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ABSTRACT 

This thesis research focuses on phylogenetic and functional studies of microbial 

communities in deep-sea water, an untapped reservoir of high metabolic and genetic 

diversity of microorganisms. The presence of photosynthetic cyanobacteria and diatoms 

is an interesting and unexpected discovery during a 16S ribosomal rRNA-based 

community structure analyses for microbial communities in the deep-sea water of the 

Pacific Ocean. Both RT-PCR and qRT-PCR approaches were employed to detect 

expression of the genes involved in photosynthesis of photoautotrophic organisms. 

Positive results were obtained and further proved the functional activity of these detected 

photosynthetic microbes in the deep-sea.  Metagenomic and metatranscriptomic data was 

obtained, integrated, and analyzed from deep-sea microbial communities, including both 

prokaryotes and eukaryotes, from four different deep-sea sites ranging from the 

mesopelagic to the pelagic ocean. The RNA/DNA ratio was employed as an index to 

show the strength of metabolic activity of deep-sea microbes. These taxonomic and 

functional analyses of deep-sea microbial communities revealed a ódefensiveô life style of 

microbial communities living in the deep-sea water. Pseudoalteromonas sp.WG07 was 

subjected to transcriptomic analysis by application of RNA-Seq technology through the 

transcriptomic annotation using the genomes of closely related surface-water strain 

Pseudoalteromonas haloplanktis TAC125 and sediment strain Pseudoalteromonas sp. 

SM9913. The transcriptome survey and related functional analysis of WG07 revealed 

unique features different from TAC125 and SM9913 and provided clues as to how it 
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adapted to its environmental niche. Also, a comparative transcriptomic analysis of WG07 

revealed transcriptome changes between its exponential and stationary growing phases. 
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CHAPTER 1  

BACKGROUND LITERATUR E 

The water body underlying the photic zone in the worldôs oceans (depths > 200 

m), representing the largest water mass on earth (comprising 1.3×1018 m3), is the largest 

aqueous habitat for microbial life (Orcutt et al. 2011). This fraction of the ocean is 

believed to harbor 6.5 × 1028 cells which accounts for about 55% of all the prokaryotes 

found in aquatic habitats (Whitman et al. 1998). Depth 200 m is an average division 

between deep and Surface Ocean. Sun light can hardly penetrate beyond this depth, 

which causes the decrease of the light-dependent primary production. The realm of the 

ocean below 200 m is also different distinctly from the photic zone, presenting low 

temperature (approximately 2~4oC), higher pressure (pressure increases by roughly 1 atm 

with each 10 m of depth) and higher inorganic nutrient levels (Aristegui et al. 2009). 

Inorganic compounds (NO3+, PO4
3-, Fe3+, etc.) rarely exist in the photic zone, while they 

are re-mineralized and released into the water by microbial activity in the aphotic zone 

which makes the concentrations of these compounds increase in the depths below 200 m 

(Orcutt et al. 2011). In the middle depths of the ocean, the oxygen concentration is 

typically lower than that in the surface water, mainly due to the decomposition of sinking 

organic material by aerobic respiration as well as the introduction of high-latitude, 

oxygen-rich surface water to deeper depths (Wyrtki 1962; Ulloa et al. 2012). However, 

oxygen is in general relatively abundant for the microbial population living in those 

depths, and the oxygen-direct respiration is often observed in the microorganisms around 

this depth (Orcutt et al. 2011). 
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Differences in physical geochemical parameters between the upper level of sea 

water and deep sea suggest that microbial communities in these environments are 

confronted by fundamentally different challenges. Our knowledge of microbial processes 

below the sunlit surface ocean has been enormously expanded in the most recent 30 years, 

especially owing to the stirring discoveries of  hydrothermal vent (Prieur et al. 1995; 

Anantharaman et al. 2013), cold seeps (Fang et al. 2006; Orcutt et al. 2008), and whale 

falls (Deming et al. 1997; Smith 2003). These discoveries, as well as numerous studies 

being performed continuously, make great contributions to uncover the veil over the 

microorganisms living in the dark ocean where we cannot easily reach for, generate 

continuous and paradigm-shifting findings, and fundamentally change our thoughts 

toward deep-sea microbial communities (Orcutt et al. 2011). Study from the Global 

Ocean Sampling (GOS) expedition indicated that new microorganism families are being 

discovered at a rate that is linear or almost linear with the addition of new sequences, 

implying that we are still far from discovering all protein families in nature. It was also 

predicted that marine microorganisms will continue to be a source of novel enzymes in 

the near future (Rusch et al. 2007).  

Many marine microorganisms can synthesize various metabolic compounds. In 

recent decades (since 1970s), a considerable amount of drug candidates were from 

marine natural products (Haefner 2003). These natural products are a rich source of new 

chemical diversity and also a vital component of pharmaceutical industry (Fenical & 

Jensen 2006). Hence, the development of tools to access deep-sea microorganisms and 

microbial community promises to provide insight into this significant new source of drug 
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discovery and developing. In this chapter, we introduce two leading approaches of 

studying microbial communities, metagenomics and metatranscriptomics, and their 

applications in exploring deep-sea microbial communities. Unique features and genetic 

adaptations of microbial communities living in this special environment are also 

discussed.   

Metagenomics: a tool to catalog marine microbial communities 

Biotechnology applications are fueling the exploration of microbial resources in 

the oceans. Although many studies have led to cultivation, characterization and 

application of various ocean microorganisms, it is now widely accepted that the 

overwhelming majority (i.e. 99%) of the microorganisms in the ocean are uncultivable 

and thus not accessible by traditional microbiological methodologies (Rappé et al. 2002). 

To address these issues, various culture-independent approaches have been proposed to 

explore microbial communities in the oceans (Schmidt et al. 1991; Poretsky et al. 2005; 

Parro et al. 2007). These techniques allow analysis of microbial communities without the 

necessity to cultivate the microorganisms, and have greatly enlarged the fraction of 

microorganisms that can be identified (Fuhrman 2002). The traditional culture-

independent techniques include cloning and sequencing of taxonomically indexed genes 

(Pace 1997), denaturant gradient gel electrophoresis (DGGE) (Muyzer & Smalla 1998), 

fluorescent in situ hybridization (FISH) (Amann et al. 1995),  qPCR (Head et al. 1998), 

and DNA microarray (Giovannoni et al. 1990). Recent progress led to some new 

techniques such as 16S ribosomal RNA (rRNA) target sequencing which has offered a 

glimpse into the phylogenetic diversity of uncultured organisms (Tringe et al. 2005), and 
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a new era based on next generation sequencing. Among the methods designed to 

approach the phylogenetics of uncultured organisms, metagenomics, the genomic 

analysis of a population of microorganisms, has emerged as a powerful centerpiece 

(Handelsman 2004).  

Since the first proposal by Pace et al. that microorganisms could be studied by 

extracting the mixed microbial nucleic acid from environmental samples and then 

analyzing DNA sequences (Pace et al. 1986),  the term ómetagenomicsô as a game-

changing concept opened a new era in environmental microbial exploration. 

Metagenomics is defined as the study of the direct-isolated genetic components of a 

given environmental sample (Kennedy et al. 2010). The following analysis of 

metagenomics can be either sequence-driven or function-driven (Handelsman 2004; 

Kennedy et al. 2010). Initially the technology involves environmental DNA isolation, 

DNA fragment cloning and transforming, and the resulting transformants screened and 

sequenced (Handelsman 2004). However, it is low in efficiency and very labor intensive 

and hard to achieve good coverage for genetic material isolated from environmental 

microbial communities. Recent developments in high-throughput and more affordable 

sequencing platforms have the advantages of high efficiency, labor savings, and high 

coverage. To date, several commercially available high-throughput sequencing platforms 

have been introduced, including Sanger sequencing using chain termination method (Orsi 

et al. 2011; Youssef et al. 2012), 454 pyrosequencing (Rusch et al. 2007; Eloe et al. 2011; 

Wu et al. 2011), Illumina sequencing using synthesis sequencing technology (Shakya et 

al. 2013), SOLiD (Sequencing by Oligonucleotide Ligation and Detection) sequencing by 
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ligation (Valouev et al. 2008), and Ion Torrent sequencing using ion semiconductor 

technology (Whiteley et al. 2012), etc. These technologies can generate 1~5 million reads 

in a single run, with read lengths ranging from 50 ~ 1,000 bps. In recent years, these 

high-throughput sequencing technologies are fueling a rapid increase in the number and 

scope of microbial community-targeted studies of marine environment using 

metagenomic approaches. Genes involved in photosynthesis, carbon fixation, and 

nitrogen metabolism were found to be highly represented in the cDNA pool of surface 

water microbial communities (Frias-Lopez et al. 2008). Comparative genomic analyses of 

stratified planktonic microbial communities in the oceanôs interior revealed a depth-

dependent trend of microbial community function in the North Pacific Subtropical Gyre. 

Genes involved in carbon and energy metabolism, attachment and motility, gene mobility, 

and host-viral interactions were found to be more enriched in the photic surface water 

(0~200 m) (DeLong et al. 2006). Comparative metagenomic analysis showed that deep-

sea microbial communities cope with their dwelling environment by a collection of very 

subtle adaptations, instead of dramatic alterations of gene content or structure. The 

studies found that deep-sea prokaryotes own higher metabolic versatility and genomic 

plasticity, and they typically have larger genome sizes and higher content of transposases 

and prophages (Konstantinidis et al. 2009).   

As mentioned before, there are two approaches for metagenomic analysis, 

sequence-based and function-based (Handelsman 2004). Sequence-based metagenomic 

approaches compare sequence data with previously constructed databases, while 

function-based metagenomics identify genes directly by their function. The sequence-
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based analysis, by sequencing huge amount of random clones, can generate insight data 

for massive scale samples (e.g. deep-sea microbial community) and provide information 

about genomic component and features, distribution and redundancy of functions in the 

community, and horizontal gene transfer (Venter et al. 2004; Handelsman 2004). On the 

other hand, for function-based metagenomics, there is no need to recognize the targeted 

genes by sequences so that this kind of approach can play a role in novel function 

detection (Handelsman 2004; Kennedy et al. 2010). However, the significant limitation of 

function-based metagenomics is that function is always linked with the óexpressedô genes, 

which is a big burden to obtain complete information of the target. To date, DNA 

sequence based metagenomics that involves random community DNA sequencing, as 

well as taxonomic and functional gene diversity determination, has become a standard 

tool for the analysis of natural microbial communities in various natural environments 

including alkaline oil sands tailings ponds (Saidi-Mehrabad et al. 2012), acidic hot spring 

(Jiménez et al. 2012), wastewater treatment bioreactors (Ye et al. 2012), Antarctic soil 

(Pearce et al. 2012), and oxygen minimum zones in the ocean (Stewart et al. 2011; 

Cassman et al. 2012). 

Metatranscriptome: insights into óreal-timeô activity  

Though metagenomic analysis is able to provide diversity information and 

functional potential of various samples including those of uncultured and unknown 

species (Ogura et al. 2011), it cannot provide informations regarding expression level of 

functional genes, hence not to mention the physiology of microbes under specific 

environmental conditions. To address this issue, metatranscriptomics was introduced into 
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this field. The major metatranscriptomics technologies include microarray (Parro et al. 

2007; Abell et al. 2012) and mRNA-derived cDNA clone libraries (Poretsky et al. 2005). 

Microarray is a tool for the highly parallel hybridization of a single target to a multitude 

of probes in order to measure the expression levels of large numbers of genes 

simultaneously or to genotype multiple regions of a genome (Schena et al. 1995; Lashkari 

et al. 1997), while mRNA-derived cDNA clone library methods apply randomLy primed 

reverse transcription of enriched environmental mRNA to produce a cDNA template 

population and then to generate cDNA clone libraries (Poretsky et al. 2005). These 

technologies have been widely used and brought significant insights into the functionality 

of microbial communities. However, microarray analysis is limited to the known genes 

since it involves designing specific probes, while mRNA-derived cDNA clone library 

method may bring in additional biases, such as the relative abundance skewing of 

sequences because of the toxic products encoded by cloned transcripts (Gilbert et al. 

