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ABSTRACT

Little is known about the diversity and roles of microbial communities in the South China Sea, especially the eastern
region. This study aimed to expand our knowledge on the diversity of these communities in Malaysian waters, as well as
their potential involvement in the breakdown or osmoregulation of dimethylsulphoniopropionate (DMSP). Water samples
were collected during local cruises (Kuching, Kota Kinabalu, and Semporna) from the SHIVA expedition and the diversity
of bacterial communities were analysed through the isolation and identification of 176 strains of cultured bacteria. The
bacteria were further screened for the existence of two key genes (dmdA, dddP) which were involved in competing,
enzymatically-mediated DMSP degradation pathways. The composition of bacterial communities in the three areas varied
and changes were mirrored in physico-chemical parameters. Riverine input was highest in Kuching, which was mirrored
by dominance of potentially pathogenic Vibrio sp., whereas the Kota Kinabalu community was more indicative of an
open ocean environment. Isolates obtained from Kota Kinabalu and Semporna showed that the communities in these
areas have potential roles in bioremediation, nitrogen fixing and sulphate reduction. Bacteria isolated from Kuching
displayed the highest abundance (44%) of both DMSP-degrading genes, while the bacterial community in Kota Kinabalu
had the highest percentage (28%) of dmdA gene occurrence and the dddP gene responsible for bMms production was
most abundant (33%) within the community in Semporna. To the best of our knowledge, this is the first study looking at
the diversity of culturable bacteria in coastal waters of East Malaysia and also their potential roles in the DMS(P) cycle.
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ABSTRAK

Kepelbagaian dan peranan yang dimainkan oleh komuniti mikrob di Laut China Selatan, khususnya di Wilayah Timur,
adalah kurang diketahui. Kajian ini bertujuan untuk mengembangkan pengetahuan tentang kepelbagaian komuniti ini di
perairan Malaysia, serta potensi penglibatan mereka dalam penguraian atau pengawalan osmosis dimetilsulfoniopropionat
(DMSP). Sampel air diperoleh semasa pelayaran tempatan (Kuching, Kota Kinabalu dan Semporna) daripada ekspedisi
SHIVA dan kepelbagaian komuniti bakteria telah dianalisis melalui pengasingan dan pengenalpastian 176 strain kultur
bakteria. Bakteria ini seterusnya disaring untuk menentukan kehadiran dua gen utama (dmdA, dddP) yang terlibat dalam
dua laluan bersaingan degradasi DMSP secara berenzim. Komposisi komuniti bakteria dalam tiga kawasan ini berbeza
dan perbezaan ini boleh dilihat dalam parameter fisiko-kimia. Input sungai paling tinggi di Kuching dan ini ditunjukkan
melalui dominasi Vibrio sp., yang berpotensi untuk menjadi patogenik, manakala komuniti Kota Kinabalu adalah
petunjuk untuk persekitaran lautan terbuka. Bakteria yang diasingkan dari Kota Kinabalu dan Semporna menunjukkan
bahawa komuniti dalam dua kawasan ini berpotensi memainkan peranan dalam bioremediasi, pengikatan nitrogen dan
penurunan sulfat. Bakteria yang diasingkan dari Kuching menunjukkan kebanyakan tertinggi (44%) untuk kedua-dua
gen pengurai DMSP, manakala komuniti bakteria di Kota Kinabalu menunjukkan peratusan tertinggi (28%) kejadian
gen dmdA dan gen dddP yang bertanggungjawab untuk pengeluaran bMs adalah paling banyak (33%) dalam komuniti
di Semporna. Sepanjang pengetahuan kami, ini merupakan penyelidikan pertama yang melihat kepelbagaian bakteria
yang boleh dikultur di perairan pantai Malaysia timur dan juga potensi penglibatan mereka dalam kitaran DMS(P).

Kata kunci: Dimetilsulfida, dimetilsulfoniopropionat; kepelbagaian; komuniti kultur bakteria

INTRODUCTION the Celebes and Sulu Seas have been reported to display

The South China Sea is a marginal sea that is part of the
Pacific Ocean, encompassing an area from the Karimata
Straits in the south, to the Straits of Taiwan and Luzon in
the North (Morton & Blackmore 2001). The Celebes Sea
is connected to the South China Sea through the Sulu Sea
(Yoshida et al. 2007). While the bacterial communities in

some similarities (Yoshida et al. 2007), not much is
known about the diversity and function of the microbial
communities in South China Sea, especially regarding
the eastern region (Kuching and Kota Kinabalu). Most
studies about bacterial communities focused on regions
near China (Jiang et al. 2007; Liao et al. 2009; Li et
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al. 2006; Tao et al. 2008; Zhu et al. 2013), with the
exceptions of Kuek et al. (2015), Lee et al. (2009) and
Song et al. (in preparation), all of whom sampled from
the coasts of Malaysia. Aside from Kuek et al. (2015)
and Lee et al. (2009), all the other cited studies used
culture-independent techniques to show the community
structure and diversity of the predominant bacteria at the
sampling environment. The studies by Jiang et al. (2007)
and Tao et al. (2008) showed that most lineages within the
Proteobacteria represented uncultured microorganisms,
suggesting that a vast amount of microbial resources in
the South China Sea are unknown and unexplored. Song
et al. (in preparation) found that Proteobacteria (Alpha-
and Gamma-) and Cyanobacteria (Synechococcus sp. and
Prochlorococcus sp.) dominated at all study sites and
that the highest proportion of Gammaproteobacteria was
found in Sarawak. Similarly, Lee et al. (2009) discovered
that Gram-negative bacteria dominated their study of
cultured bacteria, with the most prevalent class belonging
to the Gammaproteobacteria.

The ocean is a major source of sulphur (Andreae
1986) and microorganisms residing in the ocean have
the ability to metabolise organic and inorganic sulphur
(Sievert et al. 2007). Dimethylsulphoniopropionate
(DMSP) represents a major carrier for sulphur transfer
through microbial food webs and organic sulphur cycling
in the ocean as it is an abundant component in many
phytoplankton taxa and prone to microbial degradation
(Kiene et al. 2000). The Roseobacter which are part of
the Alphaproteobacteria lineage are mainly responsible
for the degradation of DMSP into methanethiol (MeSH)
and have been found in different regions of the world,
ranging from the Sargasso Sea to the Black Sea (Gonzélez
etal. 2000, 1999). A competing metabolic pathway results
in the production of dimethylsulphide (DMS) from DMSP
(Gonzalez et al. 1999; Johnston et al. 2008). Due to
highly efficient bacterial DMSP demethylation and DMS
consumption processes, only a small percentage (1-2%)
of DMSP produced by marine phytoplankton is ventilated
to the atmosphere as DMS (Levine et al. 2012). Despite
the low percentage, DMS does, however, represent a
major source of biogenic sulphur to the atmosphere,
where oxidation products form cloud condensation
nuclei and ultimately influence radiative backscatter
(Andreae & Crutzen 1997; Lovelock et al. 1972; Simé6
2001). The pMSP demethylase gene (dmdA) which
encodes the first step in the demethylation pathway, is
taxonomically diverse and highly abundant, present in
over 50% of marine bacterioplankton (Howard et al.
2008). In comparison to dmdA, the genes involved in DMS
production (dddD, dddL, dddP, dddQ, dddY and dddW;
all of which mediate the same step of DMSP cleavage)
are present in less than 10% of bacteria based on marine
metagenomic surveys (Curson et al. 2011a,2008; Howard
et al. 2008; Todd et al. 2012, 2011, 2007). dddP is one
of the most abundant occurring ddd genes (Levine et al.
2012; Todd et al. 2009; Varaljay et al. 2012).

The present study tries to expand our knowledge on
culturable microbial communities in the eastern South
China Sea and identify potential key players in the local
DMS(P) cycle.

MATERIALS AND METHODS

STUDY SITES, SAMPLE COLLECTION AND
INITIAL ISOLATION

In conjunction with European and Malaysian research
partners, the SHIVA (Stratospheric ozone: Halogen Impacts
in a Varying Atmosphere, EU call ENV.2008.1.1.2.1)
Western Pacific field campaign was performed in the
fall of 2011. The core field campaign took place in the
South China Sea and along the coastline of Peninsular
Malaysia and Borneo using the German Research Vessel
(RV) Sonne during a cruise leading from Singapore to
Manila, Philippines. Local cruises took place in Kuching
on November 19,2011, Kota Kinabalu on November 23,
2011 and Semporna on November 26, 2011 (Table 1) to
provide additional data for coastal input. Samples for this
study were collected during the local cruises.

