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ABSTRACT

Prokaryotic microbes are the largest population in oceans; they are evidently
responsible for the major primary and secondary productions and, as a result, play a key
role in significant element cycles in marine ecosystems and even global. However, the
ecology, such as composition, distribution and diversity, of these microbes are still
mainly unknown. To date, most of the studies of the marine prokaryotic community are
only focused on the surface water or a certain depth in the mesopelagic zone of the polar
or temperate oceans. Hence, the goal of this study is to survey the composition and
diversity of the stratified microbial assemblages in the interior of the western tropical
Pacific Ocean. We anticipate to extending the current understanding for the marine
community in tropical water through this study.

By adopting a massively-parallel pyrosequencing strategy, we performed analyses
of the diversity and composition of planktonic microbial communities isolated from the
northern South China Sea (SCS; 18°15' N, 115°30' E), from the ocean’s surface to near
the sea bottom. Through examining 38,704 bacterial and 5,269 archaeal V6 amplicons
of 16S ribosomal RNA genes, we observed several findings, including that (1) the
bacterial diversity in northern SCS is greater than previous estimates based on
conventional methods; (2) the bacterial community in the bathypelagic layer is less
diverse than that in other three upper layers; (3) our data show the less diversity of the
archaeal communities compared to the bacterial communities in four depths. In the
composition analysis, our results show that the most abundant bacterial groups at four
depths in the northern SCS are a- and y- proteobacteria, while Cyanobacteria is mainly

found from the sea surface. f-proteobacteria is more abundant in the euphotic zone than
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in the aphotic zone; in contrast to S-proteobacteria, the relative abundance of sequences
from J-proteobacteria increases with increasing depth in northern SCS. Moreover, we
revealed unique assemblages of Archaea in the northern SCS, with Euryarchaeota
dominating throughout the water column, which is contrast to most of previous studies
reported that Crenarchaeota are more abundant than Euryarchaeota in the deep sea.
Furthermore, our results of profiles of the unique sequences show the presences of
depth-specific inhabiting groups. Through the phylogenetic analysis of the dominant
unique sequences, we observed many eurybathyal sequences (i.e., those sequences were
detected in four depths) and the depth-related subdivision in many groups. For example,
at least four clades are found in the phylogenetic tree of Oceanospirillales V6 sequences,
and sequences in two clades are represented at the highest frequencies in the greast
depth; one is the mainly upper layers clade, while sequences in the other one clade are
highly abundant in the middle two layers. The depth-related subdivision was observed
in other groups, including Alteromonadales, Pseudomonadales, and the marine
euryarchaeota groups II and III, indicating biogeographical traits for prokaryotic
communities exist in the norther SCS.

Our work presents the most comprehensive examination of microbial diversity in
the tropical ocean and provides a significant insight into the marine microbial

community structures along the vertical profiles in the SCS.

Index Terms — South China Sea, pyrosequencing, bacteria, archaea, community,

diversity
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Chapter 1 Introduction

1.1 Abrief history

The extremely tiny, invisible to human naked eyes individually, unicellular
microorganisms are found in all environments (Madigan et al., 2009). Activities of the
microbes drive the biogeochemical fluxes on the Earth, influence the climate globally,
and occupy a peculiar place, no matter as pathogens or symbioses, in macroorgansims
like humans (Arrigo, 2005; Strom, 2008; Falkowski et al., 2008; Madigan et al., 2009).
Although the study of microorganisms is so important and closely related to us,
microbiology is still a “young” scientific field because of the technical limitation. In the
more than 6000-year human historic times, the records about microbes are sporadically
found only in the last approximately 300 years after the day that single-lens microscope
invented by Antonie van Leeuwenhoek. The direct observation initiated the knowledge
about microbial morphologies. Thanks to the development of cultivation in the 19th
century, the study on individual types and classification by nutritional criteria of
microbes is moved on. It is not until the 1960’s, the establishment era of molecular
biology methods, and the work of Whittaker, the aspects of universal evolutionary
relations between lives were revealed (Whittaker, 1969). However, the study on
microbial evolution and diversity is hampered by that most of microbes could not be
cultivated using current techniques (Pace, 1997). In the mid-1970s, the concept of the
three domains (Eukaryote, Bacteria, and Archaea) was unveiled by Carl Richard Woese,
who first realized that the small-subunit ribosomal RNA sequences could offer a way to
relate all organisms (Woese and Fox, 1978). The molecular sequenced-based technique

pioneered by Woese is a breakthrough in the study on uncultivated prokaryotes (Woese
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and Fox, 1978; Woese, 1987; Pace, 1997). After that the culture-independent techniques
are developed and used broadly, and a considerable number of microbial community
structures and diversities in various habitats was revealed and reported (Muyzer et al.,
1993; Clement et al., 1998; Moeseneder et al., 1999; Schauer et al., 2003; Castle and
Kirchman, 2004; Brodie et al., 2006; Alonso-Saez et al., 2007; Huber et al., 2007;
Galand et al., 2009a). Now the 16S ribosomal RNA gene as a species-specific signature
sequence has therefore become the most abundant single-gene sequence deposited in

public databases.

1.2 The importance of marine microbial diversity and

community structures

Many reports evidently revealed that the majority is free bacterioplankton in
oceans (Hobbie et al., 1972; Azam and Hodson, 1977) and these bacteria are extremely
important in primary and secondary productions in marine ecosystems. In the
contemporary ocean, photosynthetic carbon fixation by marine phytoplankton leads to
formation of ~45 gigatons of organic carbon per annum (Falkowski et al., 1998).
Among these marine phytoplanktons, for instance, cyanobacteria numerically dominate
most phytoplankton assemblages in the contemporary ocean and produce massive
quantities of organic carbon (Falkowski et al., 1998). The marine autotrophic
bacterioplanktons including cyanobacteria occupy largely in the oceans and are also
known as the most important primary producers in the ocean ecosystems because they
are able to synthesize new organic materials from inorganic molecules such as H,O and
CO,. These bacteria are responsible for 5 to 30 % of primary production for both coastal

and offshore waters (Fuhrman et al., 1980; Azam et al., 1983; Fenchel, 1988; Falkowski
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et al., 1998). In addition, other heterotrophic bacterioplanktons contribute the secondary
production as significant consumers in the marine ecosystems with bacteria consuming
10 to 50 % of total fixed carbon and a carbon conversion efficiency of 50 %. (Fuhrman
and Azam, 1980, 1982; Azam et al., 1983). Besides affecting the carbon cycle
significantly, marine bacteria also play key roles in other main element cycles, e.g.,
nitrogen and phosphorus, and minor and trace element cycles, e.g., iron, arsenic and
bismuth in marine ecosystems (Azam et al., 1983; Bentley and Chasteen, 2002; Arrigo,
2005).

Therefore, obtaining the information of distribution, composition and diversity of
microbial community becomes crucial for getting understandings in correlation between
microbe and their roles in local marine ecosystems. To detect the distribution,
composition and diversity of microbial community, culture-independent molecular
methods have been helpful and widely employed for such studies. These methods
include clone library, T-RFLP (Terminal Restriction Fragment L ength Polymorphism),
DGGE (Denaturing Gradient Gel Electrophoresis), FISH (Fluorescent In Situ
Hybridization), whole genome shotgun sequencing and massively-parallel
pyrosequencing (Giovannoni et al., 1990; Schmidt et al., 1991; Britschgi and
Giovannoni, 1991; Lee and Fuhrman, 1991; Fuhrman et al., 1993; Field et al., 1997;
Mclnerney et al., 1997; Venter et al., 2004; Baldwin et al., 2005; DeLong et al., 2006;
Alonso-Saez et al., 2007; Huber et al., 2007; Santelli et al., 2008; Galand et al., 2009a;
Feingersch et al., 2010).

The first study about the biodiversity of marine bacterioplanktons via the
cultured-independent method was reported by Giovannoni et al. in 1990, and they
phylogenetically analyzed the 16S ribosomal RNA gene sequences of the clone library

from the Sargasso Sea. Giovannoni and his coworkers (1990) suggested 16S rRNA gene
3



is a good molecular tool for studying marine prokaryotic populations. After that, many
unique marine bacterial and archaeal lineages were sequently discovered through the
analysis of 16S rRNA gene sequences (Giovannoni et al., 1990; Schmidt et al., 1991,
Britschgi and Giovannoni, 1991; Lee and Fuhrman, 1991; Fuhrman et al., 1993; Ma et
al., 2009). Through analysis of 16S rRNA genes, species-richness of marine microbial
communities ranged from a few hundred phylotypes per microliter in the seawater
samples (Schloss and Handelsman, 2005) to over a thousand from marine sediments
(Ravenschlag et al., 1999; Schauer et al., 2010). The presence of 516 ribotypes (unique
rRNA sequences) was detected in one of the largest water column surveys (1,000 PCR
amplicons), and the authors estimated occurrence of at least 1,633 co-existing ribotypes
in the coastal bacterioplankton community (Acinas et al., 2004). Venter and his
coworkers (2004) revealed that microbial diversity is very high in the Sargasso Sea
through whole-genome shotgun sequencing, and estimated over 1800 species there
including 148 previously unknown bacterial phylotypes. In 2006, the magnitude of the
number of sequences which Sogin and his coworkers retrieved through the
pyrosequencing technique is up to the fifth power of ten, and they showed that the
diversity of bacterial communities in the deep North Atlantic Ocean are far more
complex than previously reported for any microbial environment (Sogin et al., 2006).
Manifestly, oceanic microbial communities are highly complex than as previously
thought (Huber et al., 2007; Brown et al., 2009).

In the past two decades, many reports have revealed that marine microbial
community is influenced by environmental factors, such as latitude, depth, temperature,
nutrient, salinity and light intensity (Allen et al., 2002; Baldwin et al., 2005;
Giovannoni and Stingl, 2005; Schwalbach and Fuhrman, 2005; Hughes-Martiny et al.,

2006; Pommier et al., 2007; Fuhrman et al., 2008). Some studies have reported that the
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marine free-living microbial community structures alter in different locations; for
example, the depth-related distribution of SAR202 bacteria was observed by
Giovannoni et al. (1996). Garcia-Martinez & Rodriguez-Valera (2000) showed that the
genetic differences among SAR11 bacteria and among marine archaea varied with depth.
Perceivably, in oceanic systems, depth is one of the most relevant gradients affecting the
community structures in water column.

However, to date, most of the studies of marine prokaryotic community are
focused on the surface layer, a certain depth in the mesopelagic zone, sediments, and
hydrothermal vents. Few are the large-scale, vertical surveys of microbial community
with the exception of reports from the site of the Hawaii Ocean Time-Series program
(HOT; DeLong et al., 2006) and from the site in the Eastern Tropical North Pacific
Ocean (Ma et al., 2009). The relevant information is so little that it’s hard to provide the
comprehensive view to the vertical distribution, composition and diversity of microbial

community in the interior of oceans.

1.3 Microbial composition surveysin the South China Sea

Since the South China Sea Monsoon Experiment (SCSMEX) was launched,
scientists in Taiwan investigate South China Sea (SCS) by many oceanographic cruises
and by deploying several moorings. Those studies have revealed that the tropical SCS
contains extensive unique characteristics; to monitor the biogeochemical processes and
the response of the tropical oceanic system to climate change during various time scales,
a time-series study was established in the northern SCS as known the SouthEast Asian
Time-series Study (SEATS). The SEATS station is located at 18°15' N and 115°30' E in

the northern SCS, and was recognized as a part of the international Joint Global Ocean



Flux Study (JGOFS) program in 1999 (Shiah et al., 1999; Wong et al., 2007; Figure 1).

South China Sea is one of the largest marginal sea on Earth (Sverdrup et al., 1942;
Chen et al., 2001; Wong et al., 2007). The SCS covers a surface area of about 3.5 x
10°%km* (Wong et al., 2007; Hung et al., 2007) with a mean depth of 1350m, while its
deepest basin is over 5000m deep (Wong et al., 2007; Hung et al., 2007). The Luzon
Strait having about 3000m depth is the only deep, wide channel to mainly connect the
SCS to the Pacific Ocean; therefore, the SCS is a semi-enclosed basin (Liu et al., 2007;
Chang et al., 2010). Several large rivers such as the Pearl River and the Mekong River
flow through densely populated areas and drain into the SCS (Wong et al., 2007; Hung
et al., 2007; Liu et al., 2007). Climatic variations in the atmosphere and in the upper
layer of the SCS are under persistent influence of the East Asian monsoon. In addition,
the SCS is a common region having typhoons and energetic internal waves passing
(Alford, 2003; Duda et al., 2004; Ramp et al., 2004; Chang et al., 2010). All of these
physical disturbances could influence water-column stability, and lead to the vertical
mixing of different time and spatial scales. The vertical mixing thus impacts on the
exchange of nutrients between the cold deep water and the warm surface water, and
sequential biological processes in the SCS. Therefore, SCS is a very good site to
monitor biogeochemical processes and responses of a oceanic system to climate change
during various time scales.

As a part of the JGOFS program, the SEATS station is mainly used for a long-term
and regular measurement of the biogeochemical factors of the SCS. The hydrographic
data measured by sensors and the oceanographic data of discrete water samples are
included in the field sampling at SEATS station. In addition, the biological surveys
including the determination of primary production, bacterial production, and the

enumeration of phytoplankton and zooplankton have been taken at SEATS station
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(Wong et al., 2007). The focuses of studies at SEATS station are carbon cycle, nutrient
dynamics, and biological community structure (Wong et al., 2007). Most studies of
microbial community structure at SEATS station are focused on Prochlorococcus,
Synechococcus, picoeukaryotes, nanoplanktons and zooplanktons in the euphotic zone
(Liu et al., 2007; Lee Chen et al., 2007). Although the diversity and composition of
microbial community are very important as illustrated in previous sections, surveys
about the composition and diversity of marine bacterioplankton are long in lack in the
western tropical Pacific Ocean and in the northern SCS. Therefore, we selected the
SEATS station to study the vertical distribution of prokaryotic community in the SCS,
and furthermore compared these microbial profiles between sites at SEATS and in other

occans.
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Figure 1. Map of the study area during the 845 cruise of R/V Ocean Research I from
21st to 30th Oct. 2007. The black circle indicates the sample collecting site, the SEATS
station (18°15' N, 115°30"E).