2008). With the new next-generation sequencing technologies, current 

metatranscriptomics is similar to metagenomics except that it analyzes RNA samples. To 

date, it is possible to identify genes being transcribed in given conditions and further to 

depict gene expression patterns in natural microbial communities without any prior 

information (Gifford et al. 2011). Next-generation sequencing based metatranscriptomics 

has allowed assessment of microbial functionality in the natural environments (Shi et al. 

2009). The technology can overcome various constraints inherent in the use of traditional 

qPCR and microarrays to monitor gene expression in complex microbial communities, 

such as a limited number of genes can be examined, a prior need to select gene targets, 
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and requirements for probes or primers (Gilbert et al. 2008). In addition, sequencing 

based metatranscriptomics has no significant bias towards any known sequences within 

microbial communities, and thus provides a new and powerful approach for identifying 

previously unknown genes and analyzing community-specific variants of functional 

genes in the nature (McGrath et al. 2008). In recent years, several metatranscriptomics 

analyses of marine and soil samples have been reported. The study made by Gilbert et al. 

(2008) provided a good example that when paired with metagenomic analysis, 

metatranscriptomic studies can offer unprecedented exploration of both structural and 

functional information of a surface-ocean microbial community. In another study of gene 

expression in ocean microbial communities, half of the genes detected were undetected in 

previous DNA-based metagenomic surveys (Frias-Lopez et al. 2008). The study also 

showed that genes involved in photosynthesis, carbon fixation, and nitrogen acquisition 

occupy the largest portion in the cDNA pool (Frias-Lopez et al. 2008). While most of 

these studies started from selective mRNA enrichment by depleting ribosomal RNA or 

enriching for polyA-tailed mRNA, in a recent study, a total RNA pool of microbial 

community, including both mRNA and rRNA, was analyzed to reveal both functionality 

and taxonomic diversity of the environments (Urich et al. 2008). This approach avoided 

extensive purification steps of mRNA, and enabled simple and quick preparation even 

from difficult samples. Together these studies have significantly enhanced our 

understanding of the diversity and functionality of microbial communities in the nature. 

Defining the relationship between microbial community composition and function 

(metabolic characteristics) has been a major challenge in studying heterotrophic carbon 



9 

 

cycling in marine systems (Teske et al. 2011). The combination of metagenomic and 

metatranscriptomic approaches has proven to be a powerful tool in deciphering both the 

phylogenetic composition, and the metabolic activities of deep-sea microbial 

communities. In a recent study, coupled metagenomic and metatranscriptomic analyses 

were utilized for taxonomic and functional characterization of marine microbial 

communities living at depths between 25-500 m, and have found differential relative 

transcriptional activities per cell (Shi et al. 2011). Functional characterization of highly 

expressed genes in this study led to the finding of taxon-specific contributions to specific 

biogeochemical processes, such as Roseobacter sp. to aerobic anoxygenic phototrophy at 

75 m, Crenarchaea to ammonia oxidation at 125 m, and transcriptionally active light-

preferring Prochlorococcus population in the bottom of the photic zone (Shi et al. 2011). 

The results provided novel insights into not only microbial diversity but also specific 

metabolic processes transpiring in the ecosystems. 

Technique challenges in applying metatranscriptomics  

Limitations in sample quality and quantity have become big obstacles for 

applying metagenomic/metatranscriptomic technologies to explore deep-sea microbial 

communities (Wu et al. 2011). Compared with the biomass abundant samples, such as 

surface seawater, the intact nucleic acid that can be isolated from these environments is 

very limited in quantity, usually trace to several hundred nanograms level. Moreover, 

environmental samples, different from pure culture grown in the laboratory, often contain 

various minerals and humic acids, which may inhibit amplification reactions (Broemeling 

et al. 2008; Demeke & Jenkins 2010). Thus, in most of these cases, quality of the isolated 
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environmental nucleic acid is not comparable with that from laboratory grown pure 

culture either. Moreover, typical commercial next-generation sequencing platforms 

require 3-5 µg or more of input DNA/cDNA to produce reliable sequencing data, 

approximately equal to the total amount of DNA isolable from 109 Escherichia coli cells. 

In order to analyze these environmental samples, it is inevitable to perform amplification 

to fulfill amount requirement by the current pyrosequencing technologies. However, 

obtaining unbiased and evenly amplified whole metagenomic amplification products 

which are suitable for downstream sequencing is still difficult. Quality control is 

necessary before sending the products to final sequencing. Clone library construction 

combining randomLy picked-clone sequencing was proven to be a cost-effective method 

to examine the quality of the amplification products and to ensure the efficiency of next-

generation sequencing (Wu et al. 2011). With more attention paid to community structure 

and functionality of microbial communities present in extreme environments, such as 

deep-sea, cold spring, and deep frozen earth where very low microbial cell density and 

high concentration of potential inhibitors are often expected, the protocol developed here 

could be very a useful tool in allowing direct next-generation based metatranscriptomic 

analysis. Related biotechnologies are still under development to enhance the whole 

metagenome amplification efficiency and to lower the starting mass of the next-

generation sequencing platform to the nanogram or even hundred picogram level.  

The key to a comprehensive study of the transcriptome is the identification of the 

full set of transcripts (Martin & Wang 2011). Despite the increasing ease of obtaining 

large quantities of DNA sequences during metatranscriptomic analysis, it is still a great 
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challenge to analyze the meta-data efficiently to obtain meaningful results, especially for 

those microorganisms without a high-quality reference genome (Singhal 2013). For the 

same reason, the metatranscriptomic analysis could be biased and partial since the 

analysis can only access DNA sequences with gene annotation or prediction (Martin & 

Wang 2011). Currently, the sequence reads obtained from next-generation sequencing 

platforms (except Sanger sequencing), including 454 pyrosequencing, Illumina,  SOLiD, 

and Ion Torrent, are typically short (50 ï 500 bps) (Metzker 2010), hence it is necessary 

to assemble short reads when reconstructing the total transcriptome, a complicated and 

challenging step that requires computing systems with large memories to run parallel 

algorithms. Although several de novo transcriptome assembly methods for single 

genomes have been developed (Zhao et al. 2011; Surget-Groba & Montoya-Burgos 2010), 

efforts are still needed for analysis of meta-data of complex microbial communities. 

Deep-sea microbial community and its genetic adaptation 

The biomass in the photic zone is remarkably higher than that in aphotic ocean 

since the photic surface ocean is the place where the majority of marine primary 

productions take place (Orcutt et al. 2011). On the other hand, the biomass concentration 

decreases by roughly 2 orders of magnitude in the aphotic ocean (Nagata et al. 2000). In 

the deep sea, microbial cell density can be as low as 103 ï 104 cells per mL of seawater 

(Kawagucci et al. 2012). Although cell abundances decrease with depth, the biodiversity 

of microbial communities in the deep-sea is surprisingly high. In a previous study, 

archaeal communitiesô diversity maintains a similar level or even higher level compared 

to that in upper level ocean (Winter et al. 2009).  Deep-sea microbial community studies 
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indicated that the deep-sea lifestyle is composed of a series of very subtle adaptations to a 

cold, high-pressure environment, instead of dramatic alterations of gene content or 

structure. Lauro et al. (2007) compared several deep-sea psychrophilic and barophilic 

bacterial isolates including Moritella sp. PE36 (Delong et al. 1997), Psychromonas sp. 

CNPT3 (Delong et al. 1997), Photobacterium profundum SS9 (Vezzi et al. 2005), 

Carnobacterium sp. AT7 (Lauro et al. 2007), and Shewanella sp. KT99 (Lauro et al. 

2007) with their corresponding surface-water strains, and have found that the deep-sea 

psychrophilic and barophilic strains typically possess higher rRNA operon copies, 

genome size or above-average intergenic regions, all of which are suggestive of a rapid 

response to environmental changes (Klappenbach et al. 2000; Lauro & Bartlett 2008). 

Other deep-sea specific features include lower membrane saturation to maintain cell 

plasticity (Allen et al. 1999; Allen & Bartlett 2002), starvation endurance to fight against 

oligotrophic dwelling conditions (Bidle & Bartlett 2001; Mahdhi et al. 2012), motility to 

quest for nutrients (Wirsen & Molyneaux 1999; Wang et al. 2008), and pressure-sensitive 

flagella assembly and motor systems (Shibata et al. 2005; Qin et al. 2011). 

Using high-throughput sequencing data, Sogin et al (2006) provided a 

comprehensive survey of the vertical zonation of phylogenetic distribution of microbial 

communities in the North Pacific Ocean and found that the percentage of 

Gammaproteobacteria increases with depth. Similar findings were also obtained in the 

Mediterranean Sea and the Greenland Sea (Zaballos et al. 2006). In another study, 

bacteria Prochlorococcus, Verrucomicrobiales, Flexibacteraceae, Gammaproteobacteria, 

Alphaproteobacteria, and Deltaproteobacteria were found to be dominant in the oceanôs 
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surface water, while Deferribacteres; Planctomycetaceae, Acidobacteriales, 

Gemmatamonadaceae, Nitrospina, Alteromonadaeceae were enriched in deep-sea water 

(DeLong et al. 2006). In this thesis (Wu et al. 2013), we found that 

chemolithoautotrophic and major nitrifier Thaumarchaeota, Betaproteobacteria and 

Gammaproteobacteria, which were recognized as ammonia oxidizing archaea (AOA) 

and ammonia oxidizing bacteria (AOB) that oxidize ammonia to nitrite (Pester et al. 

2012), are enriched in the deep sea. Many of these AOA and AOB have a high ammonia 

affinity and can grow in extremely oligotrophic environments (Schleper & Nicol 2010). 

Planctomycetes are main members of the well-known anammox bacterial genus 

identified previously in the marine sub-oxic zone including Rhodopirellula, 

Blastopirellula, Planctomyces, Pirellula, Candidatus Kuenenia, Gemmata and 

Isosphaera (Kirkpatrick et al. 2006; Byrne et al. 2009). The presence of Planctomycetes 

is also an indicator that anaerobic ammonium oxidation (anammox), a globally important 

microbial process of the nitrogen cycle, may be another metabolic pathway supporting 

primary production in the low-oxygen, dark pelagic ocean. Actinobacteria and Firmicutes, 

two commonly seen deep-sea members, are believed to have adaptive advantage under 

low-nutrient conditions of the deep sea (Gärtner et al. 2011).  