Physico-chemical parameters (depth, temperature,
pH, salinity, nitrate, phosphate, nitrite and silicate)
were quantified using a QuAAtro auto-analyser (SEAL
Analytical, UK) following protocols provided in the SEAL
analytical operation manual and methods published in
Grashoff et al. (1999).

Sea water samples were streaked on marine agar
at half strength (Difco, 2.76% solution, dissolved in
purified water) and incubated under aerobic conditions
at 30°C. Bacterial colonies were isolated based on their
morphological differences. Colonies were picked and
purified by repeated streaking on plates. Pure cultures were
preserved as a glycerol suspension (20%, w/v) at -80°C.

DIVERSITY INDICES

Several ecological diversity indices frequently applied
to microbial community profile data were used in order
to compare diversity among microbial communities,
enabling us to quantify diversity within the communities
and describe their numerical structure. Taxonomic
classification up to genus was used as some BLAST results
could only relate the isolates to strains which have been
identified up to genus level. Five representative stations
were chosen per sampling site in order to standardise
the sampling effort and enable us to compare among the
sampling sites.

The Margalef index (DMg) is an accurate index to
sample richness which utilises absolute numbers compared
to a density data matrix (Gamito 2010; Magurran 2004).
Meanwhile, the commonly used Shanon index (H”)
considers proportions, ensuring no differences when using
either data set (Gamito 2010). The Shannon evenness
index (J’) is derived from H’ which therefore makes it
sensitive to changes in evenness of rare species, thereby
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TABLE 1. Locations of sampling stations in Kuching, Kota Kinabalu and Semporna

Sampling GPS coordinates

stations Kuching Kota Kinabalu Semporna

Station 1 1°39°28.81"N, 110°31°24 42”E 6° 3’4.56”N, 116° 5°54.60”E 4°35’15.96”N, 118°32°58.14”E
Station 2 1°42°44 24”N, 110°33°23 46”E 6°3’5.82”N, 116° 4°1.45”E N/A

Station 3 1°45°32.93”N, 110°35°16.86"E 6°3’4.02”°N, 116° 0°2.77"E N/A

Station 4 1°48°2.16”N, 110°37°51.53"E 6° 2°49.85”N, 115°57°38.26”E N/A

Station 5 1°50°54.15”N, 110°40°11.26”E 6° 4°23.64”°N, 115°54°36.42E 4°37°31.26”N, 118°41°5.99”E
Station 6 N/A N/A 4°35°56.76”N, 118°43°19.14”E
Station 7 N/A N/A 4°35°30.66”N, 118°42°17.10”E
Station 8 N/A N/A 4°33°17.83”N, 118°39°22.57"E

possibly overestimating its true value (Hill et al. 2003).
The Smith and Wilson evenness index (E ), however, is
known to show greater resolution in reflecting true values
(Blackwood et al. 2007).

DNA EXTRACTION AND PURIFICATION OF
CULTURED BACTERIA
The isolates were grown in marine broth at half strength at
30°C with shaking at 180 rpm. The cells were pelleted by
centrifugation at 13,000 rpm for 5 min before re-suspension
in 50 pL of TE buffer (10 mM Tris-HC pH8.0, | mM EDTA).
Three cycles of freezing in a -80°C freezer for 3 min and
thawing in an 85°C water bath for 3 min were conducted
to release DNA from the microbial cells.

PCR AMPLIFICATION OF BACTERIAL 16S RRNA GENES

The bacterial DNA were amplified by polymerase
chain reaction (PCR) and PCR products were purified
using PureLink® PCR Purification Kit following the
manufacturer’s protocol (Invitrogen Life Technologies).
Amplification of bacterial 16S rRNA genes was performed
with broad-specificity primers 8F (Eden et al. 1991) and
519R (Lane et al. 1985). Amplification was performed by
RedTagMix (Sigma Aldrich) using instructions provided
by Sigma Aldrich with the following cycling conditions:
Initial denaturation at 96°C for 4 min, 40 cycles of 96°C
for 1 min, 55°C for 1 min, extension at 72°C for 2 min
and then a final elongation at 72°C for 4 min. The samples
of extracted DNA were analysed on a 1% agarose gel
containing 1 pg of ethidium bromide per mL.

SEQUENCING AND PHYLOGENETIC ANALY SIS

Sequences were analysed against the NCBI (USA) database
using BLAST program packages and matched to known
16S rRNA gene sequences (Altschul et al. 1990; Zhang
et al. 2000). Ambiguous sequences were checked
manually by eye and further edited using MUSCLE (Edgar
2004). Sequences were aligned and phylogenetic trees
reconstructed with MEGA 6 (Tamura et al. 2013) using the
maximum likelihood method based on Tamura-Nei model

(Tamura & Nei 1993). The nucleotide sequences obtained
in the present study have been deposited in GenBank
database (http://www.ncbi.nlm.nih.gov) under accession
numbers KF373319 to KF373440.

PCR AMPLIFICATION OF BACTERIAL DMSP CLEAVAGE

(DDDP) AND DEMETHYLATION (DMDA) GENES
The bacterial DNA were amplified by polymerase
chain reaction (PCR) and PCR products were purified
using PureLink® PCR Purification Kit following the
manufacturer’s protocol (Invitrogen Life Technologies).
Amplification of dddP genes was performed with
degenerate dddP primers dddP_874F and dddP_971R
(Levine et al. 2012) while amplification of dmdA genes
was performed with universal dmdA primers dmdAUF160
and dmdAUR697 (Varaljay et al. 2010). Amplification was
performed by using RedTagMix (Sigma Aldrich) with
the following cycling conditions: Initial denaturation at
95°C for 5 min, 40 cycles of 95°C for 30 s, 41°C for 30
s, extension at 72°C for 30 s and then a final denaturation
and annealing for 1 min each. The samples of extracted
DNA were analysed on a 1% agarose gel containing 1 ug
of ethidium bromide per mL.

RESULTS AND DISCUSSION

PHYSICO-CHEMICAL PARAMETERS

Basic physico-chemical parameters were recorded during
sampling in Kuching and Kota Kinabalu (Table 2).
Values for Semporna were not reported as the measuring
instruments were not in working order at the time of
sampling. The sampling stations at Kota Kinabalu stretched
further away from the coastline and displayed average
values of salinity at 31.88 ppt, pH of 8.36 and temperature
of 29.65°C, all indicative of a typical ocean environment
(Raven et al. 2005). The first sampling station at Kuching
(KCH-1) was closer to the river mouth of the Sarawak river
and displayed a visible influence by riverine water with its
surface water displaying a salinity of 28.48 ppt and pH of
7.90. The riverine input at Kuching was also visible with



918

higher nitrate, phosphate, nitrite and silicate values closer
to the river mouth (KCH-1 and KCH-2). Nutrient levels in
Kuching were also generally higher than in Kota Kinabalu.
To assess differences in distribution in the upper surface
layers, the samples were also taken from 5 m depth (KCH-
5 and KK-5). Interestingly, the samples for Kota Kinabalu
showed consistent values. For Kuching however, silicate
concentration dropped from 63.64 to 24.00 uM within the
first 5 m, indicative of an active biological pump (Dugdale
et al. 1995).

DIVERSITY OF CULTURABLE BACTERIAL COMMUNITIES

A total of 36 isolates were obtained from Kuching
waters and 89% of the cultured bacteria were clustered
within the Gammaproteobacteria and 11% within the
Alphaproteobacteria (Figures 1 & 2). In Kota Kinabalu
waters, 39 isolates were obtained and the majority
(72% of the cultured bacteria) were clustered within the
Gammaproteobacteria (Figures 1 & 3). The remaining
isolates were members of the Firmicutes (18%) and
Alphaproteobacteria (10%). In Semporna waters, 24
isolates were obtained from four phylogenetic groups. In
total, 83% of the cultured bacteria were members of the
Gammaproteobacteria, 9% Alphaproteobacteria and 4%
each in Betaproteobacteria and Firmicutes groups (Figures

1 & 4). Our results correlated with existing records of
microbial communities found in coastal and open-ocean
environments (Bernard et al. 2000).

Values for sample richness using both DMg and H’
indicated that the bacterial communities in Kota Kinabalu
and Semporna were more diverse than the one in Kuching
(DMg of 3.82 and 3.36 compared to 1.67; Table 3).
Evenness values from both J* and E__ also indicate that
the communities in Kota Kinabalu and Kuching are more
evenly distributed. In the following, we discuss some
highlights of the bacterial diversity found at the three
sampling sites.