1.4 Massively-parallel pyrosequencing

The development of pyrosequencing in the turn of the 21st century initiated a new
sequencing era (Margulies et al., 2005). The advantages of this technique are high
throughput, time saving, bias minimizing, and more cost-effective than traditional
Sanger sequencing; therefore, the technique is also called next generation sequencing
technique (Jarvie et al., 2005; Edwards et al., 2006). This robust technique has been
broadly applied to study prokaryotic ecology in various environments to obtain more
precise pictures of different prokaryotic community structures (Schuster et al., 2010;
Roh et al., 2010; Manter et al., 2010; Andersson et al., 2010; Kirchman et al., 2010).
The study of deep mine microbial ecology reported by Edwards ef al. (2006) was the
first application of the pyrosequencing to environmental samples. They obtained more
than 70 Mbp of sequence data from over 700,000 sequences, and the cost was
approximately 10 to 30 times cheaper than Sanger sequencing in that time (Edwards et
al., 2006). Edwards and his coworkers (2006) revealed microbial community structures
and metabolic potentials prevalent such as their mechanisms of iron acquisition and
respiration. For another example, Sogin and his coworkers (2006) adopted this
technique to investigate the bacterial community structures nearby the deep sea
hydrothermal vents and they sequenced ~118,000 PCR amplicons that span the V6
hypervariable region of ribosomal RNAs from environmental DNA preparations. Their
analyses showed that bacterial diversity in the diffuse flow vents of Axial Seamount and
the deep water masses of the North Atlantic are much greater than any published
description of marine microbial diversity, and they suggested that microbial diversity in
the oceans (and likely elsewhere) should be much greater than previous estimates that

were based on conventional molecular techniques (Sogin et al., 2006). In 2007, an



investigation about microbial community structures at two neighboring hydrothermal
vents by examining the sequences of more than 900,000 microbial small-subunit
ribosomal RNA amplicons was reported by Huber et al. (2007). They observed different
population structures in the two vent communities that reflect local geochemical
regimes, and revealed that the bacterial community is more diverse than the archaeal
community (Huber et al., 2007). Obviously, the massively-parallel pyrosequencing is
one of the most powerful techniques applied to study the diversity and compositions of

marine microbial community (Galand et al., 2009a; Kirchman et al., 2010).

1.5 Aim of thisstudy

In this study, we proceeded to a large spatial scale survey of microbial community
throughout the seawater column in the SCS with several reasons as followed. First, the
relationship between microbial groups and marine ecosystem function are very
important but still much remain unknown. Second, the microbial composition and
diversity surveys are long in lack in the western tropical Pacific Ocean. Third, in
oceanic systems, depth is one of the most relevant gradients affecting the community
structures in water column; few are the vertical surveys of microbial community with
only few exceptions (DeLong et al., 2006; Ma et al., 2009). Fourth, the site of SEATS is
an oceanic measurement site in the SCS, a part of western tropical Pacific Ocean; it
enables offering comprehensive information of biological, chemical and physical
measurements of the ocean. Furthermore, this study adopted the massively-parallel
pyrosequencing to maximize our sample sizes for analysis of microbial community in
SCS. Based on the reasons as described, we aimed to gain an in-depth perspective into

microbial diversity and to better characterize the vertical distribution pattern of
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prokaryotic composition through the ocean’s interior by using the massively-parallel
pyrosequencing technique to analyze the microbial V6 region of 16S rRNA genes from
the seawater samples collected from four different depths at the SEATS station in the

SCS (Figure 1).
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Chapter 2 Materialsand Methods

2.1  Sample collecting, processing, and sequencing

Figure 2 shows the flowchart for our studying methods, and the details are

described in the following sections.

2.1.1 Sample collection

Sample was collected during a cruise of R/V Ocean Research I (Cruise 845) of the
Oceanography Institute of National Taiwan University from 21st October to 30th
October 2007. Our sample site, the SouthEast Asia Time-series Study (SEATS), is
located at 18°15' N and 115°30' E (Figure 1). We used the rosette (General Oceanics,
Inc. Model 1015) which was carried the CTD package (Sea-Bird Electronics, Inc) and
10 to 12 twenty-liter Go-Flo bottles and obtained 140L seawater at three depth (10m,
100m, and 3000m) and 80L seawater at 1000m. Total seawater sample weighted over
500 kg were stored at -20°C in the dark and transported to our lab by low-temperature
delivery as soon as R/V Ocean Research I landed. Filtration for microbes in the
laboratory was conducted under dim light as follows. Seawater (500L in total) was
pre-filtered through a filter with pore size 10-um (Nitex nylon net, Wildlife Supply
Company) and sequentially used 0.22-um Pellicon cassette TFF (Tangential Flow
Filtration) systems using a peristaltic pump (Millipore, MODE: XX80EL) to collect
retentate (Figure 3). The retentate was concentrated onto 0.2-pum cellulose acetate filter
(ADVANTEC) using a chemical duty vacuum pump (Millipore, MODE: WP6111560,

80-100psi, Figure 4).
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Figure 2. Flowchart for our studying methods.

Figure 3. Tangential Flow Filtration (TFF) system using a peristaltic pump (Millipore,

MODE: XX80EL).
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Figure 4. The 0.2-um cellulose acetate filter (ADVANTEC) and a chemical duty
vacuum pump (Millipore, MODE: WP6111560, 80-100psi).

Figure 5. The 0.2-um cellulose acetate filter was used to collect microbes
(ADVANTEC).
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2.1.2 DNA extraction

The 0.2-um cellulose acetate filters were washed by 567ul of TE buffer (10mM
Tris*HCI, pH7.5, and ImM EDTA, pH8.0, Figure 5) and the suspension was placed in
1.5 ml eppendorf tubes respectively. Sodium dodecyl sulfate (SDS, 30ul; 10%) and
RNase A (5ul; 100mg/ml) was added to each tube. The tubes were incubated at 37°C for
one hour. The lysate was then treated with Proteinase K (3ul; 20mg/ml) for half hour at
37°C followed by the addition of NaCl (100ul; 5M) and 80ul CTAB (Cetyl Trimethyl
Ammonium Bromide) for 10 minutes at 65°C. The same volume of chloroform:isoamyl
alcohol (24:1) was added to the lysate and the tubes were vortexed to mix and
centrifuged at 13,000xg for 5 minutes. The supernatant was transferred to another
eppendorf tubes respectively, followed by the addition of equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1 by v/v). The tubes were then vortexed to
mix and centrifuged at 13,000xg for 5 minutes, and the supernatant was transferred to
another eppendorf tubes respectively. The 0.6 volume of isopropanol was added to one
volume of the supernatant. The tubes were gently inverted to mix and centrifuged at
13,000xg for 5 minutes. After discarding the supernatant, ethanol (30ul; 70%) was
added to each tube. The tubes were centrifuged at 7,000xg for 5 minutes before
removing the supernatant. The DNA pellets were dried in air and then resuspended in

TE buffer and stored at -20°C.

2.1.3 Microbe counting

The concentrated samples were diluted with appropriate volume of water (1ml at
least). Total 0.8ml aliquots of the diluted samples were collected onto 0.02-um pore

sized membrane filters overlaid on the washed 0.45-um pore sized membrane filters.
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The pressure of the filtration was controlled under 15kPa. The staining solution
contained 10% SYBR Gold (Invitrogen, ddH,O:SYBR Gold (9:1)) and Antifade
Mounting Medium (2pul of 10% p-phenylenediamine dihydrochloride to 198ul of
glycerol:PBS (1:1 by v/v). Those 0.02-pum pore sized membrane filters with microbes
were dried in a laminar flow hood. The filters were then placed on Petri dishes
precontaining with 80ul of SYBR Gold working solution and stained for 15 to 20
minutes in dark and subsequently fixed by the Antifade Mounting Medium. The filters
were examined by epifluorescence microscopy (ECLIPSE 90i, Nikon Corporation).
Twenty fields were counted on each filter using the imaging software NIS-Elements

(Nikon Corporation).

2.1.4 Mutliplexing sample preparation: Amplification of the V6

region DNA of 16Sribosomal RNA genes

To investigate into the composition of prokaryotes in our seawater samples, we
used an updated uncultured-independent molecular method to approach. The 16S
ribosomal RNA genes were used as an identification molecular marker in the method.

In contrast of using the clone library method (Ma et al., 2009), we adopted the
Next-Generation Sequencing technique (i.e., massively-parallel pyrosequencing) to
increase the number of sequences and greatly reduce the cost.

To apply this technique for sequencing multiplexing samples in a single run,
adding coded primers (unique tags) of polymerase chain reaction (PCR) to individual
DNA samples has been a common method to obtain multiple homolog amplification
sequencing reads from mixing sequencing reads of different DNA samples in a single

plate (Binladen et al., 2007; Roh et al., 2010). For this strategy, however, a trade-off
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problem existing affects the length of code adding at the 5’end of the universal primers
of 16S rRNA genes. If the length of code is two-bases, the maximum kind of different
codes is sixteen so that only 16 samples can be simultaneously run in a single plate. If
more samples are sequenced in a single run, the length of codes should be longer;
however, the long length of codes will affect the efficiency of PCR and bring new biases
in the DNA amplification (Binladen et al., 2007).

Considering a suitable code number for our samples, the length of codes we
adopted is four-bases. Therefore, the arrangements of the four nucleotides in the code
could produce 4x4x4x4=256 different tags. Because some 5’-tagged PCR primers
might be more preferable for the DNA templates in PCR (Binladen et al., 2007), we
thus developed a new strategy to minimize the bias. The strategy was to amplify the
DNA of 16S rRNA gene by using the traditional PCR with universal primers and then to
add unique tags to the PCR product by 5 PCR cycles (i.e., DNA tagging PCR). Details
are described as follows.

The traditional PCR. Because the secure sequencing length for each read by the
Genome Sequencer FLX System is about 150 bases, we selected the hypervariable V6
region of 16S rRNA genes (abbreviated as V6) for detecting microbial diversity and
microbial community composition (Huse et al., 2008). A 50-ul reaction mixture for
bacterial V6 rRNA gene amplification contained 1x EX fag buffer (Takara Bio Inc.),
0.2mM each deoxynucleoside triphosphate (dNTPs), 0.2uM forward primer 967F
(5’>-CAACGCGAAGAACCTTACCO), 0.2uM reverse primer 1046R
(5’-CGACAGCCATGCANCACCT), 5U TaKaRa Ex Tag™ HS, and 2-5ng
environmental DNA template. Polymerase chain reaction cycling were performed using
a PxE Thermal Cycler (Thermal Electron Corporation, USA) with the following cycle

program: an initial denaturation of 3 minutes at 94°C; 30 seconds at 94°C, 20 seconds at
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55°C, 20 seconds at 72°C for a total of 30 amplification cycles, and followed by a final
extension at 72°C for 2 minutes. In the case of archaea, a 50-ul reaction mixture
consisted of 1x EX taq buffer (Takara Bio Inc.), 0.2mM of dNTPs each, 0.5uM forward
primer 958arcF (5’-AATTGGANTCAACGCCGG), 0.5uM reverse primer 1048arcR
(5’-CGRCGGCCATGCACCWOC), 5U TaKaRa Ex Tag™ HS, and 2-5ng environmental
DNA template. Reaction mixtures for archaea were carried out under the following
conditions: 30 cycles (30 seconds at 94°C, 10 seconds at 56°C, 20 seconds at 72°C)
preceded by 3 minutes initial denaturation at 94°C and followed by 2 minutes final
extension at 72°C. PCR products from bacterial and archaeal primer sets were
visualized by using agarose gel electrophoresis and purified by QIAEX II Gel
Extraction Kit as described by manufacturer’s protocol (QIAGEN,
http://www.ebiotrade.com/buyf/productsf/qiagen/20021.htm).

The DNA tagging PCR (DT-PCR). The DNA tagging PCR (DT-PCR) technique
is a method to tag the previous purified V6 PCR products from different samples by
PCR with various codes, separately. We modified the original primers into 16 unique
primers by adding 4 nucleotides codes at 5’ end of the primers (Table 1).

The DT-PCR products from four different depth samples were amplified with
different tagged primer sets and performed using a PxE Thermal Cycler (Thermal
Electron Corporation, USA) with the following cycle program: an initial step of 3
minutes at 94°C; 30 seconds at 94°C, 10 seconds at 57°C, 30 seconds at 72°C for a total
of 5 amplification cycles, and followed by a final extension at 72°C for 2 minutes. The
50-pul DT-PCR reaction mixture contained 1x EX tag buffer (Takara Bio Inc.), 0.2mM of
dNTPs each, 0.4uM of each primer, 2.5U TaKaRa Ex Tag™ HS, and 20-50ng V6
amplicons. 3ul of the tagged PCR products were loaded into 15% non-denatured

polyacrylamide gels ran on 100V for 6 hours. The tagged PCR products were visualized
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and verified by the molecular weight from the gels after SYBR-Gold staining and
purified by QIAEX II Gel Extraction Kit as described by manufacturer’s protocol

(QIAGEN, http://www.ebiotrade.com/buyf/productsf/qiagen/20021.htm).

215 Massvely-parallel pyrosequencing

About 200ng of each tagged V6 amplicons were pooled together and sent to
Mission Biotech Corporation (Taipei, Taiwan) for sequencing with the Genome
Sequencer FLX System (454 Life Sciences, Roche Diagnostics Corporation).

We developed a program to remove below 74 bp reads or over 116 bp reads and to
sort each V6 sequence back to its individual source through 5’ code sequence matching.
This strategy was sufficient to remove the reads containing ambiguous bases (N) and
the reads mismatched to the primer sequences. Eliminating low quality has ensured the

accuracy and quality of reads for further analyses (Huse et al., 2007).
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Table 1. A list of 5” tagged PCR primers.

Sample Primers Name Sequence (5°-3”)
10m bacteria ~ Forward 967F-5 (SF) AATTCAACGCGAAGAACCTTACC
10m bacteria  Reversed 1046R-5 (5SR) AATTCGACAGCCATGCANCACCT
100m bacteria ~ Forward 967F-6 (6F) AATCCAACGCGAAGAACCTTACC
100m bacteria  Reversed 1046R-6 (6R) AATCCGACAGCCATGCANCACCT
1000m bacteria ~ Forward 967F-7 (7F) AATGCAACGCGAAGAACCTTACC
1000m bacteria  Reversed 1046R-7 (TR) AATGCGACAGCCATGCANCACCT
3000m bacteria ~ Forward 967F-8 (8F) AACACAACGCGAAGAACCTTACC
3000m bacteria  Reversed 1046R-8 (8R) AACACGACAGCCATGCANCACCT
10m archaesa ~ Forward 958arcF-10 (A _10F) AACCAATTGGANTCAACGCCGG
10m archaea  Reversed = 1048arcR-10 (A _10R) AACCCGRCGGCCATGCACCWC
100m archaea Forward 958arcF-11 (A_11F) AACGAATTGGANTCAACGCCGG
100m archaeca  Reversed  1048arcR-11 (A _11R) AACGCGRCGGCCATGCACCWC
1000m archaca  Forward 958arcF-12 (A_12F) AAGAAATTGGANTCAACGCCGG
1000m archaca  Reversed  1048arcR-12 (A _12R) AAGACGRCGGCCATGCACCWC
3000m archaea  Forward 958arcF-13 (A 13F) AAGTAATTGGANTCAACGCCGG
3000m archaca  Reversed = 1048arcR-13 (A 13R) AAGTCGRCGGCCATGCACCWC
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2.2 Analysisof V6 sequence

2.2.1 Biodiversity analysisby using DOTUR

After removing low quality data, the sequences were aligned by the Clustal W
package (version 2.10) (Thompson et al., 1994). The pairwise matrices with the
Jukes-Cantor correction were calculated after alignment. These pairwise matrices served
as input to the program distance-based OTUs and richness (DOTUR) for clustering
sequences to operational taxonomic units (OTUs) with 3% dissimilarity as a cutoff
value for defining the microbial populations (Stackebrandt and Goebel, 1994). Full
bias-corrected Chaol nonparametric richness estimator, abundance-based coverage
estimator (ACE), the Shannon-Weaver and Simpson diversity indices, and rarefaction
curves were also computed by using the DOTUR software package (Schloss and
Handelsman, 2005). Rarefaction curves are performed to predict the probable total
number of OTUs present in the source assemblage. As the curve goes like a linear
behavior, it means the significantly increased estimators of total diversity will be
obtained after the additional sampling. When the curve reveals by the asymptotic
behavior, the library is considered to be ‘enough’ to have a probable estimate of
richness.