Except for the phylogenetic features of deep-sea microbial communities, 

microorganisms living in deep-sea environments also possess special metabolic 

adaptation to their environment. In previous studies, bacteria living in the deep-sea have 

been shown to cope with the high hydrostatic pressure environment mainly through 

membrane phospholipid fatty acid unsaturation (Allen et al. 1999; Nagata et al. 2000; 
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Allen & Bartlett 2002) and cell division (Bidle & Bartlett 2001; Ishii et al. 2005). Also, 

hydrostatic pressure was proven to be able to affect microorganismsô cellular processes 

including replication and translation (Welch et al. 1993; Ishii et al. 2005). By employing 

metagenomic and metatranscriptomic analysis, it has been found that in the deep-sea 

environments, genes involved in functional categories including óenergy production and 

conversionô, ótranscriptionô, óreplication, recombination and repairô, ócell motilityô, 

óinorganic ion transport and metabolismô, ósecondary metabolismô, ósignal transduction 

mechanismô, and ódefense mechanismô are more enriched in deep-sea microbial 

communities (Konstantinidis et al. 2009), while genes involved in functional categories 

including ócell division, chromosome partitioningô, óamino acid transport and 

metabolismô, ónucleotide transport and metabolismô, ócarbohydrate transport and 

metabolismô, ócoenzyme transport and metabolismô, ólipid transport and metabolismô, 

ótranslation and biogenesisô, ócell wall/membrane/envelopeô, óprotein turnover, 

chaperonesô, and óintracellular trafficking and secretionô are less enriched in deep-sea 

microbial communities than in surface-ocean communities. One recent study in this thesis, 

using integrated metagenomic and metatranscriptomic analysis of deep-sea microbial 

communities in the North Pacific Ocean, led to similar conclusions except that it showed 

genes related to ócell wall/membrane/envelopeô are more abundant in the deep-sea than in 

surface water (Wu et al. 2013). The results were consistent with previous metagenomic 

studies that genes from abundant planktonic microbial populations are distinct between 

upper and lower levels of sea water (Frias-Lopez et al. 2008; Konstantinidis & DeLong 

2008; Konstantinidis et al. 2009; Shi et al. 2011).  
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Conclusions   

Nowadays, more taxonomic and functional studies of deep-sea microbial 

communities are conducted to unveil deep-sea microbial ecology. However, the deep-sea 

environments, as a huge microbial reservoir, still remain mostly unknown. The 

development and broad utilization of next-generation sequencing based metagenomic and 

metatranscriptomic analysis, and also the increasingly sophisticated computer modeling 

technologies in this field make it possible to uncover the full taxonomical picture of 

microbial communities in the special dwelling environments.  Recent studies found that 

prokaryotic microbes in deep-sea environments are well-adapted to the special dwelling 

environments after long evolution; carrying genetic features that enable them to live and 

reproduce in the extreme environmental conditions. Recent progress in sequencing 

technologies is fueling a rapid increase in the number and scope of deep-sea microbial 

community-targeted studies. While metagenomic analysis can provide information on the 

taxonomic composition and metabolic potential of microbial communities in deep sea, 

metatranscriptomics serves to unveil the actual metabolic activities of the communities at 

a specific time and location, and how those activities are changing in response to 

environmental and biotic parameters.  

Ph.D. Research Contributions:  

Phylogenetic analysis of deep-sea bacteria, archaea, and eukaryota communities 

using 16s rDNA genes; phylogenetic and gene expression analysis of photosynthetic 

cyanobacteria and diatoms in deep-sea; 
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Performance evaluation of 4 different commercially available whole-

transcriptomic amplification kits and optimization of whole-transcriptome amplification 

from low cell density deep-sea microbial samples for metatranscriptomic analysis; 

Phylogenetic and functional analysis of deep-sea microbial community using 

integrated metagenomic and metatranscriptomic approach; strength of metabolic activity 

evaluation of microbial community in species level by introducing the ratio of 

RNA/DNA; 

Phenotypic and potentially functional characterization of deep-sea 

Pseudoalteromonas strains isolated from deep-sea by annotating and comparing its 

transcriptome with the genomes of reference strains Pseudoalteromonas haloplanktis 

TAC125 and Pseudoalteromonas sp. SM9913; linked in-depth observation of 

transcriptomic and proteomic changes of WG07 under different growing temperatures. 
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CHAPTER 2  

SEARCHING FOR CYANOB ACTERIA AND DIATOMS IN THE TWILIGHT 

WATERS OF THE TEMP ERATE NORTHEAST PACIF IC OCEAN  

Introduction  

The ocean is a major regulator of climate and has been the only true net sink for 

anthropogenic CO2 over the past 200 years (Sabine et al. 2004). Marine photosynthetic 

microbes (photosynthetic prokaryotes and unicellular eukaryotes) in the open ocean have 

been well known for decades, and their activities are responsible for a big portion of this 

drawdown of carbon by means of the biological carbon pump: the photosynthetic fixation 

of CO2 (primary production) and subsequent sequestration of mainly particulate organic 

carbon into deep water (Falkowski et al. 1998). It has been evident that sunlight-driven 

aerobic photosynthesis is widespread in tropical surface waters of the eastern Pacific 

Ocean and in temperate coastal waters of the northwestern Atlantic (Kolber et al. 2000). 

An ocean can be divided into several zones based on the depth and how much 

light can penetrate: i) the epipelagic zone is from the surface down to around depth 200 m 

where there is enough light for photosynthesis, and thus plants and animals are largely 

concentrated in this zone. Most of the ocean photosynthetic activity occurs in this zone 

and it accounts for about half of the global primary production (Falkowski et al. 1998; 

Kolber et al. 2001); ii) the mesopelagic zone, also called the twilight zone, is from depth 

200 m down to around 1000 m where some sunlight can  penetrate, but in general, is 

sufficient for photosynthesis; iii) the bathypelagic zone from depth 1000 m down to 

around 4000 m; and iv) the abyssopelagic zone from depth 4000 m down to above the 

ocean floor where it is almost entirely dark and no sunlight can penetrate to this depth 
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(Ikeda et al. 2007). By a narrower or stricter definition, photosynthesis is a biological 

process of converting light-energy to chemical-bond energy, accompanied by 

assimilation of inorganic carbon in conjunction with photolysis of water, which produces 

oxygen as a by-product (Falkowski & Raven, 2007; Zubkov 2009) and photoautotrophic 

microbes have been considered responsible for this narrowly defined photosynthesis 

activity. Due to their roles in global carbon cycles and oxygen generation, significant 

research has been on photoautotrophic microbes in the ocean and the results suggested 

that they are abundant in the epipelagic zone. In a recent study, Vilibiĺ & Ġantiĺ (2008) 

described the finding of photoautotroph cyanobacteria Synechococcus in the 800 m deep 

Adriatic waters during the Spring of 2006 using a flow cytometer with detection 

according to the red (chlorophyll) and orange (phycoerytrin) emissions simultaneously 

(Vilibiĺ & Ġantiĺ 2008). However, there is no evidence showing those photoautotrophic 

microbes are actively functioning in the deep-sea beyond the epipelagic zone rather than 

just as dormant cells carried down by seasonal water movement.   

In recent decades, molecular biology techniques, such as cultivation-independent 

phylogenetic surveys using ribosomal RNA (rRNA) sequencing, have been applied to 

decipher the taxonomic and metabolic diversity of microbes in the ocean (Stahl et al. 

1984; Olsen et al. 1986; Giovannoni et al. 1990; Schmidt et al. 1991; Tringe & 

Hugenholtz 2008). In this section of the study, we performed a 16S-rRNA based 

community structure analysis for microbial communities present in the sea water 

collected from the seafloor of 765-790 meters in depth in the Pacific Ocean. Although the 

depth belongs to the mesopelagic zone where it is believed there is not enough sunlight 
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for autotrophic photosynthesis, oxygenic photoautotrophic organisms, such as diatoms 

Thalassiosira spp. and cyanobacteria Synechococcus sp. were identified. 

Materials and Methods  

Sampling of the Deep-sea Water. Samples were obtained as part of the INSITE08 

National Science Foundation (NSF) Ocean Observatories Initiative (OOI) mapping cruise 

on the research vessel (R/V) Thompson TN 221 with Chief Scientists Professor John 

Delaney and Professor Deborah Kelley in the NE Pacific Ocean 

(http://ooi.ocean.washington.edu/cruise/ ). The Towed Digital Camera System and Multi-

Rock Coring System ("TowCam") of the Woods Hole Oceanographic Institution was on-

board the R/V Thompson and was used to collect the deep-sea water samples. TowCam 

is a specially designed digital camera system that photographs the seafloor as it is towed 

above the ocean bottom behind an oceanographic research vessel. It is also equipped with 

six Niskin water bottles; each can collect 5 liters of sea water from the seafloor. The 

water was taken for each of the bottles at sites about 102 miles from Newport, Oregon 

(Bottle 1 &  Bottle 2: 768 m in depth, N44 34.1931, W125 09.8414; Bottle 3: 763 m in 

depth, N44 34.0170, W125 09.0652; Bottle 4: 789 m in depth, N44 33.9816, W125 

09.0652; Bottle 5: 789 m in depth, N44 34.9448, W125 09. 0642; and Bottle 6: 785 m in 

depth, N44 33.8831, W125 09.0622) during the research vessel (R/V) Thompson TN 221 

Research Cruise in the Pacific Ocean at 7:12 to 7: 31 GMT on July 27, 2008. Since the 

camera lighting was located in the bottom whereas all six Niskin bottles were located on 

the top of the TowCam, exposure to light during water sampling was avoided. Niskin 

water bottle triggering was done using analog ports on the SeaBird SBE25 CTD, which 

http://ooi.ocean.washington.edu/cruise/
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fires a solenoid, thereby mechanically releasing the monofilament cord holding open the 

Niskin bottle. After surfacing, a total of 30 liters of sea water (0~4oC) was combined and 

filtered immediately through vacuum-driven 0.22 ɛm Stericup filteration system (1,000 

mL; Millipore, Billerica, MA). The whole process was performed in the microbiology lab 

on the deck. To avoid possible light interruption, the microbiology lab was kept as dark 

as possible and the whole filtration process was done quickly. The filters (designed as 

RT6) with microorganisms were then immediately stored in -80°C and shipped back to 

the laboratory on dry ice for genomics analysis.   

Cell Recovery, Extraction of Chromosomal DNA and Total RNA. The cells were 

washed from the membrane of the RT6 sample using 3 x 5.0 mL of RNAlater (Ambion, 

Austin, TX). After centrifugation, 2.0 mL concentrated cells were obtained and they were 

then divided into two microcentrifuge tubes for storage at -20°C. Following a modified 

DNeasy method (QIAGEN, Valencia, CA), total DNA was extracted from 1.0 mL 

recovery cells. Following a modified method combining Trizol (Invitrogen, Grand Island, 

NY) and RNeasy method (QIAGEN, Valencia, CA), total RNA was extracted from 1 mL 

recovery cells. Briefly, 1.0 mL of recovery cells was transferred to a pre-chilled 

microcentrifuge tube and centrifuged at 12,000 x g for 1 min at 4°C. After centrifugation, 

the supernatant was decanted and the cell pellet was frozen in a -80°C freezer. Then, the 

cell pellet was resuspended in preheated 200 µL Max Bacterial Enhancement Reagent 

and incubated at 95°C for 4 min. 1.0 mL TRIzol® Reagent was added to the lysate, 

mixed well and incubated at room temperature for 5 min. For phase separation, 0.2 mL 

cold chloroform was added to the mixture and mixed by shaking the tube vigorously by 
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hand for 15 sec. After being incubated at room temperature for 2 ï 3 min, the sample was 

centrifuged at 12,000 x g for 15 min at 4°C and the mixture in the tube separated into a 

lower red, phenol-chloroform phase, an interphase, and a colorless aqueous phase 

containing RNA. This aqueous phase was transferred into a new Eppendorf tube and 

proceeded to RNeasy Kit. Equal volume (700 µL) of 70% ethanol was added to the 

supernatant and mixed well. Then the mixture along with the precipitate was applied to 

RNeasy mini spin column sitting in a 2 mL collection tube and centrifuged at 11,000 rpm 

for 15 sec. The flow through was discarded. 350 µL of Buffer RW1 was pipetted on to 

the RNeasy column and the column was centrifuged at 11,000 rpm for 15 sec. After 

discarding the flow through and changing the collection tube, DNase treatment on the 

column using QIAGEN RNase-free Dnase Set was performed. Then another 350 µL of 

Buffer RW1 was added onto the spin column, and centrifuged at 11,000 for 15 sec 

followed by the flow through discarding and the collection tube change. 500 µL of Buffer 

RPE was applied twice onto the RNeasy column and centrifuged at 11,000 rpm for 15 sec 

and 2 min respectively. Up to this step, RNA was extracted and filtered on the silica-gel 

membrane of the column. At last, 30 µL of RNase-free water was directly applied onto 

the membrane and centrifuged at 11,000 rpm for 1 min. The RNA concentration is 6.3 

ng/µL, and 260/280 ratio is more than 2.0, indicating a good RNA quality. 