The cultured Alphaproteobacteria can be found across
all three sampling sites and consists of representatives from
Caulobacteraceae, Phyllobacteriaceae, Rhodobacteraceae
and Rhodospirillaceae (Figures 2 to 4). Isolates from this
group were likely to be involved in the nitrogen cycle and
possibly in the degradation of hydrocarbons (Bell et al.
1992; Itoh et al. 1989; Labbé et al. 2004; Richardson et
al. 1989; Zumft 1997).

The sole Betaproteobacteria that was cultured (Figure
4) is related to Alcaligenes faecalis (GenBank accession
number JF264463; 88% similarity) which was previously
isolated from a coastal aquaculture environment.
Alcaligenes faecalis have also been found in salt marsh and

TABLE 2. Physico-chemical parameters measured from Kuching (KCH) and Kota Kinabalu (KK) at depths of 1 and 5 m

Station Depth ~ Temperature pH Salinity Nitrate Phosphate Nitrite Silicate
(m) (O] (ppt) (LM) (uM) (uM) (M)
KCHL 1 1 29.06 7.90 28.48 147.25 632 3174 254 .88
5 2934 8.10 30.59 BD BD BD BD
KCH. 1 28.98 825 30.65 3258 347 13.04 8123
5 29.11 825 30.89 BD BD BD BD
KCH3 1 2905 833 31.18 1371 1.58 0.65 3225
5 29.16 8.30 30.53 BD BD BD BD
KCHA 1 29.00 833 3107 7.90 1.05 0.00 49.09
5 29.10 8.29 30.52 BD BD BD BD
KCHLS 1 2927 831 3161 242 0.63 0.00 63.64
5 29.40 829 31.85 242 0.53 0.00 24.00
KCH mean 29.15 8.24 30.74 3438 226 757 84.18
(+0.14) (+0.14) (0.92) (£56.42) (+2.26) (+1291) (+86.16)
KK 1 29.80 8.44 31.85 16.77 1.58 BD 37.68
5 29.90 837 3204 BD BD BD BD
KK 1 2973 836 31.44 403 179 BD 34.86
5 2978 833 3195 BD BD BD BD
KK.3 1 2955 834 31.88 371 1.16 BD 29.00
5 2954 833 31.87 BD BD BD BD
KKod 1 29.52 836 3193 BD BD BD BD
5 29.45 834 3191 BD BD BD BD
KK.S 1 29.68 838 3203 2.10 032 BD 2976
5 29.50 837 31.92 242 021 BD 30.30
29.65 833 31.88 581 101 3232
KK BD
mean (+0.15) (+0.03) (+0.17) (£6.18) (+0.72) (+3.77)

*BD denotes values below detection limit
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FIGURE 1. Diversity of bacterial groups based on partial 16S rRNA gene sequences from bacteria
isolated from (a) Kuching, (b) Kota Kinabalu and (¢) Semporna
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FIGURE 2. 16S rRNA gene-based phylogenetic tree representing bacterial sequences found in Kuching. The phylogenetic tree was
generated with distance methods and sequence distances were estimated with the neighbour-joining method. Bootstrap values =50 are
shown and the scale bar represents a difference of 0.02 substitution per site. Accession numbers for the reference sequences are indicated
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FIGURE 3. 16S rRNA gene-based phylogenetic tree representing bacterial sequences found in Kota Kinabalu. The phylogenetic
tree was generated with distance methods and sequence distances were estimated with the neighbour-joining method.
Bootstrap values =50 are shown and the scale bar represents a difference of 0.05 substitution per site.
Accession numbers for the reference sequences are indicated
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FIGURE 4. 16S rRNA gene-based phylogenetic tree representing bacterial sequences found in Semporna. The phylogenetic tree was
generated with distance methods and sequence distances were estimated with the neighbour-joining method. Bootstrap values =50 are
shown and the scale bar represents a difference of 0.05 substitution per site. Accession numbers for the reference sequences are indicated

TABLE 3. Indices used to quantify the diversity of bacterial communities at Kuching, Kota Kinabalu and Semporna

Genus Kuching Kota Kinabalu Semporna
Total isolates (N) 36 39 48
Total genus (S) 7 15 14
Margalef index Dy, 1.67 3.82 3.36
Shannon index (H”) 1.14 242 2.18
Shannon evenness (J”) 0.59 0.89 0.83
Smith and Wilson evenness (E_ ) 0.49 0.69 0.59

*Formulae of diversity indices are from Margalef (1958), Shannon and Weaver (1963) and Smith and Wilson (1996)

estuarine waters (Ansede et al. 2001) and has the potential
to degrade DMSP to DMS via acrylate metabolism through
the induction of 3-hydroxypropionate (Ansede et al. 1999;
Yoch et al. 1997).

Within the Gammaproteobacteria group, isolates
from Aeromonadaceae, Pseudoalteromonadaceae,

Shewanellaceae, Pseudomonadaceae and Vibronaceae
can be found across all three sampling sites (Figures 2 to
4). Isolates from Kuching which were related to strains
of Pseudoalteromonas ganghwensis (GenBank accession
number DQO11614; 99% similarity) have been observed
to possess the ability to form biofilms and may contribute
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in part to the removal of excess proteineous matters from
the sediment sludge of fish farms (Iijima et al. 2009).
Pseudoalteromonas lipolytica (GenBank accession
number JX173567) has only been recently characterised
(Xu et al. 2010) and has the ability to hydrolyse lipids
and reduce nitrate to nitrite. Kota Kinabalu has isolates
that were closely related to this particular strain.

Members of Vibrionaceae are common in the marine
environment, with species found in hydrothermal vents,
deep sea, open water, estuaries and marine sediments
(Eilers et al. 2000; Lee & Ruby 1994; Maruyama et
al. 2000; Raguénes et al. 1997) and is the most heavily
represented family within the Gammaproteobacteria.
Studies have suggested that some Vibrio can degrade
ecologically hazardous compounds, such as polycyclic
aromatic hydrocarbons (Ramaiah et al. 2000) and are
major decomposers of chitin in the ocean (Hedlund &
Staley 2001; Nagasawa & Terazaki 1987). They have
also been shown to cause potentially lethal diseases
in humans and fish (Kusuda & Kawai 1998; McCarter
1999). More recently, studies have shown Vibrio shiloi
to be a coral pathogen, producing toxins that inhibit
photosynthesis and lyse zooxanthellae resulting in coral
bleaching (Banin et al. 2000a, 2000b). Species such
as Vibrio parahaemolyticus and Vibrio vulnificus have
been shown to express virulence-related properties such
as the production of roxR gene (Lin et al. 1993; Okuda
et al. 2001) and production of phenolate siderophore
(Stelma et al. 1992). Vibrio harveyi and Photobacterium
sp. are luminous bacteria which often cause disease in
aquaculture (Baticados et al. 1990; Prayitno & Latchford
1995). While most Vibrio sp. isolated from Kuching
appeared to be related to pathogenic strains, many of the
isolates from Kota Kinabalu and Semporna have potential
roles in bioremediation, nitrogen fixing and sulphate
reduction.

Members of the cultured Firmicutes group consisted
of members of the Bacillaceae, Bacillaceae Family
XII. incertae sedis and Paenibacillaceae. Isolates from
Bacillaceae were mostly related to Bacillus spp. and
Lysinibacillus spp. and are unique to each sampling site.
Isolates from the Bacillaceae Family XII. incertae sedis
were matched with Exiguobacterium spp. which have
previously been isolated from, or molecularly detected
in, a wide range of habitats including cold and hot
environments with temperatures ranging from -12 to 55°C
(Vishnivetskaya et al. 2009). Interestingly, members of
this family were only isolated from Kota Kinabalu and
Semporna where recent temperature spikes resulted in
mass coral bleaching in the region (Tan & Heron 2011).
Of the three sampling sites, Sarawak was the only area
with no reported bleaching events (Tun et al. 2010).

In conclusion, several species isolated from Kuching
waters appear to be related to pathogenic strains, whereas
many of the isolates from Kota Kinabalu and Semporna
have potential roles in bioremediation, nitrogen fixing
and sulphate reduction.

BACTERIAL STRAINS WITH POTENTIAL TO METABOLISE

DMS AND/OR DEMETHYLATE DMSP
To date, there are no available reports on the sulphur
cycle in the region or of DMSP catabolism from bacterial
communities of Kuching, Kota Kinabalu and Semporna;
neither are any bioinformatics data available on the
prevalence of dmdA and dddP genes in bacteria from these
regions. As part of our effort to understand the importance
of bacteria in the region for the local sulphur cycle, we
screened our isolates for the presence of dmdA and dddP
genes.