Those identical (with 100% similarity) sequences were defined as the unique
sequences. The abundance of OTUs and the unique sequences in each library were used
to calculate the Good’s coverage values (Good, 1953). As defined by Good (1953), the
coverage (C) is calculated by the equation, C = (1-n/N) x 100%, where n is the number
of OTUs with single presence or the unique sequences occurring once in a library and N

is the total number of sequences. The proportion of phylotypes in a sample of infinite
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size represented in a subsample is estimated by the Good’s coverage percentage.

2.2.2 Thetaxonomic identification of V6 sequences

After removing low quality data, a total of 38,704 bacterial V6 amplicons and
5,269 archaeal V6 amplicons were used for the taxonomic identification at the rank of
Order if possible using a combinatory strategy. First, the initial taxonomic information
of V6 tag sequences were determined by the Sequence Match tool of the Ribosomal
Database Project II (RDP II) with default parameters except that the parameter of KNN
matches was set as 5 (Cole et al., 2008). The format “Phylum Class Order” was used
to describe the taxonomic information in this study. Taxonomic assignments were
verified from the highest (Phylum) to the lowest rank (Order). Once a sequence at a
rank couldn’t be determined, the rest ranks of the sequence were named as “not
assigned (N/A)”. Second, the sequences containing N/A classification were re-verified
by using the Blastn search for corresponding 16S rDNA sequences in the public
database of the National Centre for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/). The results of two-step taxonomic assignments were
presented by the 100% stacked bar charts. For convenient use in further analyses, the
serial numbers with a capital letter “T” as the beginning were symbolized to denote the

taxonomic assignments.

2.2.3 Profilesof the V6 unique sequences

Using a 100% sequence similarity cutoff to distinguish unique sequences in the
whole dataset of the four depths libraries of V6 sequences, we obtained 8,111 and 1,475

unique sequences in the whole bacterial and archaeal dataset, respectively. The relative
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abundances of each unique sequence in each library were calculated by the counts of

each unique sequence divided by the total number of V6 sequences in each library.

2.2.4 Phylogenetic analysis of the V6 unique sequences

A total of 8,111 and 1,475 unique sequences in the bacterial and archaeal dataset
were sorted by the taxonomic assignments, respectively. The serial numbers led by a
capital letter “U” and combined with the taxonomic codenames were used to denote the
unique sequences.

The unique sequences with the relative abundances higher than 0.45% in one of
four libraries were selected to construct the phylogenetic trees. All sequences used for
the phylogenetic analyses were aligned by the program MUSCLE (version 3.6; Edgar,
2004). Phylogenetic trees were accomplished with bootstrap analysis (1000 replicates)
by the software MEGA 4 (Tamura et al., 2007) using the neighbor-joining and the

maximum parsimony algorithms with evolutionary distances (Jukes-Cantor distances).
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Chapter 3 Resultsand Discussion

3.1 Samplinginformation

3.1.1 Thestudy area

Sample was collected during a cruise of R/V Ocean Research I (Cruise 845) of the
Oceanography Institute of National Taiwan University from 21st October to 30th
October 2007. The methods of sample collection were described in Chapter 2. Sample
depths were selected based on the previous study (Pei-Wen Chiang, in personal
communication). According to the previous study, we found the surface water layer
(10m~80m), and the mesopelagic layer (300m~2000m) had similar pattern in DGGE
profiles respectively. The most different pattern in DGGE profiles was observed in the
100m-depth. Therefore, we selected 10m for the surface layer, 100m for its difference,
1000m for the mesopelagic layer, and 3000m for the bathypelagic layer. We obtained
over 80 Liter seawater at each four depth (10m, 100m, 1000m, and 3000m at the
SEATS Station; Table 2). Seawater samples were collected for preparing microbial V6

amplicon libraries.

3.1.2 Vertical profiles of CTD data, the T-S diagram, and

oceanogr aphic data

The hydrographic data were measured by the Sea-Bird CTD profilers and showed
in Figure 6. We observed that the temperature profile is continuously stratified. The

depth of 15°C isotherm was defined as the thermocline depth by Zheng et al. (2007) in
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the subtropic region, and the thermocline is between ~70m and ~200m in the northern
SCS, separating the upper mixed layer from the calm deep water below. The
temperature was nearly 28°C at the upper mixed layer, and then declined with the
increasing depth. A contrary pattern was found in the potential density profile. The
salinity was about 33.6psu at the sea surface and increased with depth, peaked at the
~130m depth (~34.6psu), decreased slightly to a local minimum (~34.4psu) at depths
between 350m and 430m, and then increased with depth again. The salinity was quite
stable in the deep northern SCS (34.5psu and 34.6psu at the depths of 1000m and
3000m, respectively).

The water characteristics could be analyzed by the temperature-salinity (T-S)
diagram, indicating that there are three water masses in the northern SCS (Figure 7).
Our results in hydrographic data are similar to those reported previously in the northern
SCS (Figure 6 and 7; Qu et al., 2000; Higginson et al., 2003; Wong et al., 2007), and
the northern SCS surface water both influences by the freshwater input and Kuroshio
intrusion so it has lower salinity than the Kuroshio water and the Pacific water. The
intermediate water of SCS has similar characteristics with the North Pacific
Intermediate Water (NPIW; Wong et al., 2007). The cold deep SCS water is a mixture of
Circumpolar Deep Water (CDW: 0.1~2.0°C in temperature and 34.62~34.73 in salinity;
Emery, 2001) and Pacific Subarctic Intermediate Water (PSIW: 5.0~12.0°C in
temperature and 33.9~34.4psu in salinity; Emery, 2001; Chang et al., 2010).

Except the physical parameters, we measured other oceanographic data such as the
concentrations of nitrite, nitrate, and dissolved oxygen (DO) as shown in Table 2. The
concentration of DO was highest in the surface water (~200uM), decreased with
increasing depth, and rose to about 110uM in the 3000m depth. The concentrations of

nitrite, nitrate, dissolved inorganic phosphate (DIP), and silicate increased with depths,
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and these vertical patterns are similar to the previous studies (Chen et al., 2001; Wong et
al., 2007). In agreement with the earlier observations, the surface chlorophyll a (chl a)
concentration was about 0.16ug/1 in the northern SCS (Cai et al., 2004; Liu et al., 2007),
and the concentration of dissolved inorganic carbon (DIC) was nearly to 2000umol/kg
and increased with depth (Cai et al., 2004). The vertical pattern of pH is also consistent

and similar as observed in the previous report (Chen et al., 2006).

3.2 Direct cdl counts

The cell density in 100m depth was the highest (8.9 x 10* cell/ml on average). The
cell densities in the surface layer and in 1000m depth were both 4.4 x 10* cell/ml on
average. The lowest cell density was obtained from the greatest depth (1.7 x 10" cell/ml
on average in the 3000m layer). The results are slightly lower than the cell density
observed from the previous reports at the SEATS station (Liu ef al., 2007; Zhang et al.,
2009). This may be due to the different methods. Total cell counts declined with
increasing depth between 100m and 3000m, and this trend is consistent with the earlier
studies in the northern SCS (Zhang ef al., 2009) and in the Pacific Ocean (Karner et al.,

2001).
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Figure 6. Vertical profiles of temperature (blue), salinity (red), and potential density
(green) at the SEATS station (18°15' N, 115°30' E; datasets provided by Dr. Chun-Mao
Tseng and his coworkers).
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Figure 7. Temperature-salinity (T-S) diagram at the SEATS station (18°15' N, 115°30'
E). The data envelope shows the temperature and salinity measured during the 845
cruise of R/V Ocean Research I from 21st October to 30th October 2007. The blue
squares indicate the four depths of water samples collected in this study (Datasets
provided by Dr. Chun-Mao Tseng and his coworkers).
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Table 2. SEATS samples and oceanographic data during 2007/10/23 to 2007/10/26.
Sample site, 18°15' N, 115°30" E (Datasets provided by Dr. Chun-Mao Tseng and his

coworkers).

10m 100m 1000m 3000m
Volume filtered (Liters) 140 140 80 140
Temperature (°C) 27.79+0.09 20.5620.59 4.42+0.02 2.36+2.00x10°
Salinity (psu) 33.65+0.02 34.42+0.05 34.5242.00x107 34.62+9.57x107
Dissolved Oxygen (uM) 199.84+0.16 124.02+18.86 91.25+1.28  113.85+1.42x10™
Nitrate, NO5™ (uM) 0.02+0.03 12.88+1.62 36.29+0.15 37.99+0.10
Nitrite, NO,™ (uM) 0.00:£0.00 0.04+0.01 1.00x107+1.00x107 1.00x107+2.00x107
DIP (uM) 0.03+4.00x107 0.85+0.14 2.7440.04 2.86+5.00x10™
Silicate, SiO,* (uM) 2.64+0.04 13.27+1.53 120.05+1.31 147.55+0.54
Chlorophyll a (ug/l) 0.16+0.02 0.11£ND 4.00x10°+ND ND
DIC (umol/kg) 1907.89+1.80  2073.21£1.13 2312.09+0.59 2344.50+1.30
pH 8.09+1.00x107 7.86+0.02 7.53+3.00x107 7.55+3.00x107

Values in parentheses are the mean + standard deviation of the CTD casts. Abbreviations are DIP, dissolved
inorganic phosphate; DIC, dissolved inorganic carbon; and ND, not determined.
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3.3 Analysisof V6 sequence

3.3.1 V6 sequencing information

We extracted DNA from four depth seawater samples and used DT-PCR technique
with 5'-nucleotide tagged primers to generate microbial and archaeal V6 amplicons,
followed by pyrosequencing (the FLX system, Roche/454 Life Sciences; as illustrated
in the Chapter 2). The first 454 run generated 365,213 reads with an average length of
112.60 nucleotides and a total length of ~41 Mb, including SEATS bacterial V6
sequences and the samples of other projects. The second 454 run generated 47,410 reads
with a length of 107.34 nucleotides on average and a total length of ~5 Mb, including
SEATS archaeal V6 amplicons and the samples of other projects. We traced each V6
sequence back to its individual source through 5’ tag-analysis and trimmed either too
short or too long reads. In all, 38,704 bacterial V6 amplicons and 5,269 archaeal V6
amplicons were used for further analyses in this study (Table 3 and 4).

Operational taxonomic units (OTUs) were determined by aligning tag sequences
before calculating distances matrices and then using the program Distance Based OTUs
and Richness Determination (DOTUR; Schloss and Handelsman, 2005) to create
clusters at the unique and over 97% sequence identity level (Table 3 and 4).

In the 10m-depth data set, 2,861 unique V6 sequences of 11,230 bacterial V6
amplicons grouped into 680 phylotypes (OTUs); 2,037 unique V6 sequences from the
100m-depth data set of 6,747 bacterial V6 amplicons defined 581 phylotypes (OTUs).
In the 1000m-depth data set, 669 OTUs were comprised from 2,755 unique V6
sequences, represented by 12,651 bacterial V6 amplicons. The 3000m-depth data set of

8,076 bacterial V6 amplicons wasn’t the smallest data set, but only 272 OTUs were
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defined by 1,510 unique V6 sequences (Table 3).

In Table 4, the total number of archaeal V6 sequences at each depth varied between
691 and 1,720 (10m: 1,585; 100m: 1,720; 1000m: 691; and 3000m: 1,273). Based on a
cut-off set on 100% similarity, the number of unique sequences ranged from 307 to 537
in the archaeal libraries (corresponding to 73-106 OTUs using 97% sequence similarity

as a taxa proxy).

3.3.2 Bacterial and archaeal diversity and rarefaction curves

We also used the program DOTUR to calculate various diversity indices and
richness within V6 amplicons (Table 3 and 4) and to generate rarefaction curves (Figure
8). The Good’s coverage values were applied to evaluate whether screening these
amount of sequences was sufficient to estimate diversity (Table 3 and 4).

Bacterial diversity. Nonparametric statistical richness estimates (Chao 1 and ACE)
(Table 3) and rarefaction curves (Figure 8a) based on a 97% sequence identity showed
that the bacterial richness values were higher in the 10m-, 100m-, and 1000m-depth data
sets (800 phylotypes or more). These analyses predicted the lowest bacterial richness for
the deepest seawater sample (365 and 424 phylotypes estimated by Chao 1 and ACE,
respectively). The Shannon values decreased with depth increasing, indicating that the
3000m-depth layer is less diverse than the shallower layers (4.28 versus 4.71 or more).
The evenness values were similar in four samples, with an average value of 0.75 (Table
3). The Good’s coverage values of OTU at a 97% similarity level (Cory) were 98% on
average in the bacterial libraries. With stricter criteria, the Good’s coverage values of
unique sequences (C) ranged from 79.5% to 86.9%. According to rarefaction curves, the
other approach applied to evaluate sequencing effort, we obtained that the 3000m-depth

curve more closely reached an asymptote than the curves of other depths (Figure 8a).
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These results indicated that more sequencing effort would reveal further difference in
diversity between the three shallower depths and the bathypelagic layer. Nevertheless,
higher bacterial diversities are observed in upper layers in agreement with the previous
study (Brown et al., 2009).

Except the eutrophie environments such as marine sediments, hydrothermal vents,
and microbial mats of basalts, the values of observed OTUs, richness estimates, ACE,
Chaol, and Shannon index obtained from the SEATS station in the northern SCS are
higher than most previous studies in other oceans by methods such as 16S rRNA gene
clone libraries and T-RFLP (Venter et al., 2004; Gallagher et al., 2004; Alonso-Séaez et
al., 2007; Pommier et al., 2007; Santelli et al., 2008; Ma et al., 2009). This might
indicate that the bacterial communities in the northern SCS are more diverse than that in
other oceans. On the other hand, Kirchman et al. (2010) have studied the bacterial
communities in the Arctic Ocean by pyrosequencing and analyzed 19,459 sequences on
average for each library (we obtained an average of 9,676 sequences form the SEATS
station). The values of observed OTUs, ACE, and Chaol obtained from Kirchman et al.
(2010) are 1.5 times higher than our results. However, these values are correlated
extremely and tend to increase with the number of sequences analyzed (Schloss and
Handelsman, 2005). Thus, the differences between our results and the results of other
studies are much probably due to different sequencing efforts. In this case, in order to
fairly compare microbial diversity in different environments, the sample sizes should be

comparable.
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Table 3. Sequencing data summary statistics and diversity indices for the bacterial
communities as represented in the V6 region of 16S rRNA gene libraries®.