PCR Amplification of 16S rRNA Gene of Both Archaea and Bacteria, and 23S 

rRNA Gene of Both Eukaryotic Algae and Cyanobacteria. Using the DNA isolated 

from one of the ocean samples, we successfully constructed the three following cloning 

libraries: 16S rRNA Bacteria (forward primer FD1: 5ô AGAGTTTGATCCTGGCTCAG 
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3ô, reverse primer 1540R: 5ôAAGGAGGTGATCCAGCC 3ô), 16S rRNA Archaea 

(forward primer Ar20F: 5ô TTCCGGTTGATCCYGCCRG 3ô, reverse Arch958R: 

5ôTCCGGCGTTGAMTCCAATT 3ô), and 23S rRNA Cyanobacteria and Euryotic algal 

chloroplasts (forward primer p23SrV-f1: 5ôGGACAGAAAGACCCTATGAA3ô, and 

reverse primer p23SrV-r1: 5ôTCAGCCTGTTATCCCTAGAG3ô). The optimal 

conditions for PCR amplification were established as: i) bacterial library: 94°C for 2 min, 

30 cycles of 94°C for 30 seconds, 58°C for 1 min and 72°C for 1 min, final cycle at 72°C 

for 7 min; ii) archaeal library: 94°C for 2 min, 30 cycles of 95°C for 1.5 min, 55°C for 

1.5 min and 72°C for 1.5 min, final cycle at 72°C for 7 min; and iii) 94°C for 2 min, 30 

cycles of 95°C for 1.5 min, 55°C for 1.5 min and 72°C for 1.5 min, final cycle at 72°C 

for 7 min . The expected PCR products were recovered by gel electrophoresis and 

extracted using Qiaquick Gel DNA Extraction Kit (QIAGEN, Valencia, CA). 

Cloning Library Construction and Sequencing. The concentration of the PCR 

products was measured using the NanoDrop before it was cloned into a pGEM-T easy 

vector (Promega, Madison, WI). In general, a 2:1 ratio of insert vs. vector was used to 

achieve the optimal ligation. The total ligation reaction volume was 20 µL which 

contained 10 µL 2×Rapid Ligation Buffer, 1 µL pGEM-T easy vector which has a 

concentration of 50 ng/µL, and 2 µL T4 DNA ligase. After incubation at 4°C overnight, 2 

µL of the ligation mixture was used for electroporation. The conditions of electroporation 

were 2 mm and 2.5 KV, and ~70 µL competent cells were used. After electroporation, 

cells were cultivated in Super Optimal broth with Catabolite repression (SOC) media at 

37°C for 1 h, and then plated on a Lysogeny broth (LB) plate which contains 100 µg/mL 
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of ampicillin. Before spreading the sample, 100 µL of 100 mM IPTG and 20 µL 50 

mg/mL X-Gal were spread over the surface of an LB-ampicillin plate. After spreading the 

sample onto the plates, the plates were cultured at 37°C overnight. RandomLy picked 

clones were checked by isolating plasmid and enzymatic digestion for the right size insert, 

and were cultivated in 96-well plates and used for plasmid isolation and sequencing by an 

ABI 373 Sequencer using PCR primers (Table 1). The resultant DNA sequences were 

subjected to manually editing using Sequence Scanner Software 2.0 (Applied Biosystems, 

Grand Island, NY).  



 

 

Table 1. Primers used for PCR to detect archaea, bacteria, cyanobacteria and eukaryotic diatoms in the deep-sea 

microbial community. 

Name Primer type Sequene (5ô-3ô) Specificity Reference 

FD1 16S rRNA, forward AGAGTTTGATCCTGGCTCAG Bacteria (Weisburg et al. 1991) 

1540R 16S rRNA, reverse AAGGAGGTGATCCAGCC Bacteria (Weisburg et al. 1991) 

Ar20F 16S rRNA, forward TTCCGGTTGATCCYGCCRG Archaea (DeLong et al. 2006) 

Arch958R 16S rRNA, reverse TCCGGCGTTGAMTCCAATT Archaea (DeLong et al. 2006) 

p23SrV-f1 23S rRNA, forward GGACAGAAAGACCCTATGAA 
Plastid of eukaryotic algae and 

Cyanobacteria 
(Sherwood & Presting 2007) 

p23SrV-r1 23S rRNA, reverse TCAGCCTGTTATCCCTAGAG 
Plastid of eukaryotic algae and 

Cyanobacteria 
(Sherwood & Presting 2007) 

S-psbA-F psbA, forward CAATGCACGGTTCTCTCGTA Synechococcus sp. WH8102 This study 

S-psbA-R psbA, reverse ATACCGACTACAGGCCATGC Synechococcus sp. WH8102 This study 

T-psaC-F psaC, forward TACGTGTATCGGTTGTACTCAATG Thalassiosira pseudonana This study 

T-psaC-R psaC, reverse GGACATGCTGTTTCACAACG Thalassiosira pseudonana This study 

T-psbA-F psbA, forward GCTGGTGTATTCGGTGGTTC Thalassiosira pseudonana This study 

T-psbA-R psbA, reverse GTAACCGTGTGCAGCTACGA Thalassiosira pseudonana This study 

 

 

  

 

2
4 
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Sequence Alignment and Phylogenetic Analysis. Sequences were compared 

against those in GenBank through the NCBI internet using BLAST 2.2.10 (Altschul et al. 

1997). For bacteria clones, sequences were also compared against the 16S rDNA 

database from the Ribosomal Database Project (Cole et al. 2005). Alignment of 

sequences was done with Clustal W (Thompson et al. 1994). Construction of Neighbor-

Joining phylogenic trees and bootstrapping were performed using MultiPhyl Online 

service (Keane et al. 2007). Operational taxonomic units (OTU) were determined based 

on a 3% divergence cutoff for individual ñspeciesò OTU. To estimate the extent of 

coverage of diversity in our clone libraries, rarefaction analysis was applied in this 

purpose using a RarefactWin shareware program. All DNA sequences were submitted to 

the NCBI GenBank database. Accession numbers GU317449ïGU317689 were assigned 

to Archaea-related sequences, and numbers GU317690ïGU317940 were assigned to 

bacteria-related sequences, and GU317367ïGU317448 were assigned to photosynthetic 

microbe-related sequences. 

Gene Expression Analysis. To determine the gene expression involved in protein 

synthesis in photoautotrophic microbes, a set of 23S based primers specific to eukaryotic 

algae and cyanobacteria was adopted from the literature (Sherwood & Presting 2007), or 

designed using Primer3 v. 0.4.0 (DNA Software, Totowa, NJ), and then synthesized by 

Invitrogen Corporation (Carlsbad, CA). The same primers were also used in the 23S 

rRNA gene cloning library construction as described above. Using genomic DNA 

Synechocystis sp PCC6803 as a PCR template, we amplified a 500-bp fragment of 23S 

rRNA gene for the purpose of generating a standard curve for quantitative RT-PCR.  

SYBR Green OneïStep Quantitative RT-PCR with BioRad reagents was performed on 
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Rotor-Gene 6000 (Corbett Life Science). The PCR reaction in a total 20 µL volume set 

up was as follows: 10 µL 2 x SYBR Green Rxn mix (BioRad), 1.5 µL forward primer (4 

µM), 1.5 µL reverse primer (4 µM), 4.5 µL nuclease free-water. 0.5 µL iScript RT 

enzyme for One-Step (BioRad), and 2 µL RNA/DNA template. The cDNA synthesis was 

performed at 50°C for 15 min followed by 95°C for 5 min for inactivation of reverse-

transcriptase. The PCR cycling program was: 40 cycles of 95°C for 10 sec, 56°C for 56 

sec, 72°C for 30 sec.  Data analysis was carried out using the software provided by 

(QIAGEN, Valencia, CA). 

 One gene directly involved in photosynthesis in the Synechococcus sp., psbA 

gene in photosynthesis system II, was analyzed. Primers were designed based on the 

complete genome sequence of Synechococcus sp. WH8102 (Palenik et al. 2003) using 

Primer3 v. 0.4.0 (DNA Software, Totowa, NJ) and synthesized by Invitrogen Corporation 

(Carlsbad, CA) (Table 1). Similarly, two genes directly involved in photosynthesis in T. 

pseudonana were analyzed: the psaC gene involved in photosynthesis system I iron-

sulfur center and the psbA gene involved in the photosynthesis system II.  Primers were 

designed based on the complete genome sequence of T. pseudonana (Armbrust et al. 

2004), using Primer3 v. 0.4.0 (DNA Software, Totowa, NJ) and synthesized by 

Invitrogen Corporation (Carlsbad, CA) (Table 1). RNA isolated from the deep-sea water 

samples was pretreated by heating under 65oC for 5 min and chilling on the ice 

immediately. SuperScript VILO cDNA synthesis kit (Invitrogen) was used to reverse 

transcript RNA into cDNA according to the instructions from the manufacturer. To 

enhance the sample following PCR, the corresponding reverse primer was added into the 

reverse transcription mixture. Conventional PCR was carried out to characterize the 
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expression of the Synechococcus psbA gene and the T. pseudonana psaC gene in an 

Eppendorf Mastercycler® (Eppendorf, Hauppauge, NY) using PCR Master Mix (2X) and 

Taq DNA Polymerase (Fermentas Life Science, Pittsburgh, PA) with a reaction volume 

of 20 µL. The thermal profile for the Synechococcus psbA gene was 1 cycle at 94oC for 5 

min; 35 cycles at 92oC for 1 min, 57oC for 1 min, and 68oC for 1 min; final extension at 

72oC for 10 min and soak at 4oC; and for the T. pseudonana psaC gene was 1 cycle at 

95oC for 10 min; 30 cycles at 94oC for 15 sec, 58oC for 20 sec, and 72oC for 30 sec; final 

extension at 72oC for 7 min and soak at 4oC. While we failed to amplify the T. 

pseudonana psbJ gene using conventional PCR, we applied touchdown PCR to detect the 

gene with the annealing temperature range from 50oC to 60oC. After PCR, 2 µl of the 

reaction mixture was analyzed by electrophoresis in a 2% agarose gel containing CYBR 

Green prior to being visualized under UV light with the Molecular Imager® Gel DocTM 

XR System (Bio-Rad, Hercules, CA). A PCR band of the correct size was cut out, 

purified, and sequenced for verification. A similar real-time PCR was run as a negative 

control to prove the amplification products were from RNA and not DNA.     

Results   

DNA and RNA Isolation from the Deep-sea Water. Direct counting of the cell 

number was performed under light microcopy. The results showed that a total of 3-5 x 

107 cells were recovered. Based on the number, it was estimated that the microbial cell 

density was around 1.0ï1.7×103 cells per milliliter of the sea water, consistent with the 

cell number suggested for the similar depth in the tropical/subtropical Atlantic Ocean 

(Varela et al. 2008). 
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Following a modified DNeasy method (QIAGEN, Valencia, CA), we extracted 

total DNA from 1.0 mL (Cell No = ~107) of recovery cells. DNA was eluted three times, 

each time into 50 µL ddH2O. The DNA concentration was about 24 ng/µL, 17 ng/µL and 

11 ng/µL for the first, second and third elution, respectively. When combined, a total of 

2600 ng of chromosomal DNA was obtained. Although the yield is relatively low, the 

DNA quality is good with 260/280 ratio or more than 1.8.  

Using a modified method combining Trizol (Invitrogen, Carlsbad, CA) and 

RNeasy methods (QIAGEN, Valencia, CA), we also extracted total RNA from 1.0 mL 

(Cell No = 107) of recovery cells. The RNA was eluted into 30 µL ddH2O. A total of 189 

ng of RNA was obtained. Although recovery was low, probably due to the low metabolic 

activity of microbes at this depth, the quality of RNA was good, as suggested by a DNA 

quality of 260/280 ratio greater than 2.0. 

Community Structure Analysis. DNA isolated from the deep-sea water was used 

to construct three clone libraries for microbial community structure analyses: i) 16S 

rRNA bacterial, ii) 16S rRNA archaeal and iii) algae and Cyanobacteria specific 23S 

rRNA libraries. To improve the PCR performance, we used PCRboost (Biomatrica, San 

Diego, CA) to replace water in the PCR mixture. 

