-based 16S rRNA
gene cloning, is known to be a critical component in the cycling
of both organic and inorganic carbon in the ocean. Other clones,
such as uncultured Chromatiales bacterium, a purple sulfur
bacteria speciaizing in sulfite oxidation, and uncultured Pseu-
domonas sp., a biofilm-forming bacteria, were aso found.

It should be noted that the predominant populations or pres-
ence of specific strains in the intake sample were not sufficient
to reflect the entire microbia diversity and complexes of the
seawater since only asmall fraction (< 10%) of the total extracted
DNA from 100 mL of seawater was used as PCR templates for
16S rRNA cloning. However, this study suggests that the inter-
actions between a complex microbia biomass and complicated
organic matter are dynamic in the marine environment. Accor-
dingly, we should make efforts to narrow the microbia range
through repetitive experiments and statistical approaches in
order to monitor core specific strains within the limits of poten-
tial biofouling.
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Fig. 3. Percentages of clones represented by the major phylogenetic
groups.

4. Conclusions

Seawater reverse osmosis (SWRO) desalination is becoming
one of the more promising technologies for overcoming water
resources stress. Using SWRO, there is a critical need to deter-
mine the biofouling potentia of feed seawater since detailed
knowledge of biological matters in seawater can lead to the
development of amore cost effective feed intake, and ultimately
less biofouling. Generally, biofouling from bacteria originates
from the seawater intake. Trends in previous studies have been
focused on the measurement of biomass accumulation to quan-
tify biofouling; however, the effects of specific microbial com-
positions on biofouling have yet to be clearly established. Thus,
the objective of this study was to investigate microbiological
quantity and quality in seawater at the potential intake of a
desalination plant. Experimental results revealed about 10°
cellsmL of total bacteria, 10° cellsmL of enteric members of
-proteobacteria, and isolated more than 25 groups of bacteria.

There were dominant bacteria, such as Bacillus sp., Pseudoal-
termonas sp. and Roseobacter sp., which need further investi-
gation in a subsequent biofouling study.
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