Index 10m 100m 1000m 3000m
Number of bacterial V6 tag sequences (N) 11230 6747 12651 8076
Unique bacterial V6 tag sequences 2861 2037 2755 1510
n,” 1930 1385 1847 1055
Good’s coverage (C) (%)° 82.8 79.5 85.4 86.9
s 680 581 669 272
S,° 243 227 167 94
Good’s coverage (Coru) (%) 97.8 96.6 98.7 98.8
Evenness® 0.76 0.76 0.72 0.76
Richness" 167.64 151.47 162.84 69.36
Shannon 4.93 4.81 4.71 4.28
Chao 1' 990 (901, 1114) 886 (796, 1015) 878 (816, 966) 365 (327, 430)
ACE' 981 (946, 1020) 863 (837, 891) 910 (880, 944) 424 (371, 504)
Simpson 0.020 0.025 0.026 0.022

?Calculations are based on OTUs formed at an evolutionary distance of <0.03 (or greater than 97% similarity).

®n, is the number of the unique sequences appearing only once in a library.

°C = (1- ny/N) x 100%

93 is defined as the number of OTUs.
¢S, is the number of singleton OTUs.
Coru = (1- SY/N) x 100%

£Evenness is defined as Shannon / Ln(the number of OTUs)

"Richness = (number of singleton OTUs-1)/logN. The maximum value is (N-1)/logN

iConfidence intervals for the Chao 1 estimator and the ACE estimator are shown in parenthesis.
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Table 4. Sequencing data summary statistics and diversity indices for the archaeal
communities as represented in the V6 region of 16S rRNA gene libraries®.

Index 10m 100m 1000m 3000m
Number of archaeal V6 tag sequences (N) 1585 1720 691 1273
Unique archaeal V6 tag sequences 423 537 307 395
n,’ 271 367 220 274
Good’s coverage (C) (%)° 82.9 78.7 68.2 78.5
s 106 99 73 80
Si° 54 42 25 32
Good’s coverage (Cory) (%)" 96.6 97.6 96.4 97.5
Evenness* 0.73 0.65 0.79 0.63
Richness® 32.81 30.29 25.36 25.44
Shannon 3.05 3.00 341 2.75
Chao I 236 (166, 386) 165 (129,247) 111 (87,176) 108 (92, 146)
ACE! 205 (159,292) 161 (132,218) 100 (85, 134) 128 (103, 176)
Simpson 0.083 0.108 0.057 0.120

Calculations are based on OTUs formed at an evolutionary distance of <0.03 (or greater than 97%

similarity).

®n, is the number of the unique sequences appearing only once in a library.

°C = (1- ny/N) x 100%

93 is defined as the number of OTUs.
¢S, is the number of singleton OTUs.
{Coru = (1- SYN) x 100%

fEvenness is defined as Shannon / Ln(the number of OTUs)

"Richness = (number of singleton OTUs-1)/logN. The maximum value is (N-1)/1ogN

iConfidence intervals for the Chao 1 estimator and the ACE estimator are shown in parenthesis.
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Comparing to the rarefaction curves obtained from the Arctic Ocean by Kirchman
et al. (2010) and Galand et al. (2010), at the number of sequences sampled ranging from
0 to 6500, the values of observed OTUs in the SEATS 3000m library is the lowest,
indicating that the bacterial richness values are lower in the deep northern SCS than in
the Arctic Ocean. The values of observed OTUs in the SEATS 10m, 100m, and 1000m
libraries are similar to those obtained from the surface water in the Arctic Ocean
(Kirchman et al., 2010) and lower than those obtained from the deep Arctic Ocean
(Galand et al., 2010). These results show that the bacterial richness values in the
northern SCS are similar to that in the shallow Arctic Ocean but lower than that in the
deep Arctic Ocean (Kirchman et al., 2010; Galand et al., 2010). It’s noticeable that the
number of sequences sampled by Kirchman et al. (2010) and Galand et al. (2010) are 1-
to 5-fold higher than the number of sequences analyzed in this study, and rarefaction
curves may be influenced by the different sequencing efforts.

Our results in rarefaction curves were not saturated even if more than 6500
sequences were retrieved in bacterial communities, indicating that it needs analysis of
an increasing number of sequences to properly evaluate the bacteria diversity in
northern SCS (Table 3). We purpose that rarefaction curves are not saturated over 15000
sequences here, higher than Roesch et al. (2007) reported that in some soil. He pointed
out that rarefaction curves in some soil didn’t plateau up to 5000-10000 sequences, as
similar the number of sequences analyzed in this study (Roesch er al., 2007). It’s
generally accepted that the microbial diversity in the soil is higher than that in the ocean
(Quince et al., 2008). Therefore, we conclude that bacterial diversity in northern SCS
(and likely elsewhere) is much greater than previous estimates in other oceans based on
conventional methods such as 16S rRNA gene clone libraries and T-RFLP.

Archaeal diversity. The richness estimates of 1000m- and 3000m-depth archaeal
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libraries obtained with Chao 1 and ACE were similar and lower than the 100m layer,
while the surface layer contained the highest archaeal richness values (Table 4). The
3000m-depth sample had the lowest Shannon value (2.75 versus over 3.00), indicating
that the archaeal communities in shallower layers are more diverse than that in deeper
layers in agreement with earlier research (Galand et al., 2009a). The evenness values
estimated from 100m- and 3000m-depth archaeal V6 libraries (0.64 on average) were
slightly lower than that from the 10m- and the 1000m-depth libraries (0.73 and 0.79,
respectively). The average value of Cory from the archaeal libraries was 97%, but the
other coverage values (C) ranged from 68.2% to 82.9% in the archaeal libraries (Good’s
coverage values calculating with stricter criteria), indicating that the actual diversity in
archaeal libraries is at least covered two-thirds. Figure 8b show that rarefaction curves
calculated from the archaeal communities didn’t reveal an asymptotic behavior. We
suggest that archaeal rarefaction curves wouldn’t go to a flat until 5000 sequences in the
northern SCS.

Comparing to the Shannon values obtained from the Tyrrhenian Sea (Cono et al.,
2009) and the North Water (Galand et al., 2009b), we obtained the higher Shannon
values. This may indicate the archaeal communities in the northern SCS are more
diverse than that in other oceans. However, this may be also due to the different
sequencing effort because the number of sequences in our libraries is at least 6-fold
higher than the number of sequences analyzed by Cono et al. (2009-13) and Galand et
al. (2009b). Galand et al. (2009a) have studied the archaeal community structures in the
Arctic Ocean by pyrosequencing and recovered more than 16,000 sequences per
sampling site. Comparing to the rarefaction curves obtained by Galand et al. (2009a) at
the number of sequences sampled ranging from 0 to 1720, the values of observed OTUs

in the four SEATS libraries are lower than that in the Arctic Ocean, indicating that the
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archaeal richness values are lower throughout the water column in the northern SCS
than in the Arctic Ocean. It’s noticeable that the number of sequences sampled by
Galand et al. (2009a) is higher than that in this study by an order of magnitude, and
rarefaction curves may be influenced by the different sequencing efforts.

Our results show that the diversity of bacterial communities is higher than that of
archaecal communities (Table 3 and 4; Figure 8), which is consistent with previous
studies as shown through clone library (Aller and Kemp, 2008) and pyrosequencing of

hydrothermal vents samples (Huber ef al., 2007).
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Figure 8. Analysis for species complexity. V6 sequences were aligned by the Clustal W
package (version 2.10), and the pairwise matrices with the Jukes-Cantor correction were
calculated after alignment. Rarefaction curves for bacterial and archaeal communities at
four sampling depths were constructed by the DOTUR software package using the
pairwise matrices. (a) Rarefaction curves for bacterial communities at 97% sequence
identity level. (b) Rarefaction curves for archaeal communities at 97% sequence identity
level.
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3.3.3 Microbial community structures

Bacterial communities. The bacterial communities are dominated by the broad
phylogenetic group, Phylum Proteobacteria, which accounted for about 68.24%,
91.46%, 95.57%, and 88.65% of all sequences in the 10m-, 100m-, 1000m-, and
3000m-depth datasets, respectively (Figure 9a). Phylum Cyanobacteria is relative
abundant in the surface layer (about 20% of sequences in the 10m-depth library). Phyla
Bacteroides, Actinobacteria, Planctomyetes, Acidobacteria, Verrucomicrobia are
presented as minor groups. The patterns are similar in broad outline to those observed in
other ocean such as the Sargasso Sea (Venter et al., 2004), the North Pacific Ocean
(DeLong et al., 2006; Ma et al., 2009; Brown et al., 2009), the Baltic Sea (Andersson et
al., 2010), the Mediterranean Sea (Feingersch ef al., 2010), and the Arctic Ocean
(Kirchman et al., 2010).

In Class-level groupings, the bacterial distributions are different between four
depth samples. Classes a- and yp-proteobacteria are the top two abundant groups
throughout the water column at the SEATS station in northern SCS (Figure 9a) except
in the surface layer (10m), while a-proteobacteria is the most abundant group
(~41.97%), followed by Cyanobacteria (~20.57%) and y-proteobacteria (~19.88%).
These results are in agreement with the previous study observed from the North Pacific

Ocean by Brown et al. (2009).
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Figure 9. Taxonomic distributions of microbes identified in the V6 libraries.
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stacked bar charts display the Phylum Class Order distribution for taxonomically
assigned tags that presented over 0.5%; the remaining sequences are grouped into

“Other”.

Abbreviations are N/A, not assigned; Alpha, a-proteobacteria;

Beta,

p-proteobacteria; Gamma, y-proteobacteria; Delta, d-proteobacteria; and Sphingo,
Sphingobacteria. (a) The relative abundance of bacterial assemblages observed at 10m,
100m, 1000m, and 3000m depths. (b) The relative abundance of archaeal assemblages
observed at 10m, 100m, 1000m, and 3000m depths.
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Although the relative abundances of a- and y-proteobacteria are high in all depths,
at the finer taxonomic resolution, the compositions of Order-level groupings of a- and
y-proteobacteria vary in each depth. Taking a-proteobacteria as an example (Figure 9a),
Order Rickettsiales are represented higher percents in 10m- and 3000m- depth layers
than the middle two layers (more than 8% versus less than 4%). Orders
Sphingomonadales and Rhizobiales show similar distribution patterns that they are more
abundant at the 100m (Sphingomonadales: 9.57%; Rhizobiales: 15.65%) than that of
10m (Sphingomonadales: 4.84%; Rhizobiales: 3.98%), but occupy minor components at
the deeper layers (below 3%). Besides, the unclassified alphaproteobacteria constitute
ranging from 13.56% to 18.05% of the bacterial assemblages. As with y-proteobacteria
(Figure 9a), Order Oceanospirillales is abundant (15% or more) throughout the water
column except for the sea surface (~3.47%). Order Alteromonadales is more abundant
in the aphotic zone than in the euphotic zone (over 22% versus 3.5% or less).

More than 97% of the f-proteobacteria sequences are assigned to Order
Burkholderiales (Figure 9a). Pommier ef al. (2007) investigated the marine bacterial
community structure globally from the Arctic Ocean, the North and South Atlantic
Ocean, the North and South Pacific Ocean by 16S rRNA gene clone libraries, and Ma et
al. (2009) revealed the vertical distribution and composition of bacteria in the Eastern
Tropical North Pacific Ocean by 16S rRNA gene clone libraries. However, neither
Pommier et al. (2007) nor Ma et al. (2009) observed f-proteobacteria which are
inconsistent with our results. On the other hand, the studies on marine microbial
community genomes from the Sargasso Sea, the North Pacific Ocean, and the
Mediterranean Sea were obtained the reads that originated from f-proteobacteria
(Venter et al., 2004; Martin-Cuadrado et al., 2007; Pham et al., 2008; Feingersch et al.,

2010). The different results may be due to varied methods. The groups with low relative
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abundance of total bacterial community such as betaproteobacteria are hard to be
detected from fewer sequencing amount of 16S rRNA gene clone libraries compared to
microbial community genome sequencing and pyrosequencing.

S-proteobacteria sequences were found in the recent studies from the North Pacific
Ocean, the Arctic Ocean, and the Baltic Sea by pyrosequencing, the same method as this
study (Brown et al., 2009; Kirchman et al., 2010; Galand et al., 2010; Andersson et al.,
2010). Kirchman et al. (2010) observed that the relative abundance of total bacterial
community of Order Burkholderiales was about 3.5% from the surface water in the
Arctic Ocean, which is lower than our results in the upper two depths. However,
Alonso-Séez and his coworkers (2007) have found that p-proteobacteria in the
Mediterranean Sea appeared at highly frequencies by the increase in the coastal and
riverine discharges after the stormy period, and they suggested that this could be related
to that S-proteobacteria is one of typical freshwater bacteria (Zwart et al., 2002). If that
is the case, one of the possible reasons that caused the higher proportions of
[-proteobacteria at the SEATS station is the offshore influence, because the Pearl River,
the second largest river by volume in China, flows into the northern SCS in which the
SEATS station located. Besides, most typhoons tend to form between May and
November in the northwestern Pacific Ocean and have strong impact on the northern
SCS, and our sampling in October is during the late typhoon seasons.

We also observed that Class f-proteobacteria is more abundant in the euphotic
zone than in the aphotic zone in northern SCS, which is contrast to the results obtained
by Brown et al. (2009) in North Pacific Ocean. The different patterns could be related to
the different environmental factors, and it’s reasonable that the relative abundances of
the less abundant groups such as betaproteobacteria vary dramatically in different

sampling sites (Galand et al., 2010).
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In contrast to Class f-proteobacteria, the relative abundance of sequences from
Class o-proteobacteria increases with increasing depth, which is consistent with the
observations from the North Pacific Ocean by Brown et al. (2009). The sequences
affiliated to J-proteobacteria are assigned to Order Desulfobacterales or the
unclassified  deltaproteobacteria  grouping. The ratio of the unclassified
deltaproteobacteria grouping increases with depth, while Desulfobacterales shows a
peak (over 3%) at the 1000m-depth layer (Figure 9a).

Class Cyanobacteria accounted for about 20% of the total bacterial community in
the surface layer, and the ratio sharply decreased to 0.74% in the 100m depth with less
than 1% of the surface irradiance (Lee Chen et al., 2004; Chen et al., 2006). The
relative abundant of Cyanobacteria is ~0.06% and ~4.04% of the total bacterial
community in the 1000m layer and the 3000m depth, respectively. The subgroups of
Cyanobacteria are Orders Chroococcales and Prochlorales. Chroococcales shows a
peak (6.35%) at the sea surface, and decreases sharply in and below the 100m-depth
layer. Prochlorales is also represented the highest ratio (13.42%) at the sea surface, and
decreases to 0.43% and 0.09% at the 100m- and 1000m- depth datasets respectively, and
the sequences of 3000m cyanobacteria all belonged to Prochlorales (Figure 9a).

It’s known that cyanobacteria obtain their energy through photosynthesis, and we
observed that Class Cyanobacteria is more abundant in the bathypelagic layer than in
the middle two layers in contrast to our expectation. However, a recent survey of
microbial population structures in the deep marine biosphere observed the appearance
of Cyanobacteria (Huber et al., 2007), and in an earlier study, a sequence affiliated to
Cyanobacteria was obtained from the 770m-depth library in the North Pacific
Subtropical Gyre (Pham et al., 2008). Brown et al. (2009) also detected Cyanobacteria

from the 800m-depth library and the 4400m-depth library in the North Pacific Ocean.
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Therefore, the appearances of these photosynthetic organisms in the aphotic zone are
not news and could be due to turbulent mixing, diffusion or other physical processes.
We predicted that the relative abundance of Cyanobacteria should decrease with
increasing depth through those physical processes; however, Cyanobacteria occupied
nearly 4% of the 3000m-depth library and represented higher proportions than in the
1000m depth (less than 0.1%, Figure 9a). If the appearance of Cyanobacteria in the
3000m layer is not an episodic event, few questions emerge. Are they metabolically
active organisms in the deep sea? If so, could they obtain their energy through the
biofluorescent or live as heterotrophic bacteria? In order to answer these questions,
more studies are needed.