Archaea: Under the optimized condition, PCR amplification of 16S rRNA genes 

using archaea-specific primers generated a single band with the expected size of about 

700-bp on the gel. Sequence analysis of 156 random clones revealed 21 different 

phylotypes based upon 97% sequence similarity, and they corresponded closely to the 

sequences of  many groups of unknown microorganisms found in marine environments, 

such as EU199549 (Kalanetra et al. 2009) and FJ002876 (Agogué et al. 2008). The 
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majority of clones (150 in total) are phylogenetically similar to uncultured marine group I 

Crenarchaote, with 20 OTUs having been recognized using a 97% sequence identity as a 

cut-off value (Figure1). In addition, a small number of clones (6 in total) are 

phylogenetically affiliated to uncultured marine group II  Euryarchaeote, and they 

represented two previously identified OTUs, sequenced clone UEU78206 from the Santa 

Barbara Channel (Massana et al. 1997) and DQ300553 from the North Pacific 

Subtropical Gyre (DeLong et al. 2006), respectively.  

 

 

 



30 

 

 

Figure 1. Reasonable Archaeal groups found in phylogenetic analysis of the 

microbial community. 

Bacteria: Under the optimized condition, PCR amplification of bacterial 16S 

rRNA genes using bacteria-specific primers generated a single band with the expected 

size of about 1300-bp on the gel. Sequencing analysis of 251 random clones revealed 

significant bacterial diversity (Figure 2) present in this site after comparing to the 16S 

rDNA database from the Ribosomal Database Project (Cole et al. 2005). A majority of 

the clones (168 in total) from the clone library are phylogenetically associated with the 

phylum Proteobacteria, and they can be further grouped into classes of Alpha- (46 clones), 
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Beta- (4 clones), Gamma- (94 clones), Delta- (23 clones) and Epsilon-proteobacteria (1 

clone). Among Alpha-proteobacteria, 15 total OTUs have been recognized based on a 97% 

sequence identity as a cut-off value. Based on sequence BLAST searches, 28 clones from 

8 OTUs in Alpha-proteobacteria class are highly similar to marine SAR 11 clones with 

sequence identity more than 95%, such as EU361476 (Pham et al., 2008). Seven other 

OTUs belong to unknown species. The Beta- group contains 2 OTUs, one has a 98% 

sequence identity to AB239007, an uncultured Nitrosospira sp. (Arakawa et al., 2006), 

and another belongs to an unknown species. The Gamma-group contains 23 OTUs with 

most OTUs belonging to unknown species, and only five OTUs can be classified into 

uncultured members belonging to a genus including Colwellia (5 clones, 1 OTU), 

Halomonas (1 clone, 1 OTU), Moritella (5 clones, 1 OTU), Psychromonas (1 clone, 1 

OUT), as well as Shewanella (1 clone, 1 OTU). Thirteen OTUs from the Delta-group are 

identified and most of them belong to unknown species. However, based on BLAST 

searches, they seem associated with sulfate-reducing bacteria, such as Desulfobacterales 

(8 clones, 6 OTUs), Desulfovibrionales (1 clones, 1 OTUs), Desulfuromonales (2 clones, 

2 OTUs) and Syntrophobacterales (6 clones, 3 OTUs). In addition, 6 clones representing 

2 OTUs seem to be Moxococcals-related. Finally, one clone (B3E5) sharing 99% 

sequence identity to an uncultured Epsilon-proteobacterial isolate AJ535216 has been 

recognized (Knittel et al. 2003).  
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Figure 2. Reasonable Bacterial groups found in phylogenetic analysis of the 

microbial community. 

Forty-two clones (13 OTUs) are phylogenetically affiliated with the phylum 

Bacteroidetes, and a majority (41 clones) of them can be further classified into orders 

Flavobacteriales (16 clones, 8 OTUs) and Sphingobacteriales (25 clones, 3 OTUs). 

Flavobacterials clones are divided into families including Flavobacteriaceae (13 clones, 

8 OTUs) and Crymorphaceaea (3 clones, 2 OTUs). All Sphingobacteriales clones belong 

to the family Flexibacteraceae and they share sequence identify ranging from 88% to 98% 

with a previously isolated uncultured clone AB015263 (Li et al. 1999). Finally, B2A12 

cannot be attributed to either one of two classes mentioned above. This clone shares 100% 
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sequence identity to GQ348796, an uncultured Bacteroidetes bacterium clone from an 

oxygen minimum zone (Walsh et al. 2009). Nineteen clones (4 OTUs) belong to 

Actinobacteria, among them, one OTU consisting of 10 clones is closely related to the 

previously isolated clone GQ349866 with a sequence similarity of over 98%. One OTU 

consisted of 3 clones (B1E11, B2E6 and B4E12) that are closely related to uncultured 

green non-sulfur bacteria Chloroflexi sp. In addition, clones phylogenetically affiliated to 

other phylum including Planctomycete (7 clones, 3 OTUs), Cynaobacteria (4 clones, 1 

OTU), Acidobacteria (3 clones, 1 OTU), Lentisphaerae (2 clones, 1 OTU), Nitrospira (1 

clone, 1 OTU), Fibrobacteres (1 clone, 1 OUT) and Verrucomicrobia (1 clone, 1 OTU) 

have been identified.  

 In regards to eukaryotic algae and cyanobacteria, it was intriguing that some 

clones identified in the bacterial 16S rRNA clone library of the deep-sea water belong to 

phototrophic bacteria, such as photoautotrophic Cyanobacteria and photoheterotrophic 

Chloroflexi. To further confirm the presence of the photoautotrophic microorganisms at 

this ocean depth with very little sunlight, we applied one pair of universal PCR primers 

aimed at the 23S rRNA plastid gene for the construction of a 23S rRNA clone library 

(Sherwood & Presting 2007). PCR amplification of 23S rRNA genes using eukaryotic 

algae and cyanobacteria-specific primers generated a single band around 500-bp in size. 

Sequencing of 94 random clones revealed that a majority of them are divided between 

diatoms (61 clones) and Cyanobacteria solely belonging to Synechococcus sp. (16 clones) 

(Figure 3). Among the diatom group, 45 clones (7 OTUs) are similar to Thalassiosira spp. 

Other closely related diatoms include: Nitzsch spp. (11 clones, 7 OTUs), Odontella spp. 

(2 clones, 2 OTUs), Phaeodactylum spp. (3 clones, 2 OTU). Also, a few clones 
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phylogenetically affiliated to other algae commonly found in the oceans such as Chlorella 

sp. and Emiliania sp. (Cattolico et al., 2008) were also identified based on a sequence 

similarity search. In terms of Syne-affiliated clones, 14 clones are mostly close to 

Synechococcus sp. CC9311 with 97-99% sequence identity (Palenik et al., 2006) and two 

to Synechococcus sp. CC9902 with 99% identity, respectively (Figure 3). 

 

Figure 3. Phylogenetic analysis of the deep-sea photosynthetic eukaryotic algae and 

cyanobacteria. 

Gene Expression Analysis. While the active presence of photoheterotrophic 

microbes in the deep sea has been demonstrated in some early studies (Karl et al. 1984; 

Zubkov 2009), the finding of photoautotrophic organisms similar to Synechococcus sp. 



35 

 

and Thalassiosira sp. in the deep-sea microbial samples raise an immediate question 

about whether these photoautotrophic microbes are in the status of actively metabolizing 

or are simply dormant cells. To seek an answer to this question, we performed further 

studies to determine the gene expression directly involved in protein synthesis and 

photosynthesis, using total RNA isolated from the deep-sea samples as a template. We 

first evaluated the expression of highly expressed rRNA genes involved in protein 

synthesis using a quantitative PCR method. Primers were designed based on the two 

complete genome sequences of Synechococcus sp. WH8102 (Palenik et al. 2003) and 

Thalassiosira pseudonana (Armbrust et al. 2004). Figure 4 shows the real-time PCR 

analysis of the copy number of 23S rRNA gene. The analysis was done separately using 

DNA or cDNA as a template. The calculated average copy number of the algae and 

cyanobacteria specific 23S rRNA gene is 5.63 x 104 and 2.04 x 105 per reaction for DNA 

and cDNA template, respectively. Considering the dilution factors of each template, the 

normalized copy number for 23S rRNA from cDNA (or RNA) and DNA is 2.44 x 107 

and 4.25 x 106, respectively. Thus, the copy number of 23S rRNA is about 6 times higher 

than that of 23S rDNA. The results suggested that the photosynthetic algae and 

cyanobacteria are metabolically active even in the ~800 m-deep mesopelagic zone in the 

Pacific Ocean.   
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Figure 4. A quantitative RT-PCR analysis of algae and cyanobacteria specific 23S 

rRNA  gene. 

We then evaluated the expression of genes involved in photosynthesis in 

Synechoccus sp. and Thalassiosira spp. There are two types of photosynthetic systems 

existing in both Synechoccus sp. and Thalassiosira spp.: type I (PSI) and type II (PSII) 

(Palenik et al., 2003; Armbrust et al., 2004). Several genes from both photosynthesis 

systems were selected as targets for RT-PCR analysis: psbA gene (PSII) in 

Synechococcus sp., and psaC (PSI) and psbA (PSII) genes in T. pseudonana. Although 

initial attempts using a quantitative RT-PCR approach failed to detect the expression of 

those genes, probably due to the relative low copy number of their mRNA (cDNA) 

compared with 23S rRNA which we can measure successfully, we were able to amplify 

PCR bands of correct sizes of all three genes from the cDNA templates using optimized 
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conventional and touchdown PCR approaches. The PCR products were purified from the 

gel (Figure 5) and validated as the correct target genes by DNA sequencing. Using the 

default parameters, blast search of the PCR primer band based on the Synechococcus sp. 

psbA gene against NCBI Genbank gave two hits, 88% identity (E value 3e-34) to 

Synechococcus sp. CC9311 and 87% to Synechococcus sp. WH 8102 (E value 6e -31). 

Blast search of the PCR primer band based on the T. pseudonana psaC gene gave only 

one hit, 93% identity (E value 2e -26) to T. pseudonana. Blast search of the PCR primer 

band based on the T. pseudonana psbA gene showed 100% identity (E value 6e -32) to T. 

pseudonana.  

 

Figure 5. Electrophorisis gel image of three photosynthesis related genes identified 

in deep-sea microbial community RNA 

To exclude the possibility that cDNA samples were contaminated with DNA 

during the RNA isolation step and to demonstrate that the expression was from DNA 

based templates, we set up negative controls for all genes using original RNA solution as 

template (without the cDNA synthesis step) for direct PCR amplification under the 

identical PCR conditions, and no amplification was observed. The results demonstrated 
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that the psbA gene of Synechococcus sp., psaC and psaA genes of T. pseudonana were 

actively expressed in the sea water samples. 

Discussion  

Photoautotrophic microbes such as the well-known genera Prochlorococcus and 

Synechococcus are abundant members of the microbial community in the euphotic zone 

and are responsible for much of the primary production in the ocean (Worden et al. 2000; 

DuRand et al. 2001; Herndl et al. 2008). Meanwhile, early studies have suggested that 

viable photoautotrophic microbes, such as Synechococcus sp. can be found from deep-sea 

water or sediments where there is supposed to lit tle or no sunlight (Thiel et al. 1990; Reid 

et al. 1991; Patterson et al. 1993; Martín-Cuadrado et al. 2007; Vilibiĺ & Ġantiĺ 2008; 

Zubkov 2009). In a recent study, Vilibiĺ & Ġantiĺ (2008) described the discovery of the 

photoautotroph cyanobacteria Synechococcus in the 800 m deep Adriatic waters during 

the Spring of 2006. However, so far there is no evidence showing those photoautotrophic 

microbes are metabolically actively functioning rather than being dormant cells at this 

depth. To seek more insights on the functional boundary of photoautotrophic microbes in 

the ocean, in this study, we performed community and gene expression analyses for 

microbial communities in the sea water collected from the seafloor of 765-790 m in depth 

in the Pacific Ocean. This depth belongs to the deep mesopelagic zone where some light 

is normally insufficient for photosynthesis. In addition to clone library analysis and direct 

auto-fluorescence imaging, we improved the RNA isolation protocols so that total RNA 

of good quality was successfully obtained from a relatively small amount of biomass, and 

then was used to analyze genes directly related to photosynthesis. The presence of 

photoautotrophic microbes in the zone was demonstrated by a bacterial 16S rRNA based 
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clone library analysis, and the metabolic activity of the oxygenic photoautotrophic 

organisms Thalassiosira spp. and cyanobacteria Synechococcus sp. was demonstrated by 

expression of the 23S rRNA gene involved in protein synthesis in Cyanobacteria, and 

expression of  photosynthesis-involved psaC and psbA genes in Thalassiosira spp., and 

expression of  photosynthesis-involved psbA gene in Synechococcus sp., respectively. 