Previously reported bacteria with the ability to
demethylate DMSP and/or metabolise DMS which we also
managed to isolate and culture include Rhodobacter and
Roseovarius within the Alphaproteobacteria (Curson
et al. 2008; Gonzalez et al. 2003; Johnston et al. 2008;
Kirkwood et al. 2010; Moran et al. 2007; Todd et al.
2009); the aforementioned Alcaligenes faecalis within
the Betaproteobacteria; Oceanimonas, Pseudomonas,
Shewanella and Vibrio within the Gammaproteobacteria
(Ansede et al. 1999; de Souza & Yoch 1995; Johnston et al.
2008; Moran et al. 2007; Raina et al. 2010, 2009; Sievert
et al. 2007; Yoch 2002; Yoch et al. 1997); and Bacillus
within the Firmicutes (Todd et al. 2009).

Bacteria isolated from Kuching displayed the highest
abundance of both DMSP-degrading genes (44% of all
isolates from Kuching) compared to communities isolated
from Kota Kinabalu and Semporna (with 13 and 21%,
respectively). The bacterial community in Kota Kinabalu
has the highest percentage of dmdA gene occurrence
(28% of all isolates from Kota Kinabalu) while the
dddP gene responsible for DMS production appears to
be most abundant (33%) within the bacterial community
in Semporna (Figure 5). Stefels (2000) has previously
hypothesized that DMSP production is an overflow
mechanism for when growth is unbalanced by lack of
nutrients and the need to release excess energy and excess
reduced sulphur. These carbon-energy overflow substances
might evolve through natural selection to be useful in the
cell (through auxiliary structures or defence mechanisms)
(Hill et al. 1998). Based on our findings, it seems likely that
at low nutrient conditions, the distribution of dmdA and
dddP genes within the bacterial community becomes more
specific (more dmdA in KK and more dddP in Semporna)
to adapt to a preferred pathway to degrade DMSP. This is
discussed as follows.

The sampling locations at Kuching and Kota Kinabalu
were observed to have heavy shipping traffic which may
influence the sulphur concentration in the area. Ship plumes
emit large amounts of anthropogenic nitrogen and sulphur
into the atmosphere, particularly within potential transport
distance of land regions (Corbett et al. 1999) which may
influence the algal production of DMSP (Malin & Erst
1997). The waters of Kota Kinabalu are known for having
seasonal phytoplankton blooms (Adam et al. 2011). The
relative production of DMSP was suggested to depend on
nitrogen availability (Andreae 1986). Small haptophytes
(e.g. coccolithophorids) and many small dinoflagellates are



typical of more nitrogen-deficient conditions, so they have
evolved to produce more DMSP, implying the probability of
finding higher levels of DMSP is greater under conditions
of nitrogen depletion during phytoplankton blooms
(Sim6 2001). Nitrate and nitrite concentrations at Kota
Kinabalu are low (5.81 uM on average and not detectable,
respectively; Table 2), especially in comparison with
Kuching (up to 147.25 and 31.74 uM nearest to the coast),
indicating a low nutrient environment and suggesting
the likelihood of high concentration of DMSP in the area
especially in the event of phytoplankton blooms. The
bacterial community in the area have possibly evolved to
adapt to these conditions and preferred the demethylation
pathway as the occurrence of dmdA genes is the highest
within the community at Kota Kinabalu (28% of all
isolates; Figure 5).

Due to riverine input, the waters of Kuching showed
higher nutrient concentrations compared to Kota Kinabalu
and Semporna and it is possible that the high nutrient
environment at Kuching forces the bacterial community
in the area to be more metabolically flexible. This is
highlighted by the fact that the dominant genus, Vibrio,
emerged as the key group in these waters with high
occurrences of both dmdA and dddP genes (representing
100% of all isolates within the Gammaproteobacteria

(a) Kuching
3%

(b) Kota Kinabalu
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with both genes; Figure 6) and they seem well-adapted
to the variable environmental conditions. Other key
players involved in DMS production seem to be members
of the Pseudomonas and Pseudoalteromonas, whereas
Citrobacter seem to be involved in DMSP assimilation in
Kuching waters.

Vibrio is also potential key players in samples from
Kota Kinabalu but seem to serve a slightly different
role. Occurrence of DMSP assimilation genes within the
Gammaproteobacteria is again dominated by Vibrio;
however, Shewanella-related isolates are more likely to
possess both genes (Figure 7). This may be due to the
different Vibrio species that form the majority in Kuching
and Kota Kinabalu communities (Vibrio parahaemolyticus
and Vibrio splendidus respectively; Figures 2 and 3).
The higher diversity of the community at Kota Kinabalu
shows a possible correlation with flexibility of DMSP
degradation pathways with a more even distribution of
groups possessing both dmdA and dddP genes compared
to communities in Kuching and Semporna (Figures 6 &
8, respectively).

The sampling stations at Semporna were observed to
be surrounded by seaweed farms. Micro- and macroalgae
and halophytic plants are abundant sources of DMSP in the
marine environment (Yoch 2002) and past studies (Scarratt

(c) Semporna

13%

13%

21%

HO0nly dmdA E2Only dddP @Both ENone

FIGURE 5. Relative abundance of dmdA and dddP genes in cultured bacterial communities from the
waters of (a) Kuching, (b) Kota Kinabalu and (c) Semporna
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FIGURE 6. Relative abundance of dmdA and dddP genes in isolated Gammaproteobacteria from Kuching
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FIGURE 7. Relative abundance of dmdA and dddP genes in isolated Gammaproteobacteria from Kota Kinabalu
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FIGURE 8. Relative abundance of dmdA and dddP genes in isolated Gammaproteobacteria from Semporna

etal. 2000) suggested that bacteria growing near algal cells
might be exposed to high local levels of DMSP, which would
lead to DMS yields that are higher than those inferred from
bulk seawater measurements. Our results supported this as
the dddP gene which was responsible for DMS production
was most abundant in the bacterial community at Semporna
(33% of all isolates; Figure 5). The Alcaligenes faecalis-
related isolate was obtained from Semporna (Figure 4) and
showed positive results for both dmdA and dddP genes.
Its colonies displayed yellow pigmentation indicative of
its potential to produce DMS.

Oceanimonas sp. is one of the earliest
Gammaproteobacteria to have been studied biochemically
for multiple DMSP-degrading genes including dddP (Yoch
2002) and isolates related to them were isolated from
Kuching and Semporna (Figures 2 & 4). Studies have
indicated that Oceanimonas sp. have multiple DMSP-
degrading genes, allowing them to play arole in the sulphur
cycle (Curson et al. 2011b). The availability of different
ddd genes in Oceanimonas sp. implies that DMSP may be
a key substrate for this bacteria genus, enabling them to
produce DMS from DMSP (Ledyard et al. 1993). They also
have a cytoplasmic DMSP lyase (de Souza & Yoch 1995;
Yoch et al. 1997) resembling the periplasmic dddY of
Alcaligenes faecalis (de Souza et al. 1996). Our results
showed an interesting feature with Oceanimonas isolates

from Kota Kinabalu and Semporna possessing dmdA genes
(Figures 7 & 8).

Based on our preliminary observations, we believe that
many of our isolates have the ability to undergo both DMSP-
degradation processes depending on current environmental
conditions. Considering the observed conditions of the
sampling sites, our data supports the hypothesis of a
‘bacterial switch’. Further studies which include b™MS and
DMSP measurements as well as a further look into other
factors controlling bacterial activity (e.g. UV radiation and
dissolved organic matter) (Kirchmann 2000) in these areas
are recommended to better understand the role of these
bacterial communities in DMSP cycling in the area.

ACKNOWLEDGEMENTS

The authors would like to thank N.M. Levine for her
assistance with the identification of dddP and dmdA
genes. We also thank the Sarawak Biodiversity Centre for
their kind permission to conduct the research in Sarawak
waters (Permit No. SBC-RA-0094-MM). FW.I. Kuek
is funded by the Sarawak Foundation’s Tunku Abdul
Rahman scholarship. The research leading to these results
has received funding from the European Union’s Seventh
Framework Programme FP7/2007-2013 under grant
agreement no. 226224 - SHIVA.