We still found some minor groups from Figure 9a, such as Class Sphingobacteria
accounting for about 5.17% of all sequences in the 10m-depth dataset, Actinobacteria
contributing around 2.55% of all sequences in the 100m-depth dataset, and the
unclassified bacteria reaching a relative abundance of ca. 3.96% of all sequences in the
greatest depth. The remaining Classes are represented less than 1.7 percents.

Archaeal communities. As shown in Figure 9b, only two major archaeal lineages,
Phyla Euryarchaeota and Crenarchaeota, were detected in this study. Euryarchaeota
account for more than 75% of the archaeal V6 amplicons recovered from the entire
3000m span of the water column at the SEATS station in the northern SCS. In the
surface layer, the relative abundance of archaeal sequences from Crenarchaeota is only
around 1.14% (Figure 9b). Crenarchaeota suddenly increase in relative abundance at
the 100-m depth layer (ca. 24.30%) and with a rather constant in relative abundance (ca.
20%) in the deeper layers (Figure 9b). Similar to earlier reports (Karner et al., 2001,
Zhang et al., 2009), Crenarchaeota represent a higher ratio in the deep layers than in the

upper layers. A surprising finding is that Euryarchaeota dominate throughout the water
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column at SAETS station in the northern SCS, which is contrast to most of previous
studies (Karner et al., 2001; Zhang et al., 2009). The dominance of Euryarchaeota has
been revealed from 3000m depth at the Antarctic Polar Front (Lopez-Garcia et al.,
2001a) and from the surface layer in the Arctic Ocean (Galand et al., 2009a). The reason
for archaeal community variations is not fully understood, and more investigations are
needed to resolve the variability in archaeal community structures in the open ocean.

In Class-level groupings, the compositions and the ratios of archaeal groups
changed in different layers. Methanobacteria occupy a major component (~61.51%) at
the sea surface, and decrease gradually with depth, and are only represented 0.39
percents in the 3000m-depth dataset (Figure 9b). On the other hand, Thermoplasmata
shows the opposite trend (10m, ~25.80%; 100m, ~46.69%; 1000m, ~56.73%; and
3000m, ~78.00%). The relative abundance of Class Thermoprotei is 20% or more
throughout the water column except for that of the sea surface (Figure 9b). Halobacteria
have higher ratios at the middle two depths (~7.79% and ~15.77% in the 100m and
1000m libraries, respectively) (Figure 9b).

Comparing to Classes a- and y-proteobacteria, the compositions of archaeal
Order-level groupings of the same Class are similar even in different depths. For
example, Order Halobacteriales and the unclassified halobacteria grouping are both
belonged to Halobacteria, and they are represented about 3.90% at the 100m-depth
layer; in addition, the relative abundance of Halobacteriales is almost equal to that of

the unclassified halobacteria grouping at the 1000m depth layer (Figure 9b).

3.3.4 Profilesof unique sequences

Bacterial V6 unique sequences. Although the microbial compositions at the

Order-level groupings even affiliated to the same class changed in different depths as
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shown in Figure 9, the much more detailed results for the distribution of sequence-level
groups were obtained from the analysis of unique sequences (Figure 10 and 11). For
example, the relative abundance of Order Rickettsiales is more than 8% in the 10m and
3000m depth layers (Figure 9a), but unique sequences belonged to Rickettsiales peak
differently between the surface layer and the deepest layer (Figure 10). Another
example was observed among the unique sequences assingned to Order
Oceanospirillales are different. In the 100m library, some groups affiliated to
Oceanospirillales were detected and continued as major components in the deeper
layers, but they were nearly undetectable in the sea surface. The bacterial groups
contributed a peak in the pattern of unique sequences assingned to Oceanospirillales
from the 10m library, but the groups almost disappeared from the 1000m and 3000m
libraries while other groups were detected in deeper layers. Besides, some groups in
Order Burkholderiales were only found in the 100m-depth layer. Similarly, some groups
contributed peaks only in shallower depths, and some only highly presented in aphotic
zone related to other Orders such as Rhizobiales, Sphingomonadales, Desulfobacterales,
the unclassified deltaproteobacteria grouping, Pseudomonadales, and Vibrionales
(Figure 10).

As showed in Figure 10, Order Prochlorales in the 10m-depth layer and the
3000m-depth layer are consisted by the same groups with identical sequences. The
unclassified alpha- and gamma-proteobacteria groupings account for certain proportions
of the bacterial assemblages (Figure 9a), and the pattern of unique sequences in each

sample are different (Figure 10).
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Figure 10. Profiles of the bacterial V6 unique sequences. The x-axis represents 8,111
unique sequences in the whole bacterial dataset in the arrangement according to their
taxonomic assignments at the Order level. The y-axis represents the relative abundance
of each unique sequence in each depth. The names of Orders contained more than 100
unique sequences are labeled on the top, following by the number of unique sequences
assigned to the Order. To easily distinguish different Orders, we use the background
color with gray and white. Abbreviations are N/A, not assigned; Alpha,
a-proteobacteria; Beta, f-proteobacteria; Gamma, y-proteobacteria; and Delta,
o-proteobacteria.
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Figure 11. Profiles of the archaeal V6 unique sequences. The x-axis represents 1,475
unique sequences in the whole archaeal dataset in the arrangement according to their
taxonomic assignments at the Order level. The y-axis represents the relative abundance
of each unique sequence in each depth. The names of Orders are labeled on the top,
following by the number of unique sequences assigned to the Order. To easily
distinguish different Orders, we use the background color with gray and white.
Abbreviations are N/A, not assigned; C., Crenarchaeota; and E., Euryarchaeota.
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Archaeal unique sequences. Similar to the profiles of bacterial unique sequences,
the results from the profiles of archaeal unique sequences show that some archaeal
groups were found in the euphotic, aphotic zone, or only in a specific depth layer. From
the different pattern in the profiles of Order Methanobacteriales at different depths, the
following information was obtained. The relative abundance of Methanobacteriales
decreases with depths in Figure 9b, and the decreaced ratio is not caused by the ralative
abundance of the same groups decreasing with depth but caused by the combined
outcomes from appearances and disappearances of varied groups belonged to this Order
(Figure 11). In addition, some groups in Thermoplasmatales are depth-specific; for
example, some of them were merely detected in the greastest depth layer, and other
thermoplasmatales groups were found only in the 100m depth layer. Furthermore, the
depth-specific patterns were found in many other Order-level groupings, such as
Cenarchaeales, Desulfurococcales, Halobacteriales, the unclassified thermoprotei
grouping, the unclassified halobacteria grouping, and the unclassified euryarchaeota
grouping (Figure 11).

These results from the profiles of unique sequences illustrate that the microbial
groupings may be different although the relative abundance of an Order or a higher
taxonomic level is nearly constant throughout the water span of 3000m depth (Figure 10
and 11). The analyses of sequences provide much more detailed depth-related

distributions than that of the 100% stacked bar charts at the Order-level.

3.3.5 Phylogenetic analysis of the V6 unique sequences

a-proteobacteria. The 38 unique sequences selected divided into five named
Orders and the unclassified supergroupings (Figure 12). The five named Orders are

Rhizobiales, Caulobacterales, Shingomonadales, Rhodobacterales, and Rickettiales.
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The unclassified supergroupings partitioned into four clusters as shown in Figure 8 (the
SARI116 cluster and three unclassified alphaproteobacteria groupings). The sequence in
the Caulobacterales cluster represented the highest proportion of the assemblages in the
100m depth layer and was related to members of Family Caulobacteraceae. All the
sequences in the Rhizobiales cluster were affiliated with the genus Methylobacterium
and also represented the highest proportion of the assemblages in the 100m depth layer.
Members of the genus Methylobacterium are known as pink-pigmented facultative
methylotrophic (PPFM) bacteria, and these methane-oxidizing bacteria can obtain the
carbon for energy by oxidizing CH with O (Chistoserdova et al., 2003; Kato et al., 2008;
Bosch et al, 2009). Some of them can degrade important intermediates in the
biogeochemical sulphur cycle such as methanethiol and dimethylsulphide (Anesti et al.,
2004) or formaldehyde, common found in the wastewater causing environmental
pollution (Mirdamadi et al., 2005). If our Methylobacterium-related sequences were
originated from those bacteria with an capable of degraging hydrocarbon-containing
matter, and if they were metabolic active at the SEATS station, the high relative
abundances of these Methylobacterium-related sequences at the 100m depth could
suggest that there probably exist hydrocarbon sources in this layer at the SEATS station
and these bacteria play a role in the biogeochemical carbon and sulphur cycles in this

layer.
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Figure 12. Phylogenetic tree of a-proteobacteria V6 sequences. The tree is constructed
by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and maximum parsimony
(MP) methods. Bootstrap values above 50% (NJ/MP method; 1000 replications) are
shown at each node. Scale bar represents the nucleotide substitution percentage of NJ
method. V6 sequences from this study are indicated in boldface and designated as the
beginning of TnUn, in which T is an abbreviation of taxonomy, the first n represents the
number of the taxonomy we assigned, U is an abbreviation of unique sequence, and the
second n represents the number of the unique sequence we assigned. A representative
V6 sequence of each unique sequence from this study is behind TnUn and slash.
Accessions numbers of representative references retrieved from Genbank are shown in
parentheses, and followed by the taxonomic codename (Tn) according to the NCBI
website description. Gray-scale and color-scale values in the squares indicate the
occurrence frequency of the unique sequence in the corresponding libraries. Bacteroides
acidifaciens strain A40 is used as the outgroup.
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Two sequences in the Rhodobacterales cluster were related to the species
Amaricoccus kaplicensis, isolated from activated sludge biomass (Maszenan et al.,
1997). The Shingomonadales cluster could be further subdivided into two groups, and
sequences in one group were abundant both in the 10m and 100m depths while
sequences in the other group accounted for a higher ratio of the assemblages only in the
100m-depth layer. The sequences in the Shingomonadales cluster were affiliated with
the genus Sphingomonas. Members of Sphingomonas are gram-negative aerobic
bacteria and have the abilities to survive in oligotrophic niches. Some of them are
potential microbial agents for bioremediation because of their abilities in metabolizing
complex organic pollutants such as carbofuran, chlorinated biphenyls, and
polychlorophenols (Yim et al., 2010 and references therein). If our shingomonadales
sequences were originated from the bacteria with an capable of metabolizing complex
organic pollutants, and if they were metabolic active at the SEATS station, the high
occurances of these shingomonadales sequences both at the depths of 10m and 100m
suggest that there might be organic matter in the upper layers at the SEATS station
probably due to the riverine and coastal runoff.

The ubiquitous SARI11 cluster consisted of two clades: a clade contained the
sequences with “T35” as the beginning failed to assign to any named Order (clade A),
and the other included those sequences assigned to Rickettiales (clade B). Sequences in
the clade A were found throughout the water column with higher relative abundances in
aphotic zones and affiliated with Pleagibacter ubique strain HTCC1062. However, the
relative abundances of some sequences in the clade B were higher in the euphotic zones
although they were detected in all libraries, and other sequences also in the clade B were
only found in the deep two depths and accounted for higher proportions in the 3000m

depth. These may support that the SAR11 is a board grouping likely constituted more
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than one taxonomic species or even genus (Alonso-Séez et al., 2007).

Through phylogenetic analyses, the results illustrate that the unclassified
alphaproteobacteria occupied nearly 20% of the assemblages in the sea surface (Figure
9a) is actually made up of five groups, the SARI116 cluster, three unclassified
alphaproteobacteria groupings, and some sequences in the clade A of the SAR11 cluster
(Figure 12). The sequence T35U203/AF-82 related to the clone that obtained from the
surface layer and formed the unclassified alphaproteobacteria III cluster (Oostende et al.,
2008), which differed from the unclassified alphaproteobacteria II cluster of mainly
bathypelagic layer sequences that represented a certain ratio in the unclassified
alphaproteobacteria of the 3000m library in Figure 9a. Not only the sequences in the
unclassified alphaproteobacteria II cluster but also that in the SAR11 cluster occupied
largely in the unclassified alphaproteobacteria population of the meso- and bathy-
pelagic layers (Figure 9a).

Our observations of the surface SAR116 sequences are similar to earlier results
that the SARI116 clade was detected from the surface water of various oceans
(Giovannoni et al., 1990; Britschgi and Giovannoni, 1991; Mullins et al., 1995;
Giovannoni et al., 2000; Bano and Hollibaugh, 2002; Schauer et al., 2003; Pham et al.,
2008). Besides, a representative of the SARI16 clade know as Candidatus
Puniceispirillum marinum IMCC1322 was recently sequenced by Oh et al. (2010), and
their results showed that its genome contained a gene for proteorhodopsin (Oh et al.,
2010). Thus, this group is not only regarded as one kind of ubiquitous bacterioplanktons
but also a proteorhodopsin-containing group.

p- and o- proteobacteria. As mentioned before, more than 97% of the
[-proteobacteria sequences were assigned to Order Burkholderiales. In Figure 13, the

Burkholderiales cluster mainly upper layers could partitioned into two groups: the
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sequence affiliated with the genus Herbaspirillum, which differed from sequences
clustered with sequences of the genera Cupriavidus and Ralstonia (a later synonym of
the genus Cupriavidus) (La Duc et al., 2003; Vandamme and Coenye, 2004). Members
of the genus Cupriavidus are well known as metal-resistant bacteria (Goris et al., 2001),
and many of then can mineralize aromatic pollutants (Borde et al., 2003) and
Trichloroethylene (TCE), a common soil and groundwater contaminant in industrialized
countries (Nakamura et al., 2000 and references therein). Cupriavidus basilensis
HMF14 can remove inhibitors from lignocellulosic hydrolysate under aerobic
conditions (Wierckx et al., 2010). Cupriavidus basilensis JF1 is able to metabolize
bisphenol A which is hazardous to humans (Fischer ef al., 2010).