However, it still remains unclear how those active photoautotrophic microbes reach the 

deep mesopelagic zone. One less plausible explanation is that they sink to this depth in 

the water, although it could be argued that it is less possible for bacteria compared to 

larger phytoplankton due to their minute size (1-2 µm in diameter). For instance, it has 

been suggested that a cell 1.0 µm in diameter is predicted to sink at a rate of only 2.6 mm 

a day (Raven 1986). Another possibility is that they are going down as microbial 

assemblages associated with large sinking particles, as cyanobacteria was found 

associated with sinking particles sampled in sediment traps deployed at depths beyond 

1000 m the Porcupine Abyssal Plain (PAP, NE Atlantic) (Vanucci et al. 2001). The third 

possibility is through mechanisms similar to what has been proposed for cyanobacteria 

found in deep Adriatic waters (Vilibiĺ & Ġantiĺ 2008). Two processes involved were: 1) 

deep convection in the South Adriatic Pit (SAP); and 2) density current going downslope. 

The first process was responsible for bringing the cyanobacteria down to 600-m depth in 

the area of convection, and the second one triggered the downslope transport of the 

Cyanobacteria to the very bottom of the SAP. The depletion rate of Synechoccocus, 

Cyanobacteria in an extremely hostile environment has been computed to equal about 1 

month (Vilibiĺ & Ġantiĺ 2008). However, none of those possibilities make enough sense 

here when taking into consideration that RNA molecules (especially mRNA) are 
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generally only stable less than several hours after the transcription is stopped. For 

example, an early study in Synechocystis PCC 6803 by Gill et al. (2002) showed that 

genes involved in photosystem II such as structural subunit genes psbA2 and psbD2 can 

only maintain high transcript levels for 60 min after the lights were turned off (Gill et al. 

2002). It is thus well expected that the RNA involved in photosynthesis will be fully 

degraded when they reach the deep mesopelagic zone from the surface ocean through any 

of three possible mechanisms. The forth possibility is that those photoautotrophic 

microbes are a natural part of activity at this depth. As one support to this hypothesis, it 

has been suggested that diatoms Thalassiosira spp. and cyanobacteria Synechococcus sp. 

are microbes with high adaptation ability and can function well in less favorable 

environments. In early studies, bacterial chemolithotrophy has been suggested as  a key 

player for organic carbon generation at 700ī900 m sea depth, and the  energy for this 

process may be in part provided by detrital NH4
+ derived from the downward flux of 

large particles (Karl et al. 1984). This possibility, if true, will imply that the functional 

boundary of photoautotrophic activity may be beyond the epipelagic zone, deeper than 

previously described, and their contribution to the oceanic carbon cycles may need 

further investigation. Finally, the facts that most bacteria and archaea identified from our 

clone libraries are similar to those previously found in the deep-sea environments, and 

deep-sea photoautotrophic community identified from our clone library is limited to 

several species (dominated by only Synechococcus sp. and Thalassiosira spp.) in 

comparison to that in the surface water, measured against the possibility of any surface 

water  contamination in our sample, since no abundant surface-water species was 

observed in three of the clone libraries. 
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CHAPTER 3  

OPTIMIZATION OF WHOLE -TRANSCRIPTOME AMPLIFICATION FROM 

LOW CELL DENSITY DEEP -SEA MICROBIAL SAMPLES FOR 

METATRANSCRIPTOMIC ANALYSIS  

Introduction   

Next-generation sequencing based metatranscriptomics can analyze gene 

expression directly from natural microbial assemblages, and has allowed assessment of 

microbial functionality in the natural environments (Shi et al. 2009). The technology can 

overcome various constraints inherent in the use of traditional qPCR and microarrays to 

monitor gene expression in complex microbial communities, such as limited number of 

genes can be examined, a prior need to select gene targets, and requirements for probes or 

primers. In addition, sequencing based metatranscriptomics has no significant bias 

towards any known sequences within microbial communities, and thus provides a new 

and powerful approach for identifying previously unknown genes and analyzing 

community-specific variants of functional genes in nature (McGrath et al. 2008). In 

recent years, several metatranscriptomics analyses of marine and soil samples have been 

reported (Poretsky et al. 2009; Gilbert et al. 2008; Vila-Costa et al. 2010). Most of these 

studies started from selective mRNA enrichment by depleting ribosomal RNA or 

enriching for polyA-tailed mRNA, respectively. In a recent study, a total RNA pool of 

microbial community, including mRNA and rRNA, was analyzed to reveal both 

functionality and taxonomic diversity of the environments (Urich et al. 2008). This 

approach avoided extensive purification steps of mRNA, and enabled simple and quick 

preparation even from difficult samples. Together these studies have significantly 
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enhanced our understanding of the diversity and functionality of microbial communities 

in the nature. 

Several commercial next-generation sequencing platforms are currently available 

for metatranscriptomic analysis, such as Rocheôs 454 FLX Genome Sequencer, 

Illuminaôs Genome Analyzer, and Applied Biosystemsô SOLiD. Typically these 

sequencing platforms require at least 2 ï 5 ug of input DNA/cDNA in order to achieve 

good sequencing data, which is equal to the total amount of DNA isolated from 

approximate 109 Escherichia coli cells. Unfortunately, in many natural environments (e.g., 

the deep sea), microbial cell density can be as low as 103 ï 104 cells per mL of seawater 

(Takai et al. 2004), and total RNA amount in the cells is also low due to their relatively 

slow metabolism. Compared with biomass abundant samples, such as surface seawater, 

the intact RNA that can be isolated from these environments is very limited in quantity; 

usually low to several hundred nanograms level. Moreover, environmental samples, 

different from pure culture grown in the laboratory, often contain various minerals and 

humic acids, which may inhibit amplification reactions (Broemeling et al. 2008; Demeke 

and Jenkins 2010). Thus, in most of these cases, quality of the isolated environmental 

RNA is not comparable with that from laboratory grown pure culture either. In order to 

analyze these samples, it is inevitable to perform amplification to fulfill amount 

requirement by the current pyrosequencing technologies. However, to our knowledge, 

few protocols are currently available for whole-transcriptome amplification from small 

amounts of microbial samples for pyrosequencing.  

Our center is working on in situ sensor development in order to provide real-time 

oceanographic observations (Qin et al. 2010; Zhou et al. 2012; Zhu et al. 2012). As part 
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of this effort, we are working on developing genomics-based biosensors to monitor 

microbial communities and their dynamic changes in the deep ocean. In this respect, 

obtaining baseline understanding of the diversity and functionality of microbial 

communities through metagenomic and metatranscriptomic analyses becomes essential. 

In this thesis, we report a new molecular protocol to isolate total RNA from a very small 

amount of deep-sea microbial samples, and then to amplify them to the amount required 

for pyrosequencing. The effectiveness of this protocol was proven through analyzing 

sequence data from both a random cloning library and pyrosequencing of amplified 

metatranscripts. The results demonstrated that the protocol was capable of reliably 

amplifying whole-transcriptome from small amount of environmental microbial samples 

for pyrosequencing. 

Materials and Methods 

Sample collection and cell recovery. Microbial samples used in this study were 

collected from seven different sites, at depths of 784 - 2,319 m in the Northeast Pacific 

Ocean. For each sample, a total of 30 liters of deep-sea water was taken at 2-3 m above 

the sea floor by six water bottles carried on the Towed Camera System (óTowCamô) of 

the Woods Hole Oceanographic Institution. Deep sea water was then filtered immediately 

through 0.22 ɛm filters which were then stored in -80°C until used. Since our goal was to 

isolate RNA for community structure and gene expression analyses, we washed cells off 

of the filter membrane gently so that the RNA profiles could be persevered with 5.0 mL 

of the chilled RNAlater solution (Ambion, Austin, TX) for each wash. A total of five 

washes were performed for the filter, cells recovered from each wash were combined into 

a single pool, and stored at -80°C immediately for subsequent RNA isolation. 
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Isolation of total RNA. Using a modified protocol combining Trizol (Invitrogen, 

Carlsbad, CA) and RNeasy methods (QIAGEN, Valencia, CA), we extracted total RNA 

from the collected microbial cells. Briefly, 1.0 mL of collected cells (i.e. 3×108) was 

transferred to a pre-chilled microcentrifuge tube and centrifuged at 12,000 x g for 1 min 

at 4°C. After centrifugation, the supernatant was decanted and the cell pellet was re-

suspended in preheated 200 µL Max Bacterial Enhancement Reagent provided by the 

Trizol kit and incubated at 95°C for 4 min. 1.0 mL TRIzol® Reagent was added to the 

lysate, mixed well and incubated at room temperature for 5 min. For phase separation, 0.2 

mL cold chloroform was added to the mixture and mixed by shaking the tube vigorously 

by hand for 15 sec. After incubation at room temperature for 2 ï 3 min, the sample was 

centrifuged at 12,000 x g for 15 min at 4°C and the mixture in the tube separated into a 

lower red, phenol-chloroform phase, an interphase, and a colorless aqueous phase 

containing RNA. This aqueous phase was transferred into a new Eppendorf tube and the 

RNeasy method applied. Equal volume (700 µL) of 70% ethanol was added to the 

supernatant and mixed well. Then the mixture along with the precipitate was applied to 

an RNeasy mini spin column sitting in a 2 mL collection tube and centrifuged at 11,000 

rpm for 15 sec. The flow through was discarded. 350 µL of Buffer RW1 was pipetted on 

to the RNeasy column and the column was centrifuged at 11,000 rpm for 15 sec. After 

discarding the flow through and changing the collection tube, DNase treatment on the 

column using QIAGEN RNase-free DNase Set was performed for 15 min at room 

temperature. Then another 350 µL of Buffer RW1 was added into the spin column, and 

centrifuged at 11,000 for 15 sec followed by the flow through discarding and the 

collection tube change. 500 µL of Buffer PE was applied twice onto the RNeasy column 
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and centrifuged at 11,000 rpm for 15 sec and 2 min respectively. At last, 30 µL of 

RNase-free water was directly applied onto the membrane and centrifuged at 11,000 rpm 

for 1 min. After 1 min centrifugation, total RNA was eluted from the membrane and kept 

at - 80ºC unil used. 

Whole transcriptome amplification. Total RNA isolated from the deep-sea 

microbial samples was directly applied to a whole transcriptome amplification process. 