REFERENCES

Adam, A., Mohammad-Noor, N., Anton, A., Saleh, E., Saad, S.
& Shaleh, S.R.M. 2011. Temporal and spatial distribution of
harmful algal bloom (HAB) species in coastal waters of Kota
Kinabalu, Sabah, Malaysia. Harmful Algae 10(5): 495-502.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman, D.J.
1990. Basic local alignment search tool. Journal of Molecular
Biology 215(3): 403-410.

Andreae, M.O. & Crutzen, PJ. 1997. Atmospheric aerosols:
Biogeochemical sources and role in atmospheric chemistry.
Science 276(5315): 1052-1058.

Andreae, M.O. 1986. The ocean as a source of atmospheric sulfur
compounds. In The Role of Air-Sea Exchange in Geochemical
Cycling SE - 14, edited by P. Buat-Ménard, NATO ASI Series.
Springer Netherlands. 185: 331-362.

Ansede, J.H., Friedman, R. & Yoch, D.C. 2001. Phylogenetic
analysis of culturable dimethyl sulfide-producing bacteria from
a spartina-dominated salt marsh and estuarine water. Applied
and Environmental Microbiology 67(3): 1210-1217.

Ansede, J.H., Pellechia, PJ. & Yoch, D.C. 1999. Metabolism
of acrylate to P-hydroxypropionate and its role in
dimethylsulfoniopropionate lyase induction by a salt marsh
sediment bacterium, alcaligenes faecalis M3A. Applied and
Environmental Microbiology 65(11): 5075-5081.

Banin, E., Ben-Haim, Y., Israely, T., Loya, Y. & Rosenberg, E.
2000a. Effect of the environment on the bacterial bleaching
of corals. In Environmental Challenges, edited by Belkin, S.
Netherlands: Springer. pp. 337-352.

Banin, E., Israely, T., Kushmaro,A.,Loya, Y., Orr, E. & Rosenberg,
E. 2000b. Penetration of the coral-bleaching bacterium Vibrio
shiloi into Oculina patagonica. Applied and Environmental
Microbiology 66(7): 3031-3036.

Baticados, M.C.L., Lavilla-Pitogo, C.R., Cruz-Lacierda, E.R., de
la Pefia, L.D. & Sunaz, N.A. 1990. Studies on the chemical
control of luminous bacteria Vibrio harveyi and V. splendidus
solated from diseased Penaeus monodon larvae and rearing
water. Diseases of Aquatic Organisms 9(2) Inter Research:
133-139.

Bell, L.C.,Richardson, D J. & Ferguson, S.J. 1992. Identification
of nitric oxide reductase activity in rhodobacter capsulatus:
The electron transport pathway can either use or bypass both
cytochrome c2 and the cytochrome bcl complex. Journal of
General Microbiology 138(3): 437-443.

Bernard, L., Schifer, H., Joux, F., Courties, C., Muyzer, G.
& Lebaron, P. 2000. Genetic diversity of total, active and
culturable marine bacteria in coastal seawater. Aquatic
Microbial Ecology 23(1): 1-11.

Blackwood, C.B., Hudleston, D., Zak, D.R. & Buyer, J.S. 2007.
Interpreting ecological diversity indices applied to terminal
restriction fragment length polymorphism data: Insights from
simulated microbial communities. Applied and Environmental
Microbiology 73(16): 5276-5283.

Corbett,J J., Fischbeck, P.S. & Pandis, S.N. 1999. Global nitrogen
and sulfur inventories for oceangoing ships. Journal of
Geophysical Research: Atmospheres 104(D3): 3457-3470.

Curson,A R.J.,Fowler,E K., Dickens,S., Johnston,A.W.B. & Todd,
J.D. 2011a. Multiple DMSP lyases in the y-proteobacterium
Oceanimonas doudoroffii. Biogeochemistry 110(1-3): 109-119.

Curson, ARR.J., Sullivan, M .J., Todd, J.D. & Johnston, A.W.B.
2011b.DddY, a periplasmic dimethylsulfoniopropionate lyase
found in taxonomically diverse species of proteobacteria.
International Society for Microbial Ecology 5(7): 1191-1200.

Curson, A.RJ., Rogers, R., Todd, J.D., Brearley, C.A. &
Johnston, A.W.B. 2008. Molecular genetic analysis of a

925

dimethylsulfoniopropionate lyase that liberates the climate-
changing gas dimethylsulfide in several marine alpha-
proteobacteria and Rhodobacter sphaeroides. Environmental
Microbiology 10(3): 757-767.

de Souza, M.P., Yoch, D.C. & Souza, M.P. 1996. N-terminal
amino acid sequences and comparison of DMSP lyases
from Pseudomonas doudoroffii and Alcagenes strain M3A.
In Biological and Environmental Chemistry of DMSP and
Related Sulfonium Compounds, edited by Kiene, R.P.,
Visscher, P.T., Keller, M.D. & Kirst, G.O. New York:
Springer. pp. 293-304.

de Souza, M.P. & Yoch, D.C. 1995. Comparative physiology of
dimethyl sulfide production by dimethylsulfoniopropionate
lyase in Pseudomonas doudoroffii and Alcaligenes sp. strain
M3A. Applied and Environmental Microbiology 61(11):
3986-3991.

Dugdale,R.C., Wilkerson, F.P. & Minas, H.J. 1995. The role of a
silicate pump in driving new production. Deep Sea Research
Part I: Oceanographic Research Papers 42(5): 697-719.

Eden, P.A., Schmidt, T.M., Blakemore, R.P. & Pace, N.R. 1991.
Phylogenetic analysis of Aquaspirillum magnetotacticum
using polymerase chain reaction-amplified 16S rRNA-specific
DNA. International Journal of Systematic Bacteriology
41(2): 324-325.

Eilers, H., Pernthaler, J., Glockner, F.O. & Amann, R. 2000.
Culturability and in situ abundance of pelagic bacteria from
the North Sea. Applied and Environmental Microbiology
66(7): 3044-3051.

Gamito, S. 2010. Caution is needed when applying Margalef
diversity index. Ecological Indicators 10(2): 550-551.
Gonzidlez, J. M., Covert, J.S., Whitman, W.B., Henriksen, J.R.,
Mayer, F., Scharf, B., Schmitt, R., Buchan, A., Fuhrman,
J.A., Kiene, R.P. & Moran, M.A. 2003. Silicibacter
pomeroyi sp. nov. and Roseovarius nubinhibens sp. nov.,
Dimethylsulfoniopropionate-Demethylating bacteria from
marine environments. International Journal of Systematic

and Evolutionary Microbiology 53(5): 1261-1269.

Gonzilez, J.M., Simé, R., Massana, R., Covert, J.S.,
Casamayor, E.O., Pedrés-Alié, C. & Moran, M.A.
2000. Bacterial community structure associated with a
dimethylsulfoniopropionate-producing North Atlantic algal
bloom. Applied and Environmental Microbiology 66(10):
4237-4246.

Gonzilez,J M.,Kiene,R.P. & Moran,M.A. 1999. Transformation
of sulfur compounds by an abundant lineage of marine
bacteria in the a-subclass of the class Proteobacteria. Applied
and Environmental Microbiology 65(9): 3810-3819.

Grashoff, K., Kremling, K. & Ehrhard, M. 1999. Methods of
Seawater Analysis. 3rd completely revised and extended ed.
Weinheim: Wiley-VCH.

Hedlund, B.P. & Staley, J.T. 2001. Vibrio cyclotrophicus sp.
nov., a polycyclic aromatic hydrocarbon (PAH)-degrading
marine bacterium. International Journal of Systematic and
Evolutionary Microbiology 51(1): 61-66.

Hill, T.CJ.,Walsh,K.A.,Harris,J.A. & Moffett, B.F.2003. Using
ecological diversity measures with bacterial communities.
FEMS Microbiology Ecology 43(1): 1-11.

Hill, R.W., White, B.A. & Cottrell, M.T. 1998. Virus-mediated
total release of dimethylsulfoniopropionate from marine
phytoplankton: A potential climate process. Aquatic
Microbial Ecology 14(1): 1-6.

Howard,E.C.,Sun, S., Biers,E.J. & Moran, M.A.2008. Abundant
and diverse bacteria involved in DMSP degradation in marine
surface waters. Environmental Microbiology 10(9): 2397-2410.



926

Iijima, S., Washio, K., Okahara,R. & Morikawa, M. 2009. Biofilm
formation and proteolytic activities of Pseudoalteromonas
bacteria that were isolated from fish farm sediments. Microbial
Biotechnology 2(3): 361-369.