The sequences belonged to Class o-proteobacteria of mainly aphotic zone
sequences were grouped into at least two separate lineages, Order Desulfobacterales
and the SAR324 cluster. The depth-stratified distribution was observed for the
Desulfobacterales cluster; the sequence related with the clone obtained from 770m in
the Pacific Ocean had the highest ratio of the assemblages in 1000m depth, and a clade
of sequences found mainly in bathypelagic layer were clustered with the 4000m clone
(HF4000 41A16). The 3000m sequences in the previous clade are phylogenetic closer

to each other and failed to assign to any named order.
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Figure 13. Phylogenetic tree of f- and J- proteobacteria V6 sequences. The tree is
constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and maximum
parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method; 1000
replications) are shown at each node. Scale bar represents the nucleotide substitution
percentage of NJ method. V6 sequences from this study are indicated in boldface and
designated as the beginning of TnUn, in which T is an abbreviation of taxonomy, the
first n represents the number of the taxonomy we assigned, U is an abbreviation of
unique sequence, and the second n represents the number of the unique sequence we
assigned. A representative V6 sequence of each unique sequence from this study is
behind TrnUrn and slash. Accessions numbers of representative references retrieved from
Genbank are shown in parentheses, and followed by the taxonomic codename (Tn)
according to the NCBI website description. Gray-scale and color-scale values in the
squares indicate the occurrence frequency of the unique sequence in the corresponding
libraries. Prochlorococcus marinus str. MIT 9215 is used as the outgroup.
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y-proteobacteria. Figure 14 shows the phylogenetic tree of sequences in Order
Alteromonadales composed of five clades and the depth-related subpartitioning.
Sequences in the Clade M were obtained from all depths but represented lower relative
abundances in upper depths than that in the 3000m depth, while sequences in the clade
N affiliated with the sequence that belonged to the genus Moritella were also highly
represented in deeper depths but could not be detected in the sea surface. The relative
abundances of those sequences in the clades O and P were all highest in the mesopelagic
layer, and the relative abundances of all sequences in the clade Q were also highest in
the bathypelagic layer. Besides, sequences in the clades O and P were found throughout
the water column, while sequences in the clades Q could not be detected in the upper
two depths.

The clade O sequence Alteromonas sp. WH189 has 99% sequence identity with
Alteromonas macleodii AItDE (GenBank ID: CP001103), which is a deep ecotype of
Alteromonas macleodii obtained from a depth of 1000m in the South Adriatic Sea basin
(Ivars-Martinez et al., 2008). The clade P sequence Alteromonas sp. VS-63 has 98%
sequence identity with Alteromonas macleodii AItDE, and three reference sequences in
the clade M have 97% sequence identity with Alteromonas macleodii AItDE. The
occurrence frequencies of our sequences of clades O and P are highest in the 1000m
depth in agreement with the source of Alteromonas macleodii AItDE in the previous
study (Ivars-Martinez et al., 2008). Sequences in the clade M have the lowest sequence
identity with Alteromonas macleodii AItDE among these three clades, and the relative
abundances of them are all highest near the sea bottom, suggesting that they may be a
“deeper ecotype” of Alteromonas macleodii in the northern SCS.

Our sequences in the clade N are related to Moritella sp. JAM-GA22. The

sequence Moritella sp. JAM-GA22 has 99% sequence identity with Moritella viscosa
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strain NVI 88/478 (GenBank ID: NR 028880) and Moritella japonica strain DSK1
(GenBank ID: NR 025847). Moritella viscosa, well known as the pathogen of “winter
ulcer” in farmed Atlantic salmon and cod, is a psychrophilic bacterium capable of
surviving and reproducing in an oligotrophic and cold marine environment (Tunsjo et
al., 2007). Moritella japonica strain DSK1 isolated from the Japan Trench at 6356m
depth is a barophilic, halophilic, and psychrophilic bacterium (Nogi et al., 1998).
Besides, a type strain of the genus Moritella is Moritella marina, one of the most
common psychrophilic microbes from the ocean (Colwell and Morita, 1964). Our
observations that the relative abundances of the clade N sequences are high in the
deep-two layers are similar to the previous studies (Colwell and Morita, 1964; Nogi et
al., 1998; Tunsje et al., 2007).

The clade Q sequences are related to the uncultured bacterium clone F22
(GenBank ID: AY375116). According to the description on the NCBI website
(http://www.ncbi.nlm.nih.gov/), the sequence of the uncultured bacterium clone F22
was obtained from a depth of 1901m sediments at the Western Pacific Ocean (Zeng et
al., 2005). Through comparing to the public database, the clone F22 has 96% sequence
similarity to cultivable bacterium belonged to the genus Colwellia. All characterized
members of the genus Colwellia were obtained from stable cold marine environments,
and these bacterial groups are strictly psychrophilic (Methé et al., 2005 and references
therein). In consistent with the earlier knowledge, the relative abundances of the clade Q
sequences were all highest in the bathypelagic layer, while they could not be detected in
the upper two depths, suggesting that the clade Q sequences could be originated from

novel psychrophilic bacteria in the deep northern SCS.
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Figure 14. Phylogenetic tree of Alteromonadales (y-proteobacteria) V6 sequences. The
tree is constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and
maximum parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method;
1000 replications) are shown at each node. Scale bar represents the nucleotide
substitution percentage of NJ method. V6 sequences from this study are indicated in
boldface and designated as the beginning of TnUrn, in which T is an abbreviation of
taxonomy, the first n represents the number of the taxonomy we assigned, U is an
abbreviation of unique sequence, and the second n represents the number of the unique
sequence we assigned. A representative V6 sequence of each unique sequence from this
study is behind TnUn and slash. Accessions numbers of representative references
retrieved from Genbank are shown in parentheses, and followed by the taxonomic
codename (Tn) according to the NCBI website description. Gray-scale and color-scale
values in the squares indicate the occurrence frequency of the unique sequence in the
corresponding libraries. Bacteroides acidifaciens strain A40 is used as the outgroup.
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The Oceanospirillales tree also had the depth-specific distribution and partitioned
into two subclusters (Figure 15). The sequences related with the genera Alcanivorax and
Marinospirillum formed a cluster (clades Y and Z), which separated from the mainly
3000m sequences hardly obtained in the euphoic zone and the 1000m-depth layer
(clades W and X). The first cluster could be further divided in two clades, one contained
sequences detected more frequencies in the 10m and 100m depths (clade Y), while the
sequences in clade Z are found in the middle two layers. The two sequences in the clade
Y are close related to Alcanivorax borkumensis strain Sk2, a hydrocarbon-degrading
and surfactant-producing marine bacterium (Yakimov et al., 1998). If the clade Y
sequences were originated from those functionally active bacteria previously mentioned,
the high occurrence frequencies of these clade Y sequences in the euphotic zone could
also suggest the existences of hydrocarbon pollutants in the northern SCS as a result of
terrestrial and freshwater run-off, defusing matters from offshore oil refineries, coastal
oil production, shipping activities and accidental spillage of fuels and other petroleum
products, corresponding to our observations of the Burkholderiales, Rhizobales,
Caulobacterales, and Sphingomonadales sequences.

The clade Z sequences are phylogenetically related to Marinospirillum sp.
ANL-isoa. Although Marinospirillum sp. ANL-isoa couldn’t utilize nitriles, the toxic
organic compounds, they grew rapidly on the products of nitrile hydrolysis, amides,
carboxylic acids and other simple compounds, thus acting as a scavenger of products
released by the nitrile-degrading organisms (Sorokin et al., 2007). If the clade Z
sequences were originated from the metabolic active bacteria that grow rapidly on those
previously mentioned matters, the high relative abundances of the clade Z sequences in
the middle two layers could be related to these characteristics of Marinospirillum sp.

ANL-isoa, providing them advantages when competing with other bacteria at the
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middle-two layers in the northern SCS.

Most representative relatives of the sequences in the clades W and X are belonged
to the family Oceanospirillaceae such as Marinomonas sp. S3727, Marinomonas
pontica, Thalassolituus oleivarans, and Oleispira sp. Gap-e-97. In consistent with that
Oceanospirillaceae is one of the families of psychrophilic microorganisms (Schauer et
al., 2010), our sequences of the clades W and X represented the highest frequencies in
the relative abundance in the 3000 library.

Another depth-related subdivition observed in the tree of Order Pseudomonadales
(Figure 16) comprised of two clades (clade I and J). The clade I sequences are more
abundant in the middle two depths, while the sequences in the clade J could not be
found in the surface layer and were over 0.5% of the total sequences in the 3000m
library. The relative abundances of the clade J sequences (i.e., closely related to
Psychrobacter celer) are highest in the greatest depth, and this observation is resemble
other reports that members of the genus Psychrobacter could survive in extremely cold
habitats, such as ice, soil, and sediments in the polar region, and in deep sea
environments (Bozal et al., 2003; Yoon et al., 2005a, 2005b; Ayala-del-Rio et al., 2010).

Corresponding to our other finding in many Orders such as Burkholderiales and
Sphingomonadales, the clade 1 sequences which had the high occurrence frequencies in
the middle two depths are related some functionally important bacteria such as
Pseudomonas otitidis strain AOLRI13 and Pseudomonas sp. P7(2009b). These two
strains are both isolated from the aerobic granular sludges, compact and strong
microbial aggregates, which are able to treat high-strength and toxic wastewater

efficiently (Adav et al., 2010a, 2010b).
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Figure 15. Phylogenetic tree of Oceanospirillales (y-proteobacteria) V6 sequences. The
tree is constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and
maximum parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method;
1000 replications) are shown at each node. Scale bar represents the nucleotide
substitution percentage of NJ method. V6 sequences from this study are indicated in
boldface and designated as the beginning of TrnUn, in which T is an abbreviation of
taxonomy, the first n represents the number of the taxonomy we assigned, U is an
abbreviation of unique sequence, and the second n represents the number of the unique
sequence we assigned. A representative V6 sequence of each unique sequence from this
study is behind TnUn and slash. Accessions numbers of representative references
retrieved from Genbank are shown in parentheses, and followed by the taxonomic
codename (Tn) according to the NCBI website description. Gray-scale and color-scale
values in the squares indicate the occurrence frequency of the unique sequence in the
corresponding libraries. Bacteroides acidifaciens strain A40 is used as the outgroup.
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Figure 16. Phylogenetic tree of Pseudomonadales (y-proteobacteria) V6 sequences. The
tree is constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and
maximum parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method,
1000 replications) are shown at each node. Scale bar represents the nucleotide
substitution percentage of NJ method. V6 sequences from this study are indicated in
boldface and designated as the beginning of TnUn, in which T is an abbreviation of
taxonomy, the first n represents the number of the taxonomy we assigned, U is an
abbreviation of unique sequence, and the second n represents the number of the unique
sequence we assigned. A representative V6 sequence of each unique sequence from this
study is behind TnUn and slash. Accessions numbers of representative references
retrieved from Genbank are shown in parentheses, and followed by the taxonomic
codename (Tn) according to the NCBI website description. Gray-scale and color-scale
values in the squares indicate the occurrence frequency of the unique sequence in the
corresponding libraries. Bacteroides acidifaciens strain A40 is used as the outgroup.
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The sequences of Order Vibrionales and the unclassified gammaproteobacteria
groupings were constructed in the same tree as shown in Figure 17. The Vibrionales
cluster contained the sequence represented about 0.8% of the bacterial assemblages in
the meso- and bathy- pelagic layers. In contrast with the close relative, Vibrio sp. S842,
isolated from the sea surface (Gram et al., in press), the high ratios in the relative
abundance of the Vibrionales sequences occurred at the deep two depths. However,
some members of the genus Vibrio have been reported as psychrophilic bacteria such as
Vibrio diabolicus (isolated from a deep-sea hydrothermal vent polychaete annelid),
Vibrio marinus, Vibrio wodanis, Vibrio pomeroyi, and Vibrio kanaloae (the last two
strains were isolated from sea water and marine animals; Colwell and Morita, 1964;
Raguénés et al., 1997; DeLong et al., 1997; Lunder et al., 2000; Thompson et al., 2003;
Bartlett, 2006). Thus, the Vibrionales sequence could be originated from one of the
cold-adaptive bacteria or a novel strain that live in the deep northern SCS.

The sequences in the clades SAR86, PDB-OTU7, and KI89A were abundant in the
surface layer but hardly detected in the three deeper depths. In contrast, the DHB-2
clade contained sequences accounted for higher proportions in and below the 1000m
depth. The SAR86 clade well known as the proteorhodopsin-containing bacterium
appeared mainly in the euphotic zone, and was observed in the upper layer from other
oceans (Béja et al., 2000; Man et al., 2003; Sabehi et al., 2003, 2004). Our observations
in the distributions of these unclassified gammaproteobacteria groupings are consistent

with the previous study (Pham et al., 2008).

66



1000 m
3000 m

10m
100m

clone S-5m-80 (GUDG1823)
510 r clone 70 (FJ205277)
TE1UA4IAF-104

1

[} Te1w07IAF-TT

9274 | L clone Reef_M13 (GU119483)
— clone 61 (AM748237) SARBE u ified Gamir
T clone EBAC20E0D (AYS52545) SARBE

bacteria (T61) [SARSE]
67159 — clone ESP10-KOIIl-59 (DOS810414) SARSS
mﬂ‘_]_ clone 4_E2 (EUGD0TAS) SAREE
locs4d (AFD01650) SARBS
ArcBoBTA-18 (AF3I54613) -~
ZD0417 (AJ400353)
DHE-2 (AF257292)

GE—

1 Ll L:::j::’f‘z;_mm e (I Unclassified Gammaproteobacteria (T61) [DHB-2]
- T61U324/BF-1363 l:l:[:l:l
L retusieicrs HE WA
Vibrio is strain CAIM 635 (DQ451210) T66
4{ clone VS_CL-256 (FJ497504)
77 | Vitiio sp. 5842 (FJ457342) T66 Vibrionales (T66)
] e Vibrio sp. N384 (GU223601) TEE )
TE6URIBR2-374 [T
| TEUT2IAF-126 . EEE)
2099 | | clone SHAS406 (GQ34E339) Unclassified Gammaproteabacteria (T61) [PDB-OTU7]
520 | clone PDB-OTUT (AY700614) i
| Natronocella acetinirilica strain ANL 1 (EF103127) TS8 | Chromatiales (T58)
— clone Reef_B21 (GU119262) 7
I Unclassified Gammaproteobacteria (T61) [KI89A] _
9/82 | TE1USH/AF-22 .:lII 200%
isolate: KIBOA (ABO21704) | : :».
oo/94 | @ogregate agg4dT (L10849) . 3
G 1 N | Unciassified Gammaproteobactenia (T61) [Agg47] iy
i strain A40 (NR_028607) o7s%
050 %
[— azs%
0.02 000%

Figure 17. Phylogenetic tree of Vibrionales and the unclassified gammaproteobacteria
V6 sequences. The tree is constructed by Jukes-Cantor (JC) distances with
neighbor-joining (NJ) and maximum parsimony (MP) methods. Bootstrap values above
50% (NJ/MP method; 1000 replications) are shown at each node. Scale bar represents
the nucleotide substitution percentage of NJ method. V6 sequences from this study are
indicated in boldface and designated as the beginning of TnUn, in which T is an
abbreviation of taxonomy, the first n represents the number of the taxonomy we
assigned, U is an abbreviation of unique sequence, and the second n represents the
number of the unique sequence we assigned. A representative V6 sequence of each
unique sequence from this study is behind TnUrn and slash. Accessions numbers of
representative references retrieved from Genbank are shown in parentheses, and
followed by the taxonomic codename (T#) according to the NCBI website description.
Gray-scale and color-scale values in the squares indicate the occurrence frequency of
the unique sequence in the corresponding libraries. Bacteroides acidifaciens strain A40
is used as the outgroup.
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Non-proteobacterial sequences A total of 16 non-proteobacterial sequences were
selected and grouped into three Orders (Sphingobacteriales, Prochlorales, and
Croococcales), Class Actinobacteria, and one unclassified bacteria cluster (Figure 18).
The Sphingobacteriales sequences and those cyanobacteria groups were mainly found
in the surface layer. As illustrated before, the Prochlorales sequences in the 10m and
3000m depths are the same sequences. The cluster of unclassified bacteria comprised
four sequences which were phylogenetically distinct from any known bacteria, showing
that those 3000m sequences are likely originated from the unique and novel species
unreported in current literature.