Three different amplification methods were evaluated in this study: i) Illustra GenomiPhi 

V2 DNA Amplification Method (GE Healthcare, NJ): This method is designed for 

whole-genome DNA amplification. To modify it for whole-transcriptome amplification, 

SuperScriptÈ VILOÊ cDNA Synthesis Method (Invitrogen, Carlsbad, CA) was 

employed to synthesize cDNA. The cDNA synthesis condition was: 25°C for 10 min, 

42°C for 60 min, and 85°C for 5 min. Amplification was then performed using purified 

cDNA product with the GE Healthcare method following the instructions from the 

manufacturer: denaturation at 95°C for 3 min, incubation at 30°C for 90 min, and 

inactivation at 65°C for 10 min. After amplification, the product was purified with 

QIAquick® PCR Purification method (QIAGEN, Valencia, CA) and the concentration 

was measured using NanoDrop; ii) QuantiTect® Whole Transcriptome method (QIAGEN, 

Valencia, CA): This method is designed for preparing cDNA from total RNA by whole 

transcriptome amplification. This method was different from the GE method since before 

final amplification, there was a ligation step in the QuantiTect method, which proved to 

be a key factor influencing amplification efficiency in our following experiment. We 

used 12 hrs instead of the maximum 8 hrs suggested in the manufactureôs manual. Hence, 

the thermal cycling condition was: RNA reverse transcription at 37°C for 60 min and 
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inactivation at 95°C for 5 min; ligation at 22°C for 6.5/12 hrs; cDNA amplification at 

30oC for 3.5 hrs and inactivation at 95°C for 5 min. After amplification, the product was 

purified with QIAquick® PCR Purification method (QIAGEN, Valencia, CA) and the 

concentration was measured using NanoDrop; and iii) WT-OvationÊ Pico RNA 

Amplification System (NuGEN, San Carlos, CA): This method is designed for preparing 

amplified cDNA from a small amount of total RNA (as low as 500 pg) for gene 

expression analysis. As described in the protocol provided by the manufacturer, three 

steps including first strand cDNA synthesis, second strand cDNA synthesis and SPIA 

amplification were performed. For the first strand cDNA synthesis, primer annealing was 

at 65°C for 2 min, then 4°C forever; first strand synthesis was 4°C for 1 min, 25°C for 10 

minutes, 42°C for 10 min, 70°C for 15 min, then 4°C forever. In the second strand cDNA 

synthesis, the thermal cycling condition was 4°C for 1 min, 25°C for 10 minutes, 50°C 

for 30 min, 70°C for 5 min, then 4°C forever. In the final SPIA amplification step, the 

heating condition was 4°C for 1 min, 47°C for 60 min, 95°C for 5 min, then 4°C forever. 

Before SPIA amplification step, Beckman Coulterôs Agencourt® RNAClean® purification 

beads were added into reaction tube to purify products. After amplification, the product 

was purified with QIAquick® PCR Purification method (QIAGEN, Valencia, CA), and 

the concentration was determined using NanoDrop.  

Products from whole transcriptome amplification were single strand DNA 

(ssDNA), which needs to be converted to double strand DNA (dsDNA) for sequencing 

and clone library construction. Hence, WT-OvationÊ Exon Module (NuGEN, San 

Carlos, CA) was employed to synthesize the second strand cDNA. As the protocol 

illustrated, reaction tubes containing template and reagents were cultivated in the 
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following thermal cycling condition: 95°C for 5 min for primer annealing; 4°C for 1 min, 

30°C for 10 min, 42°C for 60 min, 75°C for 10 min, then 4°C forever for second strand 

cDNA generation. The double strand cDNA (ds cDNA) obtained was then purified with 

QIAquick® PCR Purification method (QIAGEN, Valencia, CA), determined using 

NanoDrop, and then cloned and sequenced. 

Clone library analysis. Products from the whole-transcriptome amplification 

were sheared into pieces (100 ~ 300 bp) by sonication, and then end-repaired with End-

ItÊ DNA End-Repair Method (EPICENTRE Biotechnologies, Madison, WI). Fragments 

after end repair were ligated to pSMART® vector and used to transform E. coli 10G 

Competent Cells (Lucigen, Middleton, WI). Transformed cells were spread on nutrient 

agar plates containing the antibiotic kanamycin (25 µg/mL). Twenty of the grown 

transformed bacterial colonies were randomLy chosen with toothpicks and used in colony 

PCR with the primers provided by the cloning method to check the presence of cloned 

inserts and their lengths. The amplification was carried out in a total volume of 20 µL, 

containing 4 µM of each primer, 0.2 µL of Taq DNA polymerase (Fermentas Life 

Science, Pittsburgh, PA), 10 uL of PCR Master Mix (2X) (Fermentas Life Science, 

Pittsburgh, PA) and 7.8 µL of DEPC-treated water (Ambion, Austin, TX). Amplification 

involved an initial denaturation at 95°C for 2 min, then 30 cycles of 94°C for 15 sec, 

50°C for 15 sec and 72°C for 30 sec, followed by a final 7 min extension at 72°C. Results 

were observed on an agarose gel by electrophoresis. Confirmed clones were used for 

plasmid isolation and sequencing using an ABI 373 Sequencer (Applied Biosystem Inc., 

Carlsbad, CA). Sequencing reads were edited using Sequence Scanner V1.0 (Applied 

Biosystem Inc., Carlsbad, CA). Vector sequences were identified and removed using 
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VecScreen program available in the NCBI online service. The DNA sequences were 

annotated using BLAST programs available from the NCBI database. 

Metatranscriptomic analysis. Roche GS FLX Titanium chemistry 

pyrosequencing (Roche 454 Life Sciences, CT) was employed to sequence the amplified 

cDNA products. Approximate 2-3 µg of the amplified double-strand DNA from each 

sample was used as templates. The whole sequencing process included eight steps: 

product fragmentation, library preparation, binding single strand fragments to their own 

unique beads, emulsion PCR, clonally amplified bead purification, loading beads onto a 

plate, sequencing, and final pyrosequencing including signal processing of the images. 

Annotation, phylogenetic classification, and comparison of data obtained from each 

sample were performed using MG-RAST (Meta Genome Rapid Annotation using 

Subsystem Technology) online service (Meyer et al. 2008). 

Results and Discussion 

RNA isolation. Out of 30 liters of deep-sea water, approximately 106-108 cells 

were collected from each sample, based on the estimated cell density of collected samples 

being about 102 to 103 cells per liter of deep-sea water, even lower than the reference data 

(103 ï 104 cells per mL) reported before (Takai et al. 2004). Cells from four washes were 

combined together and used for RNA isolation. RNA was successfully isolated using our 

modified protocol combining Trizol (Invitrogen, Carslbad, CA) and RNeasy methods 

(QIAGEN, Valencia, CA) (Figure 6). In order to get rid of possible inhibitors carried in 

the samples, the purified RNA samples were washed and precipitated additionally 1-2 

times before they were used for cDNA synthesis and amplification. 
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Figure 6. RNA isolation amount from different samples 

Whole-transcriptome amplification using three different methods. We chose 

sample CT14-057 as the first trial target to develop the whole-transcriptome 

amplification protocol. This sample was collected from a site closest to the hydrothermal 

vent and a relatively higher abundant RNA was recovered. It has been reported 

previously that the microbial samples from hydrothermal vent fields were often 

contaminated with various inorganic inhibitors and thus were difficult for molecular 

biology manipulation (Sorensen et al. 2004). Hence, the protocol developed from this 

challenging sample was expected to have a good chance to be successful with other 

samples from similar environments.   

We first evaluated the application of GE Illustra GenomiPhi V2 DNA 

Amplification method to our RNA sample. In an early study, 500 ng RNA of bacterial 

Tropheryma whipplei was used to synthesize cDNA with reverse transcriptase, and then 
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amplified successfully using the Genomiphi DNA amplification method to reach µg level 

DNA for microarray analysis (Van La et al. 2007). However, when this method was 

applied to our sample as described in the protocol of the method, no reasonable 

amplification result was achieved. Little increase of DNA amount was observed based on 

a NanoDrop reading (Table 2). One of the possible reasons for the low amplification 

efficiency could be that the overall poor quality of the RNA isolated from natural 

environments is poor; the sample may carry inhibitors from the environments.  

Table 2. Comparison of whole transcriptomic amplification efficiencies of three 

different methods 

Samples Methods Template (ng) Product (ng) 
Negative 

control (ng) 

Amplification 

times 

CT14-057 

GE Healthcare 9.6* 10.0 - 1 

QIAGEN 

(12 h ligation) 
10.9 2,060 100 189 

Nugen 5.0 16,260 600 3,252 

CT04-020 Nugen 20 6,425 600 321 

CT05-025 Nugen 5.9 14,025 600 2,377 

CT05-030 Nugen 15.3 6,905 600 451 

CT11-042 Nugen 3.5 4,857 - 1,388 

CT12-047 Nugen 5.2 6,060 600 1,165 

CT13-052 Nugen 4.5 15,759 - 3,502 

 * indicates cDNA as template in the corresponding experiment. 
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We then evaluated the application of the QIAGEN QuantiTect Whole 

Transcriptome Amplification (WTA) method to our RNA samples. The method has 

previously been used for amplifying 40 ï 80 µg viral RNA as an alternative to random 

RT-PCR (Berthet et al. 2008). Amplifying viral RNA by WTA provides considerably 

better sensitivity and accuracy of detection compared to random RT-PCR. This method is 

different from the Illustra Genomiphi method in that it has an extra óligationô step before 

amplification. In general, the longer the amplification time, or when amplification time is 

fixed, the longer the ligation time is, the higher the amplification will be. However, 

longer ligation or amplification time can also result in higher amplification in negative 

controls. We started this method by optimizing the ligation and amplification time using 

the RNA purified from E. coli, and the results showed that 12 hrs of ligation time and 3 

hrs of amplification time gave the best amplification for E. coli RNA with only minimal 

amplification in the negative control (data not shown). When the optimized method was 

applied to our deep-sea sample, we produced ~2,060 ng of amplified products from ~10.9 

ng of template RNA for sample CT14-057, whereas only ~100 ng DNA in the negative 

control (Table 2).  

We finally evaluated the application of the WT-OvationÊ Pico RNA 

Amplification System (NuGEN, CA) on our samples. Previously, this method has been 

compared to three other commercial protocols, i) Arcturus RiboAmpÊ system (Applied 

Biosystem, Carlsbad, CA), ii) Ambion MessageAmpÊ (Ambion, Austin, TX), and iii) 

Epicentre TargetAmpÊ (EPICENTRE Biotechnology, Madison, WI), for amplification 

of picogram amounts of input RNA for microarray expression profiling (Clement-Ziza et 

al. 2009). In the study, the WT-Ovation pico system proposed by Nugen appears to be the 
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most suitable for RNA amplification. This method applied a ócleaning-beadô step to 

purify the template before the final amplification step, which has been found to be very 

useful in minimizing amplification in the negative control (Boehme et al. 2009). When 

applied to our samples, the method achieved 16,260 ng of the final amplification products 

from ~5.0 ng RNA template, with only ~600 ng DNA in the negative control (Table 2). 

Compared with two other methods we evaluated, the NuGEN method demonstrated 

better amplification and relatively higher reproducibility on whole-transcriptome 

amplification. When applied to the rest of our deep-sea samples, the method generated a 

similar level of amplification (i.e. CT04-020, CT05-025, CT05-030, CT11-042 and 

CT12-047), suggesting a good reproducibility of the method (Table 2).    

The DNA product obtained directly from the NuGEN method was in single-strand 

form. In order to perform pyrosequencing and other molecular biology operation, single-

strand DNA needs to be converted to double strands. For this step, we used a NuGEN 

WT-OvationÊ Exon Module to synthesize the second strand cDNA. From the NanoDrop 

reading, the products almost exactly doubled after synthesis of the second strands, 

suggesting the overall good quality of the single-strand templates (Figure 7). The 

ɚ260/ɚ280 readings of double-stranded DNA products were around 1.90, indicating 

relatively good product quality. 
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Figure 7. Productsô amount before and after 2nd strand synthesis. 

Evaluation of amplification product óqualityô by clone library analysis. The 

quality of the amplification product is crucial to pyrosequencing results. To confirm the 

amplified DNA products were indeed from our deep-sea samples, we used the whole-

transcriptome amplification products for clone library construction and analysis. 

Approximately 20 colonies were randomLy picked from the clone libraries constructed 

for each of the samples, and plasmids were extracted for sequencing. The sequences 

obtained were then annotated by BLAST search against the NCBI database. The results 

showed that almost all BLAST hits (i.e. the organisms) were marine-based. Some of the 

top BLAST hits are summarized in Table 3. Their domination in the libraries was 

consistent with the source of these samples. The marine microorganisms identified from 

the clone libraries included Calanus marshallae, which is a dominant marine zooplankton 
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in boreal and arctic waters (Frost 1974), Pareucalanus attenuates which was previously 

found in northern South China Sea (Tseng et al. 2008), and Paraeuchaeta sp. which was 

a kind of copepoda found in the Norwegian Deep (northern North Sea) (Klimpel et al. 