Itoh, M., Matsuura, K. & Satoh, T. 1989. Involvement of
cytochrome bcl complex in the electron transfer pathway for
N20 reduction in a photodenitrifier, Rhodobacter sphaeroides
f.s. Denitrificans. FEBS Letters 251(1-2): 104-108.

Jiang, H., Dong, H., Ji, S., Ye, Y. & Wu, N. 2007. Microbial
diversity in the deep marine sediments from the Qiongdongnan
Basin in South China Sea. Geomicrobiology Journal 24(6):
505-517.

Johnston, A.W.B., Todd, J.D., Sun, L., Nikolaidou-Katsaridou,
M.N., Curson, A.R.J. & Rogers, R. 2008. Molecular diversity
of bacterial production of the climate-changing gas, dimethyl
sulphide, a molecule that impinges on local and global
symbioses. Journal of Experimental Botany 59(5): 1059-1067.

Kiene, R.P., Linn, L.J. & Bruton, J.A. 2000. New and important
roles for DMSP in marine microbial communities. Journal of
Sea Research 43(3-4): 209-224.

Kirchmann, D.L. 2000. Microbial Ecology of the Oceans. Wiley
Series in Ecological and Applied Microbiology. New York:
Wiley-Liss.

Kirkwood,M., Le Brun,N.E., Todd,J.D. & Johnston,A.W.B.2010.
The dddP Gene of Roseovarius nubinhibens encodes a novel
lyase that cleaves dimethylsulfoniopropionate into acrylate plus
dimethyl sulfide. Microbiology 156(6): 1900-1906.

Kuek, EW.I., Lim, L.F.,Ngu, L.H., Mujahid, A., Lim, P.T., Leaw,
C.P. & Miiller M. 2015. The potential roles of bacterial
communities in coral defence: A case study at Talang-talang
reef. Ocean Science Journal 50(2): 269-282.

Kusuda,R. & Kawai, K. 1998. Bacterial diseases of cultured marine
fish in Japan. Fish Pathology 33(4): 221-227.

Labbé, N., Parent, S. & Villemur, R. 2004. Nitratireductor
aquibiodomus gen. nov., sp. nov., a novel a-Proteobacterium
from the marine denitrification system of the Montreal
Biodome (Canada). International Journal of Systematic and
Evolutionary Microbiology 54(1): 269-273.

Lane, D.J., Pace, B., Olsen, G.J., Stahl, D.A., Sogin, M.L. &
Pace, N.R. 1985. Rapid determination of 16S ribosomal
RNA sequences for phylogenetic analyses. Proceedings of the
National Academy of Sciences 82(20): 6955-6959.

Ledyard, K.M.., DeLong, E.F. & Dacey, J].W.H. 1993.
Characterization of a DMSP-degrading bacterial isolate from
the Sargasso Sea. Archives of Microbiology 160(4): 312-318.

Lee, C.W., Ng, A.YF,, Narayanan, K., Sim, EUH. & Ng, C.C.
2009. Isolation and characterization of culturable bacteria
from tropical coastal waters. Ciencias Marinas 35: 153-167.

Lee, K.H. & Ruby, E.G. 1994. Effect of the squid host on the
abundance and distribution of symbiotic Vibrio fischeri in
nature. Applied and Environmental Microbiology 60(5):
1565-1571.

Levine, N.M., Varaljay, V.A., Toole, D.A., Dacey, ]. WH., Doney,
S.C. & Moran, M.A. 2012. Environmental, biochemical and
genetic drivers of DMSP degradation and DMS production
in the Sargasso Sea. Environmental Microbiology 14(5):
1210-1223.

Liao, L., Xu, X.W., Wang, C.S., Zhang, D.S. & Wu, M. 2009.
Bacterial and archaeal communities in the surface sediment
from the northern slope of the South China Sea. Journal of
Zhejiang University Science B 10(12): 890-901.

Lin, Z.,Kumagai, K., Baba, K., Mekalanos, J.J. & Nishibuchi. M.
1993. Vibrio parahaemolyticus has a homolog of the Vibrio
cholerae toxRS operon that mediates environmentally induced

regulation of the thermostable direct hemolysin gene. Journal
of Bacteriology 175(12): 3844-3855.

Li,Z.Y.,He,L.M.,Wu,J. & Jiang, Q. 2006. Bacterial community
diversity associated with four marine sponges from the South
China Sea based on 16S rDNA-DGGE fingerprinting. Journal
of Experimental Marine Biology and Ecology 329(1): 75-85.

Lovelock, J.E., Maggs, R.J. & Rasmussen, R.A. 1972.
Atmospheric dimethyl sulphide and the natural sulphur cycle.
Nature 237(5356): 452-453.

Magurran, A .E. 2004. Measuring Biological Diversity. London:
Blackwell Publishing.

Malin, G. & Erst, G.O. 1997. Algal production of dimethyl
sulfide and its atmospheric role. Journal of Phycology 33(6):
889-896.

Maruyama, A., Honda, D. Yamamoto, H., Kitamura, K. &
Higashihara, T.2000. Phylogenetic analysis of psychrophilic
bacteria isolated from the Japan trench, including a description
of the deep-sea species Psychrobacter pacificensis sp.
nov. International Journal of Systematic and Evolutionary
Microbiology 50(2): 835-846.

McCarter, L. 1999. The multiple identities of Vibrio
parahaemolyticus. Journal of Molecular Microbiology and
Biotechnology 1(1): 51-57.

Moran, M.A., Belas, R., Schell, M.A., Gonzélez, .M., Sun, F.,
Sun, S.,Binder, B.J.,Edmonds,J., Ye, W., Orcutt, B., Howard,
E.C.,Meile, C., Palefsky, W., Goesmann, A.,Ren, Q., Paulsen,
1., Ulrich, L.E., Thompson, L.S., Saunders, E. & Buchan, A.
2007. Ecological genomics of marine roseobacters. Applied
and Environmental Microbiology 73(14): 4559-4569.

Morton, B. & Blackmore, G. 2001. South China Sea. Marine
Pollution Bulletin 42(12): 1236-1263.

Nagasawa, S. & Terazaki, M. 1987. Bacterial epibionts of the
deep-sea copepod calanus-cristatus kroyer. Oceanologica
Acta 10(4): 475-479.

Okuda,J.,Nakai, T.,Chang, P.S., Oh, T., Nishino, T., Koitabashi,
T. & Nishibuchi, M. 2001. The toxR gene of Vibrio
(Listonella) anguillarum controls expression of the major
outer membrane proteins but not virulence in a natural host
model. Infection and Immunity 69(10): 6091-6101.

Prayitno, S.B. & Latchford, J.W. 1995. Experimental infections of
Crustaceans with luminous bacteria related to Photobacterium
and Vibrio. Effect of salinity and pH on infectiosity.
Aquaculture 132(1-2): 105-112.

Raguénes, G., Christen, R., Guezennec, J., Pignet, P. & Barbier,
G. 1997. Vibrio diabolicus sp. nov., a new polysaccharide-
secreting organism isolated from a deep-sea hydrothermal
vent polychaete annelid, Alvinella pompejana. International
Journal of Systematic Bacteriology 47(4): 989-995.

Raina, J.B., Dinsdale, E.A., Willis, B.L. & Bourne, D.G. 2010.
Do the organic sulfur compounds DMSP and DMS drive
coral microbial associations? Trends in Microbiology 18(3):
101-108.

Raina, J.B., Tapiolas, D., Willis, B.L. & Bourne, D.G. 2009.
Coral-associated bacteria and their role in the biogeochemical
cycling of sulfur. Applied and Environmental Microbiology
75(11): 3492-3501.

Ramaiah, N., Hill, R.T.,Chun,J.,Ravel, J., Matte, M.H., Straube,
W.L. & Colwell,R.R.2000. Use of a chiA probe for detection
of chitinase genes in bacteria from the Chesapeake Bay. FEMS
Microbiology Ecology 34(1): 63-71.

Raven,J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss,
P.,Riebesell, U., Shepherd, J., Turley, C. & Watson, A. 2005.
Ocean Acidification Due to Increasing Atmospheric Carbon
Dioxide.Policy Document 12/05. London: The Royal Society.



Richardson, D.J., McEwan, A.G., Jackson, J.B. & Ferguson,
S.J. 1989. Electron transport pathways to nitrous oxide in
rhodobacter species. European Journal of Biochemistry
185(3): 659-669.

Scarratt, M., Cantin, G., Levasseur, M. & Michaud, S. 2000.
Particle size-fractionated kinetics of DMS production: Where
does DMSP cleavage occur at the microscale? Journal of Sea
Research 43(3-4): 245-252.