Crenarchaeota. Among 16 SEATS archaeal sequences in the marine crenarchaeota
group I cluster, only the sequence “T3U19ar1000m-39” was widely detected throughout
the water column, and five wide-spread sequences were obtained from 100m, 1000m,
and 3000m depths (T3U6ar1000m-173, T3U22ar1000m-53, T3U28ar1000m-67,
T1U15ar1000m-510, and T1U6arl000m-198; Figure 19). T3U74ar100m-4,
T1U30ar100m-140, and T3U58ar100m-16 were the 100m sequences, and the sequences
T3U14ar1000m-333 and T3Ular1000m-101 were only detected at the 1000m depth,
while the two sequences, T1U11ar1000m-434 and T3U30ar1000m-69, were found in
both 100m and 1000m depths. Besides, the remaining SEATS sequences in this cluster
were represented with the highest relative abundance of archaeal assemblages in the
greatest depth layer, including two 3000m sequences (T2U20ar3000m-69 and
T1U67ar3000m-689) and the T2US5ar1000m-309 sequence appearing in both 1000m
and 3000m depths. However, there is no clearly depth-specific subpartitioning in the

marine crenarchaeota group I cluster.
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Figure 18. Phylogenetic tree of other non-proteobacteria V6 sequences. The tree is
constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and maximum
parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method; 1000
replications) are shown at each node. Scale bar represents the nucleotide substitution
percentage of NJ method. V6 sequences from this study are indicated in boldface and
designated as the beginning of TnUn, in which T is an abbreviation of taxonomy, the
first n represents the number of the taxonomy we assigned, U is an abbreviation of
unique sequence, and the second n represents the number of the unique sequence we
assigned. A representative V6 sequence of each unique sequence from this study is
behind TrnUn and slash. Accessions numbers of representative references retrieved from
Genbank are shown in parentheses, and followed by the taxonomic codename (Tn)
according to the NCBI website description. Gray-scale and color-scale values in the
squares indicate the occurrence frequency of the unique sequence in the corresponding
libraries. Akkermansia muciniphila ATCC BAA-835 is used as the outgroup.
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Figure 19. Phylogenetic tree of Crenarchaeota V6 sequences. The tree is constructed by
Jukes-Cantor (JC) distances with neighbor-joining (NJ) and maximum parsimony (MP)
methods. Bootstrap values above 50% (NJ/MP method; 1000 replications) are shown at
each node. Scale bar represents the nucleotide substitution percentage of NJ method. V6
sequences from this study are indicated in boldface and designated as the beginning of
TnUn, in which T is an abbreviation of taxonomy, the first n represents the number of
the taxonomy we assigned, U is an abbreviation of unique sequence, and the second n
represents the number of the unique sequence we assigned. A representative V6
sequence of each unique sequence from this study is behind TnUn. Accessions numbers
of representative references retrieved from Genbank are shown in parentheses, and
followed by the taxonomic codename (T#) according to the NCBI website description.
The color-scale values in the squares indicate the occurrence frequency of the unique
sequence in the corresponding libraries. Escherichia coli O111:H- is used as the
outgroup.
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Figure 20. Phylogenetic tree of the marine euryarchaeota group I V6 sequences. The
tree is constructed by Jukes-Cantor (JC) distances with neighbor-joining (NJ) and
maximum parsimony (MP) methods. Bootstrap values above 50% (NJ/MP method;
1000 replications) are shown at each node. Scale bar represents the nucleotide
substitution percentage of NJ method. V6 sequences from this study are indicated in
boldface and designated as the beginning of TnUn, in which T is an abbreviation of
taxonomy, the first n represents the number of the taxonomy we assigned, U is an
abbreviation of unique sequence, and the second n represents the number of the unique
sequence we assigned. A representative V6 sequence of each unique sequence from this
study is behind TnUn. Accessions numbers of representative references retrieved from
Genbank are shown in parentheses, and followed by the taxonomic code (T#n) according
to the NCBI website description. The color-scale values in the squares indicate the
occurrence frequency of the unique sequence in the corresponding libraries. Escherichia
coli O111:H- is used as the outgroup.
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Euryarchaeota. In contrast to the marine crenarchaecota group I cluster, the
depth-related distribution is observed for the marine euryarchaeota group II cluster.
Fourty-three sequences were grouped into at least six subgroups (clades C-H, Figure 20).
The sequences in the clade C were obtained from the 100m, 1000m, or both depths,
which differed from the 10m sequence related to the HF70 97E04 sequence (clade D)
and from the subgroup of mainly upper water column sequences (clade E). The clade C
sequences were related with the relatives obtained from the depths between 130m and
3000m in other oceans. The HF70 97E04 sequence was retrieved from the large-insert
DNA clone libraries in the North Pacific Subtropical Gyre and contained a bacterial-like
proteorhodopsin (Frigaard et al., 2006). Through the phylogenetic analysis of SSU
rRNA genes, the HF70 97E04 sequence was diverse from other sequences with no
proteorhodopsin genes in the study of Frigaard et al. (2006). In agreement with the
observations of Frigaard et al. (2006), the HF70 97E04 sequence and our sequence
T12U434ar10m-199 form a clade (clade D) and are diverse from other sequences,
indicating that our sequence T12U434arlOm-199 could be originated from a
proteorhodopsin-containing euryarchaeota. In the clades F and H, the sequences were
all represented with the highest ratio in the surface layer and were related with clones
retrieved from the euphotic zone. The 1000m sequences, T12U145ar1000m-63 and
T12U9ar1000m-13, were clustered into a seperate clade (affiliated with the clone
WSP4000 BO06; clade G) and phylogenetically distinct from any known arhcaea. On the
other hand, these 43 sequences in the marine euryarchaeota group II cluster were
assigned to Thermoplasmatales (T12), Methanobacteriales (T7) and to the unclassified
euryarchaeota grouping (T9), illustrating that archaeal taxonomic assignments are still
unsettled or that the resolution of V6 analysis is not enough to seperate the sequences in

these two named orders.
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The marine euryarchaeota group III cluster was comprised of 39 sequences
assigned to Thermoplasmatales and could be further divided into three subdivisions, a
subdivision of mainly 3000m sequences (clade Illa), a subdivision of eurybathyal
sequences (clade IIIb), and a subdivision of mainly meso- and bathy- pelagic layers
sequences (clade Illc, Figure 21). The sum of the relative abundances of these 39
sequences was ~7.51%, ~18.43%, ~29.38% and ~47.92% in the 10m, 100m, 1000m,
and 3000m library, respectively.

A total of 13 sequences in the marine euryarchaeota group IV cluster were all
assigned to Halobacteria after the comparisons to RDP and NCBI databases. Except for
the T6U7ar1000m-24 sequence (appeared in the middle two layers), the remaining 12
sequences in the marine Euryarchaeota group IV cluster were only obtained either from
100m or 1000m depths and corresponding to the depth from which their relatives has
been retrieved (Figure 22). For example, three sequences were related with DH148-Y 16
that was isolated from deep-water masses of the South Atlantic (Lopez-Garcia et al.,
2001b), and these three sequences were highly represented at the 1000m depth, as they
were undetectable in other three depths. The sequence affiliated with the clone
ALOHA200m_0026 (Mincer et al., 2007), for another example, were only observed at

the 100m depth.
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Figure 21. Phylogenetic tree of the marine euryarchaeota group III V6 sequences. The
tree is constructed by JC distances with NJ and MP methods using MEGA4 program
(Tamura et al., 2007-7). Bootstrap values above 50% (NJ/MP method; 1000 replications)
are shown at each node. Scale bar represents the nucleotide substitution percentage of
NJ method. V6 sequences from this study are indicated in boldface and designated as
the beginning of TnUn, in which T is an abbreviation of taxonomy, the first » represents
the number of the taxonomy we assigned, U is an abbreviation of unique sequence, and
the second n represents the number of the unique sequence we assigned. A
representative V6 sequence of each unique sequence from this study is behind TrnUn.
Accessions numbers of representative references retrieved from Genbank are shown in
parentheses, and followed by the taxonomic code (Tn) according to the NCBI website
description. The color-scale values in the squares indicate the occurrence frequency of
the unique sequence in the corresponding libraries. Escherichia coli O111:H- is used as
the outgroup.
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Figure 22. Phylogenetic tree of the marine euryarchaeota group IV V6 sequences. The
tree is constructed by JC distances with NJ and MP methods using MEGA4 program
(Tamura et al., 2007-7). Bootstrap values above 50% (NJ/MP method; 1000 replications)
are shown at each node. Scale bar represents the nucleotide substitution percentage of
NJ method. V6 sequences from this study are indicated in boldface and designated as
the beginning of TnUn, in which T is an abbreviation of taxonomy, the first » represents
the number of the taxonomy we assigned, U is an abbreviation of unique sequence, and
the second n represents the number of the unique sequence we assigned. A
representative V6 sequence of each unique sequence from this study is behind TrnUn.
Accessions numbers of representative references retrieved from Genbank are shown in
parentheses, and followed by the taxonomic code (Tn) according to the NCBI website
description. The color-scale values in the squares indicate the occurrence frequency of
the unique sequence in the corresponding libraries. Escherichia coli O111:H- is used as
the outgroup.
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Chapter 4 General discussion and conclusions

4.1 Diverdgty of the prokaryotesin the South China Sea

The diversity of the bacterial community in deep SCS water is lower than that in
surface SCS water, implying that bacterial communities from the dark ocean are less
diverse than surface communities (Table 3 and Figure 8a). Similar results have revealed
from the North Pacific Ocean (ALOHA station, the site of HOT; Brown et al., 2009)
and from the Arctic Ocean (Kirchman et al., 2010; Galand et al., 2010). As suggested
by Brown et al. (2009), our consistent observation (i.e., bacterial diversity is higher in
the sea surface) probably associates with an enhanced dissolved organic matter pool
driven by the photosynthesis that could support many prokaryotic heterotrophs, and the
availability of the energy from sunlight provides an opportunity to grow for mixotrophs
in the euphotic zone, comparing to the deep dark ocean.

Moreover, archaeal communities in the northern SCS have a relatively low
diversity comparing to that in the bacterial communities, in agreement with earlier
reports that the bacterial community are generally more diverse archaeal community
(Huber et al., 2007; Aller and Kemp, 2008; Table 3 and 4, and Figure 8).

We obtained the lower values of diversity indices, including the observed OTUs
and richness estimates (ACE and Chaol), from the SEATS station (Table 3 and Figure
8a), in comparisons to earlier surveys by similar methods from other oceans, including
the deep North Atlantic (Sogin et al., 2006), the North Pacific (Brown ef al., 2009), and
the Arctic (Kirchman et al., 2010; Galand et al., 2010). We suggest that the lower
diversity of the northern SCS is caused by the oligotrophic character of the SCS (Wu et

al., 2003; Lee Chen et al., 2004; Wen et al., 2006; Lee Chen et al., 2007; Wong et al.,
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2007) and smaller sampling sizes comparing to those reports (Sogin et al., 2006; Brown
et al., 2009; Kirchman et al., 2010; Galand et al., 2010). Noticeably, the values of
putative OTUs, richness estimates, ACE, Chaol, and Shannon index obtained from the
SEATS station by the pyrosequencing method are higher than that reported in many
previous studies based on conventional analysis of 16S rRNA genes including clone
libraries and molecular fingerprinting techniques (Gallagher et al., 2004; Alonso-Séez et
al., 2007; Pommier et al., 2007; Malmstrom et al., 2007; Santelli et al., 2008; Fuhrman
et al., 2008; Cono et al., 2009; Galand et al., 2009b; Ma et al., 2009; Table 3 and 4),
suggesting that the diversity of marine microbial communities are commonly
underestimated. The main reason is insufficient sampling sizes in those studies that
significantly affect the accuracy and sensitivity of surveying microbial communities in
the ocean. Furthermore, the rarefaction curves of our study are still unsaturated (Figure
8), indicating that both the bacterial and archaeal diversity in SCS should be much

greater than current estimates; more sequences survey is required.

4.2 Depth-related distribution

We provided the vertical profiles of marine microbial communities at Order level
(Figure 9a), showing that the microbial community structures change in different depths.
Although V6 sequences are short, they still offer a good taxonomical assignment for
most of the bacterial assemblages as shown in Figure 9a. The short sequences are
known may be assigned to a wrong taxon; however, we adopted a strategy with two-step
taxonomic assignments to reduce the errors in taxonomic identification. The major
compositions, such as a- and y-proteobacteria, are generally similar to the present

pyrosequencing data and earlier clone library descriptions of bacterioplankton
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communities (Venter et al., 2004; DeLong et al., 2006; Ma et al., 2009; Brown et al.,
2009; Andersson et al., 2010; Feingersch et al., 2010; Kirchma n et al., 2010). However,
the compositions at Order level changes with depths; the relative abundance of
[-proteobacteria, for instance, are higher in the upper layers, while d-proteobacteria are
represented higher in the deeper two layers. For another example, Sphingobacterials
and Cyanobacteria mainly appear in the 10m-dpeth bacterial assemblages. Besides,
Methanobacterials decreases with increasing depth, in contrast, Thermoplasmatales
increases with depth.

The profiles of bacterial and archaeal V6 unique sequences also show that many
sequences only appear at certain depths, indicating those sequences were originated
from some microbial groups that are specifically inhabiting to the different depths. For
example, unique sequences belonged to Rickettiales peak differently between the 10m
and 3000m depths (Figure 10); some Thermoplasmatales sequences are merely detected
in the bathypelagic layer, and several Thermoplasmatales sequences are found only the
100m depth (Figure 11). The profiles of bacterial and archaeal V6 unique sequences
offer a finer resolution of the depth-specific distribution into Sequence level than that at
Order level. In addition, through the phylogenetic analysis of bacterial and archaeal V6
sequences, we observe the depth-related subdivision in many microbial groups,
including  sequences belonged to  Sphingomonadales, the  unclassified
alphaproteobacteria, Alteromonadales, Oceanospirillales, Pseudomonadales, and the
marine euryarchaeota groups II and IIT (Figure 12, 14-16, 20, and 21).