Sievert, S.M., Kiene, R.P. & Schultz-Vogt, H.N. 2007. The sulfur
cycle. Oceanography 20(2): 117-123.

Simd, R. 2001. Production of atmospheric sulfur by oceanic
plankton: Biogeochemical, ecological and evolutionary links.
Trends in Ecology & Evolution 16(6): 287-294.

Song,J.,Tang, S.L.,Ivanova, E., Mujahid, A. & Miiller, M. 2015.
Shotgun metagenomic analysis of microbial communities in
the surface waters of the Eastern South China Sea. Manuscript
in preparation.

Stefels, J. 2000. Physiological aspects of the production and
conversion of DMSP in marine algae and higher plants.
Journal of Sea Research 43(3-4): 183-197.

Stelma, G.N., Reyes, A.L., Peeler, J.T., Johnson, CH. &
Spaulding, P.L. 1992. Virulence characteristics of clinical
and environmental isolates of Vibrio vulnificus. Applied and
Environmental Microbiology 58(9): 2776-2782.

Tamura, K. & Nei, M. 1993. Estimation of the number of
nucleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. Molecular Biology and
Evolution 10(3): 512-526.

Tamura, K., Stecher, G., Peterson, D, Filipski, A. & Kumar, S.
2013. MEGAG6: Molecular evolutionary genetics analysis
version 6.0. Molecular Biology and Evolution 30(12):
2725-2729.

Tan, C.H. & Heron, S.F. 2011. First observed severe mass
bleaching in Malaysia, greater coral triangle. Galaxea,
Journal of Coral Reef Studies 13(1): 27-28.

Tao, L., Peng, W. & Pinxian, W. 2008. Microbial diversity in
surface sediments of the Xisha Trough, the South China Sea.
Acta Ecologica Sinica 28(3): 1166-1173.

Todd, J.D.,Kirkwood, M., Newton-Payne, S. & Johnston, A.W.B.
2012. DddW, a third DMSP lyase in a model Roseobacter
marine bacterium, Ruegeria pomeroyi DSS-3. International
Society for Microbial Ecology 6(1): 223-226.

Todd, J.D., Curson, A.R.J., Kirkwood, M., Sullivan, M.J.,
Green, R.T. & Johnston, A W.B. 2011. DddQ, a novel,
cupin-containing, dimethylsulfoniopropionate lyase in
marine Roseobacters and in uncultured marine bacteria.
Environmental Microbiology 13(2): 427-438.

Todd, J.D., Curson, A.R.J., Dupont, C.L., Nicholson, P. &
Johnston, A.W.B. 2009. The dddP gene, encoding a novel
enzyme that converts dimethylsulfoniopropionate into
dimethyl sulfide, is widespread in ocean metagenomes and
marine bacteria and also occurs in some ascomycete fungi.
Environmental Microbiology 11(6): 1376-1385.

Todd,J.D.,Rogers,R.,Li, Y.G., Wexler,M.,Bond,PL., Sun, L.,
Curson, A.R.J., Malin, G., Steinke, M. & Johnston, A.W.B.
2007. Structural and regulatory genes required to make the
gas dimethyl sulfide in bacteria. Science 315(5812): 666-669.

Tun, K., Chou, L.M., Low, J., Yeemin, T., Phongsuwan, N.,
Setiasih, N., Wilson, J., Amri, A.Y., Adzis, K.A.A., Lane,
D., van Bochove, J.W., Kluskens, B., Long, N.V., Tuan,
V.S., Gomez, E. 2010. A regional overview on the 2010
coral bleaching event in Southeast Asia. In Status of Coral
Reefs in East Asian Seas Region: 2010. Japan: Ministry of
the Environment. pp. 1-27.

927

Varaljay, V.A., Gifford, S.M., Wilson, S.T., Sharma, S., Karl, D.M.
& Moran, M.A. 2012. Bacterial dimethylsulfoniopropionate
degradation genes in the oligotrophic north pacific subtropical
gyre. Applied and Environmental Microbiology 78(8): 2775-
2782.

Varaljay, V.A., Howard, E.C., Sun, S. & Moran, M.A.2010. Deep
sequencing of a dimethylsulfoniopropionate-degrading gene
(dmdA) by using PCR primer pairs designed on the basis
of marine metagenomic data. Applied and Environmental
Microbiology 76(2): 609-617.

Vishnivetskaya, T.A., Kathariou, S. & Tiedje, J.M. 2009. The
exiguobacterium genus: Biodiversity and biogeography.
Extremophiles 13(3): 541-555.

Xu, X.W., Wu, YH., Wang, C.S., Gao, X.H., Wang, X.G. & Wu,
M. 2010. Pseudoalteromonas lipolytica sp.nov.,isolated from
the Yangtze River estuary. International Journal of Systematic
and Evolutionary Microbiology 60(9): 2176-2181.

Yoch, D.C. 2002. Dimethylsulfoniopropionate: Its sources,
role in the marine food web, and biological degradation to
dimethylsulfide. Applied and Environmental Microbiology
68(12): 5804-5815.

Yoch, D.C., Ansede, J. H. & Rabinowitz, K.S. 1997. Evidence for
intracellular and extracellular dimethylsulfoniopropionate
(DMSP) lyases and DMSP uptake sites in two species of
marine bacteria. Applied and Environmental Microbiology
63(8): 3182-3188.

Yoshida, A., Nishimura, M. & Kogure, K. 2007. Bacterial
community structure in the Sulu Sea and adjacent areas.
Deep Sea Research Part I1: Topical Studies in Oceanography
54(1-2): 103-113.

Zhang, Z., Schwartz, S., Wagner, L. & Miller, W. 2000. A
greedy algorithm for aligning DNA sequences. Journal of
Computational Biology 7(1-2): 203-214.

Zhu, D., Tanabe, S.H., Yang, C., Zhang, W. & Sun, J. 2013.
Bacterial community composition of South China Sea
sediments through Pyrosequencing-based analysis of 16S
rRNA genes. PloS One 8(10): €78501.

Zumft, W.G. 1997. Cell biology and molecular basis of
denitrification. Microbiology and Molecular Biology Reviews
61(4): 533-616.

Felicity W.I. Kuek* & Moritz Miiller

Faculty of Engineering, Computing and Science
Swinburne University of Technology, Sarawak campus
93350 Kuching, Sarawak Bumi Kenyalang

Malaysia

Aazani Mujahid

Department of Aquatic Science

Faculty of Resource Science and Technology
Universiti Malaysia Sarawak

93400 Kota Samarahan, Sarawak

Malaysia.

Po-Teen Lim & Chui-Pin Leaw
Institute of Ocean and Earth Science
University of Malaya

16310 Bachok, Kelantan Darul Naim
Malaysia

*Corresponding author; email: felicity kuek@gmail.com

Received: 7 April 2015
Accepted: 28 December 2015



928

APPENDIX

16S rRNA gene sequence analysis of bacterial cultures based on BLAST analysis

GenBank
Sequence accession Closest match Identities Phylogenetic division
number
OISO K [ IO e G Virones
OIISIoiaz K S s TS e Do
bisiosz ke Ldomons o s BT domonadacoe Pesdomonss,
Pseudomonas
1911-81-07-1 KF373324 ;ﬁgﬁgﬁfgi ;é‘;%f]’“"s strain 4(5999/;06)0 Sféﬁﬂﬁlifgffﬁifiﬁifﬁﬁiifﬁﬁiadales;
Pseudomonas
1911-52-01-1 KF373325 E/]E:lgl](; giggi;l]olyticus isolate Val50 4(7969/;:) 8 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-82-05-1 KF373326 E;if\;}r]iggﬁgg]wlyticus strain HZBC71 4(7919/;:) 4 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-82-07-1 KF373327 E;if\;}r]iggﬁgg]wlyticus strain HZBC71 4(7939/;:) 5 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
orszora  kmas Rl e 9 Viromeemvibra
T e T 9% Pocudosteromonsdaseses Peeudonromonss
orsyorliz KRTEIE0 Gl ) Vo vibra
1911-S3-01-1 2 KF373331 E/;l};ig;;l%’r]wlyticus strain P61224 4(7949/;:) 5 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-S3-01-2 KF373332 E;igig;)ozéizg]olicus strain KM30-12-3 4(7959/;:) 8 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-83-05-1 KF373333 ;/;lg;o[ gzgzg;zg;ngo]lyticus strain 93A- 4(7949/;:) 6 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-83-05-2 KF373334 ;/;lg;o[ gzgzg;zg;ngo]lyticus strain 93A- 4(7909/;:) 3 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-S3-10-1.1 KF373335 E/(i}b{}igoﬁz;;vzeiyi strain ISO1 4(7939/;:) 4 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-S3-10-1 2 KF373336 Eﬁ]l;’;[iggzaon;g?e”ii strain CAIM 886 4(7939/;:) 5 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
1911-S3-10-2.1 KF373337 E;ill\);;g lrzo;ié‘]erianus strain BV1 4(7959/;:) 8 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
I 1 99%  Pocudostoromonsdaseses Peeudosromonss
1911-S4-01-1.1 KF373339 E/]EZI;Z(; ;(fi;r]wlyticus strain HO50815-1 4(7949/;:) 5 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
los40122  KRIEMO et TR ‘9% Rodonpinllcsses Talusonpira
orssosL KRETML e ) Enrabactriesse Clbastr
brssosiz KRz 9% Entermotericene Laderes
1911-S4-05-2 KF373343 E;fll;i;[ig?’azz;g;‘l]m strain 41113 4(5927/;6)8 gia;)r?ir(r)lna:cl';);:;olzzitggia; Vibrionales;
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GenBank
Sequence accession Closest match Identities Phylogenetic division