According to our results described in previous paragraphs (Figure 9-12, 14-16, 20,
and 21), we suggest that the varied physiological capacities and ecological roles among
different pelagic bacteria groups lead to variances in spatial distribution and abundance

of different bacteria groups.
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Information of microbial composition indicating the surface SCS water
affected by offshore fluxes. Despite several microbial groups occurring mainly in the
upper layers, such as cyanobacteria, the SAR116 group, and the SAR86 group, probably
involve in partially phototrophic lifestyles, an inference confirmed by genomic data
(Béja et al., 2000; Cho and Giovannoni, 2004; Oh et al., 2010; Figure 12, 17, and 18);
other sequences of Rhizobiales, Rhodobacterales, Shingomonadales, Burkholderiales,
and the Oceanospirillales sequences related with the genera Alcanivorax and
Marinospirillum (clades Y and Z) occur at highly frequencies in the 10m and 100m
depths, and are closely related with some functionally important bacteria, such as the
hydrocarbon-degrading bacteria and organic pollutant-metabolizing bacteria. If
sequences of Rhizobiales, Rhodobacterales, Shingomonadales, Burkholderiales, and the
Oceanospirillales sequences were originated from those functionally important bacteria,
and if their metabalisms such as hydrocarbon-degrading and organic
pollutant-metabolizing were active at the SEATS station, the high occurance frequencies
of sequences of Rhizobiales, Rhodobacterales, Shingomonadales, Burkholderiales, and
the Oceanospirillales sequences at the depths of 10m and 100m might suggest that there
probably exists hydrocarbon sources in the upper layers at the SEATS station (Figure 12,
13, and 15). The existences of hydrocarbon sources in the northern SCS could be caused
by offshore influences. The offshore influences are likely sourced from rivers and
climate activities (tropical typhoons). The Zhujiang (the Pearl River), the second largest
river by volume in China (the water discharge is ~316km’ per year; Zhang, 1995; Wong
et al., 2007), flows through densely populated areas (Dongguan, Foshan, Guangzhou,
Hong Kong, Jiangmen, Macau, Shenzhen, Zhongshan, and Zhuhai) and drains into the
northern SCS in which the SEATS station located. Moreover, most typhoons tend to

form between May and November in the northwestern Pacific Ocean and frequently
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have a great impact on the northern SCS that likely causes the coastal and riverine
discharges increasing after typhoon events; due to our sampling processing in October,
the time is during the late typhoon seasons, as the case reported in the Mediterranean
Sea (Alonso-Saez et al., 2007).

Microbes survive in the cold, deep and dark sea. On the other hand, sequences
belonged to several clades, including the Alteromonas-related clades (clades M, O, and
P), the Moritella-related clade (clade N), the clade Q, the Oceanospirillaceae-related
clades (clades W and X), and the Psychrobacter-related clade (clade J), are affiliated to
psychrophilic bacteria (Figure 14-16), suggesting that these groups have capacities for
adapting to the cold niches and the high pressure environments and likely play a role in
the deep oceanic ecosystem.

Microbes mainly found in certain depths. The Marinospirillum-related
sequences (clade Z), some marine crenarchaeota group I sequences, the clades C and G
sequences of marine euryarchaeota group II, and the marine euryarchaeota group IV
sequences are represented at high frequencies neither in the sea surface nor in nearly sea
bottom, but in the middle two layers, suggesting that microbial communities in the
deeper surface layers of the northern SCS may be functionally specialized (Figure 15,
19, 20 and 22).

The eurybathtal groups. Furthermore, we observed many eurybathtal sequences,
including some sequences of the unclassified alphaproteobacteria IT and SAR11 groups,
an Alteromonas-related clade (clade P), the clade I of Pseudomonadales, the marine
crenarchaeota group I, and the marine euryarchaeota group IIIb, showing that these
groups have unusual abilities to survive and adapt to a wide range of depths (Figure 12,

14, 16, 19, and 21).
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4.3 Ambiguoustaxonomically classified groups

Novel microbesin the deep sea. Several sequences mainly appear in the deep sea
are not so closely related to the known bacteria, indicating that there could be novel
bacterial species in the deep northern SCS. As shown in Figures 12 and 18, some
sequences in the unclassified alphaproteobacteria II clade and the unclassified
sequences with “T31” as the prefix are phylogenetically distinct from any known
bacteria. Sequences in the clade M had the lowest sequence identity with Alteromonas
macleodii AItDE among three clades (M, O, and P), and the relative abundances of the
clade M sequences (they have the lowest sequence identity with Alteromonas macleodii
AltDE isolated from a depth of 1000m) are all highest near the sea bottom, suggesting
that they may be a “deeper ecotype” of Alteromonas macleodii in the northern SCS
(Figure 14). These results indicate that a lot of novel bacteria not previously recognized
exist in deep layers of the northern SCS and raise our interesting about their ecological
roles in the deep sea.

The SAR11 group. According to our data, the subgroups of the SAR11 group are
geographically-specific. Some SARI11 sequences are represented at high ratios in the
upper layers (i.e., sequences T40U30/AF-33, T40U32/AF-4, T40U41/AF-97, and
T40U13/AF-175 of the Clade B), some are abundant in and below the 1000m (i.e., the
clade A sequence T35U346/AF2-783, and sequences T40U7/AF-1464, T40U4/AF-1269,
T40U190/CF-290, and T40U205/CF-742 in the clade B), and some, however, are
eurybathyal (i.e., the clade A sequences except the sequence T35U346/AF2-783, and
sequences T40U30/AF-33, T40U41/AF-97, and T40U13/AF-175 of the Clade B; Figure
12).

Pleagibacter ubique strain HTCC1062 is one representative strain of the
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ubiquitous SARI11 group, assigned to Order Rickettsiales (with a taxonomic code
“T40). However, not all sequences in the SARI11 cluster are grouped within the “T40”
as prefix (clade A; Figure 12). Those SAR11 sequences clustered in the “T35” are failed
to assign to any named Order but are closely related with Pleagibacter ubique. Based on
these observations, we suggest that the SAR11 is a board group likely constituted more
than one taxonomic even genus (Alonso-Sadez et al., 2007), and, obviously, their

taxonomic assignments are still unsettled.

4.4  Unique archaeal assemblages

Our data reveals unique assemblages of Archaea in the northern SCS, with
Euryarchaeota dominating throughout the entire 3000m water in the northern SCS
(Figure 9b), which is different from most of previous studies (Karner et al., 2001;
Zhang et al., 2009). Crenarchaeota has long been believed to be dominant in deep
waters, whereas group II Euryarchacota are often more abundant in surface waters
(Karner et al., 2001; Herndl et al., 2005; DeLong et al., 2006). On the other hand,
earlier reports from 3000m-depth layer at the Antarctic Polar Front (Lopez-Garcia et al.,
2001a, 2001b) and from the surface layer in the Arctic Ocean (Galand et al., 2009a)
have showed the dominance of Euryarchaeota. Few reports mentioned before
(Lopez-Garcia et al., 2001a, 2001b; Galand ef al., 2009a) and our date provides another
view to euryarchaeota distribution in the ocean. The probable reasons for archaeal
community variations could be associated to geographic specificity as well as the use of
different probes, primers or methods (Casamayor ef al., 2002; Galand et al., 2009a). It is
deserved future investigations adopted a standardized approach combining quantitative

and qualitative methods to have a comprehensive picture of the archaeal community
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structures in the northern SCS.

The dominant archaeal unique sequences can be phylogenetically classified in four
marine groups: the marine crenarchaeota group I, and the marine euryarchaeota groups
I1, 1, and IV (Figure 19-22) as according the classification reported in previous studies
(Martin-Cuadrado et al., 2008; Galand et al., 2008, 2009a). Galand and his coworkers
(2009a) have found a mainly sea surface group of the marine euryarchaeota group II in
the Arctic, and the group are belonged to the cluster that contained sequences obtained
from the coastal seawater or sediments; thus, they suggested those sea surface group of
the marine euryarchaeota group II could be involved in the anaerobic degradation of
organic matter coming from river runoff. In our results, thirty-one of 43 marine
euryarchaeota groups II sequences show the highest frequency of the appearance in the
10m depth, in agreement with the observations of Galand ef al. (2009a). In addition, the
high abundance of the thirty-one of 43 marine euryarchaeota groups Il sequences in the
surface layer is corresponded to the presence of the pollutant-associated bacterial groups
(described in the Section 4.2 of this study), indicating that the surface SCS water is
affected by offshore fluxes. On the other hand, The marine euryarchaeota group II
sequences mainly found in the middle two layers (clades C and G) are distinct from
those detected in surface waters (Figure 20). In addition, the sequences in the marine
euryarchaeota groups Illa and Illc are represented highly in the meso- and bathy-pelagic
layers and diverse from the eurybathyal sequences (marine euryarchaeota group Illc,
Figure 21). What factors drive the variances of distribution among these groups? Is
there any association with the specific physiology of each group? These questions still
remain unknown. More studies for different marine euryarchaeota groups II and III in
different environments may provide some clues.

Notably, the marine euryarchaeota group III is usually scarce in marine ecosystems,
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but they occupy largely in the deep northern SCS (over 47% of the 3000m archaeal
library); besides, their occurrences can not be ignored in other three depths (at least 7%,
18%, and 29% of the 10m, 100m, and 1000m archaeal library respectively; Figure 21).
The marine euryarchaeota group III was first identified from the depths of 500 and
300m in the Northeast Pacific (Fuhrman and Davis, 1997) and was later detected at over
400m depth in other oceans, including the Mediterranean Sea (Massana et al., 2000;
Martin-Cuadrado et al., 2007, 2008), the south Atlantic (Lopez-Garcia et al., 2001a,
2001b; Martin-Cuadrado et al., 2007), and the Arctic (Galand et al., 2009a), suggesting
that they were specific to the deep ocean. Two studies from the deep South Atlantic
(Martin-Cuadrado et al., 2008) and the deep central Arctic (Galand et al., 2009a) have
described the high abundances of the marine euryarchaeota group III, indicating the
group successfully survives in deep high latitude water masses. One recent community
genomics study in the North Pacific Ocean revealed the presence of the marine
euryarchaeota group III throughout the entire 4000m-depth water span, although they
were little represented (DeLong et al., 2006). Our observation on the abundant
occupation of the marine euryarchaeota group III in the northern SCS suggests that the
group successfully thrives not only in deep high latitude water masses but also in
tropical region. Little known is about the metabolism and ecological role of the marine
euryarchaeota group III, because members of the marine euryarchaeota group III are
not-yet-cultivated to date. Nevertherless, Martin-Cuadrado and his coworkers (2008)
suggested some members of the marine euryarchaeota group III may be
oxidize-ammonia, because they detected the DNA fragments of genes originated from
the marine euryarchaeota group III that resembled that found in ammonia oxidizing
bacteria. If this is confirmed, the highly abundant occupations of the marine

euryarchaeota group III imply that some members of the group may play an important
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role in the nitrogen cycle. Because some members of the marine crenarchaeota group I
have the ability to oxidize ammonia, our observation about the little represented
Crenarchaeota and the high presence of the marine euryarchacota group III raises a
speculation that if some members of the marine euryarchaeota group III could use
ammonia, the group may have success in the competition with ammonia-oxidizing
crenarchaeota in the northern SCS.

The marine euryarchaeota group IV were mainly found in the middle two depths at
SEATS station, but at low abundance (about 5.5% and 10.7% of the 100m and 1000m
archaeal library, respectively; Figure 22). With the exception of one clone obtained at
55m depth from the upper Arctic (Bano ef al., 2004), the marine euryarchaeota group IV
sequences had been detected solely from samples collected at the meso- and bathy-
pelagic depths from the Antarctic Polar Front, the North Atlantic, the Mediterranean Sea,
and the central Arctic (Lopez-Garcia et al., 2001a, 2001b; Galand et al., 2009a). Our
results confirm that the marine euryarchaeota group IV are specific to the deep oceans
and represented as a minor group. The metabolism of this group at present reamins

unknown.

4.5 Conclusions/significance

We present the diversity and distribution of marine prokaryotic communities along
the vertical profiles by using the massively-parallel pyrosequencing technique at the site
of SEATS station in the northern SCS (Figure 1). Several important contributions in this
study are enumerated as following:

(1) For the first time, we successfully applied massively-parallel pyrosequencing to

describe the diversity and taxonomic composition of both bacterial and archaeal
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communities in the western tropical Pacific. Massively-parallel pyrosequencing give a
high coverage of these assemblages, and this method offers a good taxonomical
assignment for most of the bacterial groups as shown by the general agreement of
bacterial assemblages between the present V6 data and earlier clone library descriptions.

(2) Noticeably, we obtained higher values of putative OTUs, richness estimates,
ACE, Chaol, and Shannon index by the pyrosequencing method than that reported in
many previous studies based on conventional analysis of 16S rRNA genes including
clone libraries and molecular fingerprinting techniques (Gallagher et al., 2004;
Alonso-Saez et al., 2007; Pommier et al., 2007; Malmstrom et al., 2007; Santelli et al.,
2008; Fuhrman et al., 2008; Ma et al., 2009; Cono et al., 2009; Galand et al., 2009b;
Table 3 and 4), suggesting that marine microbial communities were more diverse than
our carlier estimates. In addition, our data shows the diversity of the bacterial
community in deep SCS water is lower than that in surface SCS water, suggesting that
bacterial communities from the dark ocean are less diverse than surface communities
(Table 3 and 4, and Figure 8). In agreement with earlier reports (Huber et al., 2007;
Aller and Kemp, 2008), the bacterial community is more diverse than archaeal
community in the SCS (Table 3 and 4, and Figure 8).

(3) Our results also reveal unique assemblages of Archaea in the northern SCS,
with Euryarchaeota dominating throughout the entire 3000m-deep water column. In the
deep northern SCS, the marine euryarchaeota group III has high appearances, while the
marine euryarchaeota group II are dominate in the upper layers. The relative abundance
of marine crenarchaeota group I is overwhelmed by that of the marine euryarchaeota
group III from the four depths libraries. Those results support the new perspectives
reported by Galand et al. (2009a) that there is a possible competition between the

marine euryarchaeota group III and marine crenarchaeota group I for putative energy
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sources such as ammonia oxidation.

(4) The repeated discovery of specifically inhabitating prokaryotic groups along
vertical profile in the water column indicates the depth is one of the important variables
affecting the microbial communities and is a good supplement to the current
understanding of biogeographical traits for prokaryotic communities in the norther SCS.
Our study provides an important foundational data for understanding marine microbial

diversity and communities in the SCS and tropical seawaters.
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Chapter 5 Futurework

New low-cost, high-throughput sequencing can greatly advance the analysis of
marine microbial community structure, as presenting in this study. Including the focus
about the taxonomic composition of marine microbial communities, the understanding
about a possible change in the microbial community structure with respect to time is
also a fundamental issue for subsequent studies in the northern SCS. Therefore, we
suggest that extended seasonal or annual investigations could provide the relevant
information about the variations of prokaryotic community structure during different
time scales here.

In addition, a survey of a large spatial scale is important to enlarge our
understanding about the marine microbial community. Thus, we are interested in the
variations of microbial community among different sites in the SCS and between from
the SCS and the Kuroshio. We purpose to make a line transect along the latitude of
18°15' N from SEATS station to the Kuroshio passing through the Luzon Strait, which
is the deepest passage between the western Pacific and the SCS, and to study the large
horizontal and vertical scales of microbial communities. These projects could offer us
not only the information of marine microbial communities but also an examination of
the interaction of water masses between the Kuroshio and the SCS through the analysis
of microbial communities along the line transect. Moreover, to have a more
comprehensive picture of the influence from the Pearl River, we could make another
line transect form SEATS station to the mouth of Pearl River to study the differences of
marine microbial communities.

Furthermore, linking the microbial taxonomic structures to their ecological roles is

the fundamental to ecological studies in the marine ecosystems. Metagenomics, the
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study of genetic and genomic information recovered directly from environmental
samples, has brought some hope to get insights about the metabolic potential and
evolutionary history of uncultured marine microbes. Extending metagenomic analyses
into subsequent microbial studies in the SCS would help us link their taxonomic

structures to their metabolisms, lifestyles, and ecological roles.
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