number
1911-S4-10-2.1 KF373344 Eél;réigégiriolyticus strain HO50815-1 4(7929/;07)3 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-85-01-1 KE373345 E;iéz)iz;zltggz]'egens strain AUCASVEI1 4(7919/;07)2 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-85-01-2.1 KF373346 E;iéz)iz;zltggz]'egens strain AUCASVEI1 4(7949/;07)5 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-55-01-2.2 KF373347 E;iéz)iz;zltggz]'egens strain AUCASVEI1 4(7929/;07)3 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
oilssosia: K G el nnANST S8 Gty Dbl
1911-55-05-1 2 KF373349 E;iéz)iz;zltggz]'egens strain AUCASVEI1 4(7929/;07)3 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-85-05-1.2.1 KF373350 Eﬁgigoocgébi%e]us strain F77118 ggggj gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-85-05-2 KF373351 E;lllz]rllg 8;Ztlr7a]haemolyticus strain 448 4(7949/;07)5 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-55-05-3 KF373352 E;iéz)iz;zltggz]'egens strain AUCASVEI1 4(7919/;07)2 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
1911-S5-10-1 KF373353 E;fll;:[ig;zzz;g;;ts strain 41113 4(7919/;07)4 3&2?;:;:;2?32?5:21; Vibrionales;
1911-S5-10-2 KF373354 E/(i}lgizosipslg;z]didus strain AP625 4(6999/;07) 1 gi)r:ir;lsfcr;tz(;ﬂizztz:a; Vibrionales;
sistonny Kewass  Facudononas oleoworans s B omonadacee Pesdomonss,

Pseudomonas

Nsionis ks MesdelimnNSe e ot o
I I e e
dsioizs ks psdeimnNSe e Gt e
Bston ke SesdeimnNSL e ot o
NSOt K St e bl e e
2311-S1-10-1 KF373362 E?g;igozg;t(iﬁerianus strain 5S 4(6969/;:) 0 S;)nr‘lil:)lsgg;?t\)z;t;ga; Vibrionales;
Nisolt ke il eneinn g e bl elie:
2311-82-10-1 KF373364 EZISZ)SZPSIgg]didM strain AP625 4(1941/;:) 3 S;)nr‘lil:)lsgg;?t\)z;t;ga; Vibrionales;
2311-83-01-1.1 KE373365 l[.’?];lgélgi 5sgsh]aericus clone 7-16 4(3915/;:)6 i;:ﬁfs;ils 1;hlfsacilli; Bacillales; Bacillaceae;
2311-S3-01-1.2 KF373366 fz;v;%rggléc; ]putrefaciens strain R1418 4(5959/;5) 1 é};::vl‘:z;rlc;t:;zim;;reij; ﬁlgﬁ;omonadales;
2311-83-01-2 KF373367 fz;v;%rggléc; ]putrefaciens strain R1418 4(5999/;5)2 é};::vl‘:z;rlc;t:;zim;;reij; ﬁlgﬁ;omonadales;
T R
I N J =i
NS0 K S nin ol Commpmistuceis Bl
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GenBank

Sequence accession Closest match Identities Phylogenetic division
number

2311-S3-10-2.1 KF373372 ﬁ:ajcf'gi}lgl;t;;gﬁzlacitensis strain TP12 4(094;/;5))8 lgi;:;lil(;ustes; Bacilli; Bacillales; Bacillaceae;
2311-83-10-2.2 KF373373 E;i(b)rzi;);;alt;l]'egens strain AUCASVES 4(7919/;:) 2 \G]ie:)r:ir:j:crg;z?li?i;ir)ia; Vibrionales;
T I I e
2311-S4-10-2.1.3 KF373378 G}gigngillaggiégusfusiformis strain R3 égg(/ﬁ;? E;rg;;:s;zisl;lfsacilli; Bacillales; Bacillaceae;
T e
I L I v S
PSSO K P 0 A s
dissaraa e e oo
Pssan ks S s K5 Apniets s
2311-S5-01B-1 KF373390 E;i(b)rzi;);;alt;l]'egens strain AUCASVES égg(/ﬁ; )2 \G]ie:)r:ir:j:crg;z?li?i;ir)ia; Vibrionales;
2311-85-05-1 KF373391 E/Ci}béizosff;lg;z]didus strain AP625 4(7929/;:) 3 \G]ie:)r:ir:j:crg;z?li?i;ir)ia; Vibrionales;
2311-85-05-2 KF373392 E/Ci}béizosff;lg;z]didus strain AP625 4(7909/;:) 2 \G]ie:)r:ir:j:crg;z?li?i;ir)ia; Vibrionales;
2611-81-01-1.2 KF373394 E;fllgilogl't;:l;r]mnis strain F75216 égg(/ﬁ; )2 \G]ie:)r:ir:j:crg;z?li?i;ir)ia; Vibrionales;
onsios ks G oo Tt bl b o
2611-S5-01-1 KF373421 Pseudidiomarina sediminum strain 423/463 Gammaproteobacteria; Alteromonadales;

c121 [NR_044176]

(91%)

Idiomarinaceae; Idiomarina




GenBank

Sequence accession Closest match Identities Phylogenetic division
number
conssia s Dot sedon S b eaton
Pseudomonas
261505811 Ke37aa2s RGeS "0 Peeudosteromonadaeeses Prendoeromonss
61505812 KEITa4 Ui (o0t Vibionscene Photatactertam
2615505832, Kmmas i SRRITID 9% Shewanelacons: Shewanelln
261155058322 KETazs i SHRITID 9% Shewanelacons: Shewanelln
olss0sc2 ke oo i (00 Vibionscene Photatactertam
olSR102 keI GRoRE e S 9% Phylobatiiscen: Nitatineducrr
oot e [t S0 b e
Pseudomonas
2611-86-01-1.1 KF373430 ft j:‘j;’;g’;‘l’j ’Egé;’gggé;g enes ‘g 8(/;2()) Si?ﬁﬁﬁfﬁgffgﬁzif»lfiiﬁifﬁif;adaleS;
Pseudomonas
2611-S6-01-1.2 KF373431 K{Il;\:[iggjzorgg?ellii strain CAIM 886 4(6939/;06)7 gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
2611-S6-01-3 KF373432 E;illz]rliggczg;r]zolyticus strain 486 gg(/;gj gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
US60511 KT QTR G Aeromonadacese: Occmmonss
BU56052 KRN oGO 00 Rhodomacersceses Rhodabactr
2611-S6-09-1 KF373435 E;zllz]rllg 8;:talr;z]haemolyticus strain 448 4(7949/;07)5 gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
2611-S6-09-2 KF373436 E;zllz]rllg 8;:talr;z]haemolyticus strain 448 4(7919/;07)2 gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
2611-S7-01-1 KF373437 E;zllz]rllg 8;:talr;z]haemolyticus strain 448 4(7959/;07)6 gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
oS0 KT ol e o0ty Vibronassses Vi
2611-S8-01-1.1 KF373439 E;illz]rliggczg;r]zolyticus strain 486 4(7919/;07)2 gﬁ)rilir;ls:;gz(;)l\)zztzgia; Vibrionales;
2611-S8-01-3 KF373440 Vibrio communis strain F75216 474/474 Gammaproteobacteria; Vibrionales;

[HQ161743]

(100%)

Vibrionaceae; Vibrio