2004). Other identified marine microorganisms included: Warnowia sp. (Greuet 1978), 

Nitrosopumilus maritimus (Mincer et al. 2007), Euchirella rostromagna (Boysen-Ennen 

et al. 1991), Silicibacter sp. (González et al. 2003), Pontella fera (Jeong et al. 2008), 

Scolecithricella longispinosa (Hwang 2006), Scaphocalanus brevicornis (Kosobokova et 

al. 1997), Pareucalanus attenuates (Madhupratap & Haridas 1990), Nematodinium sp. 

(Gailhard et al. 2002), Chlorobium luteolum (Imhoff 2001), Cibicidoides sp. (Katz et al. 

2003), Epistominella exigua (Schnitker 1980), Ceratium horridum (Burns 1982), and 

Vorticella sp. (Kimor et al. 1992). They have been studied or mentioned in many 

previous studies on marine ecosystems and inhabitants. The green algae, Ceratium 

horridum, which was normally found in freshwater was also identified in the clone 

libraries (Wei & Yu 2005).  
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Table 3. Typical microorganisms in different samples and corresponding e-values.  

Name e-value 

Calanus simillimus 4.00E-07 

Thermoanaerobacter mathranii subsp. mathranii str. A3 0.031 

Anatoma euglypta isolate S34 9.00E-20 

Uncultured marine bacterium clone SJC1.9 5.00E-21 

Paraeuchaeta pseudotonsa 6.00E-13 

Warnowia sp. 3.00E-82 

Nitrosopumilus maritimus SCM1 2.00E-17 

Euchirella rostromagna 9.00E-10 

Uncultured marine picoeukaryote clone 2.00E-14 

Silicibacter sp. TM1040 9.00E-09 

Pontella fera 3.00E-11 

Uncultured Myxococcales bacterium clone 2.00E-37 

Scolecithricella longispinosa 9.00E-28 

Euchaeta indica 3.00E-37 

Bathypolypus arcticus actin gene 7.00E-31 

Scaphocalanus brevicornis 2.00E-23 

Calanus marshallae 2.00E-17 

Pareucalanus attenuates 4.00E-07 

Nematodinium sp. 7.00E-84 

Bacillus anthracis str. A0248 8.00E-06 

Chlorobium luteolum DSM 273 0.2 

Uncultured gamma proteobacterium clone 7.00E-15 

Uncultured Mycobacteriaceae bacterium 1.00E-19 

Cibicidoides sp. 6.00E-17 

Epistominella exigua 2.00E-09 

Staurastrum punctulatum chloroplast 3.00E-27 

Ceratium horridum 8.00E-37 

Vorticella sp. 5.00E-15 
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Metatranscriptomic analysis by Roche GS FLX Titanium pyrosequencing. We 

employed Roche GS FLX Titanium chemistry pyrosequencing for metatranscriptomics 

analysis. The typical sequencing plate contains 11 sections, of which we used only 7 for 

metatranscriptomic analysis in this study. Preliminary analysis of the pyrosequencing 

results and its comparison with other recent metatranscriptomic studies are summarized 

in Table 4.. In our study, we obtained a total reads number of 120,000. Considering the 

reading number was generated from only 7/11 of the plate, a total reading number of 

200,000 could be expected if a whole plate was used. The average read length of a 

transcriptome is 186 bps, which was in accordance with the given size distribution of 

amplified cDNA products in the Roche GS FLX protocol (mostly in the range of 100 ï 

300 bps). In several recent metatranscriptomic studies, microbial samples from ocean 

surface water and soil were collected for pyrosequencing (Frias-Lopez et al. 2008; 

Gilbert et al. 2008; Urich et al. 2008; Vila-Costa et al. 2010). However, since the 

microbial abundance is high in surface water, no whole transcriptome amplification was 

involved in these studies. The comparison of our metatranscriptomic analysis with these 

studies is provided in Table 5. The results show that a comparable pyrosequencing 

quality has been achieved by using the DNA amplified with our protocol.  
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Table 4. Pyrosequencing data summary and the comparison with some recent 

studies.  

Source 
Total number of 

reads (K) 

Total basepairs 

(Mbp) 

Ave. reading length 

(bp) 
Reference 

Amplified 

total RNA 
120 22.3 186 This thesis 

Amplified 

mRNA 
128 14.7 114 

Frias-Lopez 

et al. 2007 

Genomic 

DNA 
414 45.4 110 

Frias-Lopez 

et al. 2007 

Amplified 

RNA 
- 117.4 215 

Gilbert et 

al. 2008 

Amplified 

mRNA 
303 - 209 

Vil a-Costa 

et al. 2010 

Total RNA 258 - 96 
Urich et al. 

2008 

 

Since the major goal of this thesis is to introduce the method to amplify whole-

transcriptome from deep-sea samples. A preliminary overview of the metatranscriptomic 

data is provided in Table 5. The 16S based analysis showed that bacteria are the dominant 

microbes in the environments, consistent with mRNA based analysis although the mRNA 

based sequence readings have significant hits for small eukaryotes as well. In general, 

8.70-42.76% of 16S sequences and 17.71-63.85% of mRNAbased sequences have no 

significant hits in the databases, suggesting that many novel microbial species may be 

present in these deep-sea environments. For most of the samples, the number of the 

mRNA-based sequence readings was much higher than the number of the 16S based 
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sequence readings (except sample CT11-042). The results showed the method has better 

coverage on protein-based (mRNA-based) sequences than 16S rRNA-based sequences, 

consistent with the manufacturerôs claim that NuGEN WT-OvationÊ Pico RNA 

Amplification System was mRNA favorable, which was preferable for generating more 

mRNA-based reads for functional analysis of microbial communities. As a comparison, 

in a recent metatranscriptomic analysis of total RNA isolated from soil samples without 

any amplification steps, mRNA-based analysis yielded 21,133 reads, and rRNA-based 

analysis generated 193,219 reads (Urich et al. 2008). 

Table 5. Overview of metatranscriptomics analysis.  

Name 
mRNA-based readings (%) 16s-based readings (%) 

Archae Bacteria Eukaryota Other* Archae Bacteria Eukaryota Other* 

CT04-020 0.23 12.66 40.45 46.66 0.00 85.82 0.00 14.18 

CT05-025 0.00 3.21 69.08 17.71 0.00 82.05 0.00 17.95 

CT05-030 1.59 16.79 22.07 59.55 0.00 78.14 0.00 21.86 

CT11-042 1.38 14.83 32.41 51.38 0.00 92.50 0.00 7.50 

CT12-047 0.25 5.54 30.36 63.85 0.00 57.24 0.00 42.76 

CT13-052 0.47 0.47 76.42 22.64 0.00 83.33 0.00 16.67 

CT14-057 0.00 3.45 70.00 26.55 0.00 91.30 0.00 8.70 

* Other indicates viral sequences and sequences without blast hits  
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Conclusions  

We reported a new protocol to isolate and amplify RNA from small amounts 

(nano gram level) of deep-sea microbial samples. The protocol included three key steps: 

total RNA isolation by a modified method combining Trizol (Invitrogen, Carlsbad, CA) 

and RNeasy methods, amplification with WT-OvationÊ Pico RNA Amplification 

System (NuGEN, San Carlos, CA), and then conversion of single-stranded cDNA to 

double-stranded DNA with the NuGEN WT-OvationÊ Exon Module. Based on the 

results from the clone library sequencing and the preliminary analysis of the Roche GS 

FLX Titanium chemistry pyrosequencing, we conclude that the method is suitable for 

metatranscriptomic study of microbial samples of impurity and low cell density. With 

more attention paid to community structure and functionality of microbial communities 

present in extreme environments, such as the deep-sea, cold springs, and deep frozen 

earth where very low microbial cell density and high concentration of potential inhibitors 

are often expected, the protocol developed here could be a very useful tool in applying 

direct next-generation based metatranscriptomic analysis. 
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CHAPTER 4  

INTEGRATED METAGENOMIC AND METATRANSCRIPTOMIC ANALYSES 

OF MICROBIAL COMMUNITIES IN  THE MESO- AND BATHYPELAGIC 

REALM OF THE NORTH PACIFIC OCEAN  

Introduction  

The water body underlying the photic zone in the worldôs oceans, representing the 

largest water mass on earth (comprising 1.3×1018 m3), is the largest aqueous habitat for 

microbial life (Orcutt et al. 2011). This realm differs distinctly from the photic zone, 

presenting low temperature (approximately 2~4oC), high pressure (250 atmospheres in 

the depth of 2,500 m)and high inorganic nutrient levels (Arístegui et al. 2009). 

Differences in physical geochemical parameters between the upper level of sea water and 

deep sea suggest that microbial communities in these environments are confronted by 

fundamentally different challenges. Although emerging evidence indicates that deep-sea 

water contains an untapped reservoir of high metabolic and genetic diversity, and 

microbial communities in deep-sea water play an important role in ocean 

biogeochemistry (Arístegui et al. 2002, 2005, 2009; Teske et al. 2011), this realm has not 

been studied well when compared with surface sea water. This is probably due to the 

difficulties in sampling and the significant costs incurred (Arístegui et al. 2009). Recent 

studies have found that prokaryotic plankton is one of the main drivers of biogeochemical 

cycles over large ocean expanses (Schattenhofer et al. 2009), and that eukaryotic 

microbes account for a significant fraction of the biomass and activity of marine 

microbial communities (Massana & Pedrós-Alió 2008; Díez et al. 2001). To better 

understand the influence of microbes on ocean geochemistry, we set about exploring the 
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structure and metabolic characteristics of microbial communities in deep-sea 

environments.  

Progress in next-generation sequencing is fueling a rapid increase in the number 

and scope of microbial community-targeted studies (Frias-Lopez et al. 2008; Gilbert et al. 

2008; Poretsky et al. 2009; Vila-Costa et al. 2010; Stewart et al. 2011; Rinta-Kanto et al. 

2011). While metagenomics provides information on the taxonomic composition and 

metabolic potential of a microbial community, metatranscriptomics serves to unveil the 

actual metabolic activities of the community at a specific time and place, and how those 

activities change in response to environmental forces or biotic interactions (Mitra et al. 

2011). Defining the relationship between microbial community composition and function 

(metabolic characteristics) has been a major challenge in studying heterotrophic carbon 

cycling in marine systems (Teske et al. 2011). The combination of metagenomic and 

metatranscriptomic approaches has proven efficacious in deciphering the phylogenetic 

composition, metabolic potential and pathways of deep-sea microbial communities. For 

example, in a recent study, coupled metagenomic and metatranscriptomic analyses were 

utilized for taxonomic and functional characterization of marine microbial communities 

living at depths between 25-500 m (Shi et al. 2011). The results provided novel insight 

into not only microbial diversity but also specific metabolic processes transpiring in the 

ecosystems. Moreover, the different relative abundance of taxonomic groups identified in 

the metagenomic and metatranscriptomic libraries arising from the study revealed 

differential relative transcriptional activities per cell (Shi et al. 2011).  

In this chapter, we present a study focused on simultaneous metagenomic and 

metatranscriptomic analysis of deep-sea microbial communities, including both 
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prokaryotes and eukaryotes, from four different deep-sea sites ranging from the 

mesopelagic to pelagic ocean (depth of 784 m ~ 1,937 m, 2 ~ 4 m above the sea floor). 

Many marine microbial community studies have focused on either prokaryotes or 

eukaryotes (Martín-Cuadrado et al. 2007; Frias-Lopez et al. 2008; Gilbert et al. 2008; 

Rinta-Kanto et al. 2011; Roussel et al. 2011; Eloe et al. 2011; Stewart et al. 2011). 

Whole-genome and whole-transcriptome amplifications were performed to meet the entry 

requirements of nucleic acids for pyrosequencing. Integrated metagenomic and 

metatranscriptomic results revealed a defensive life style instead of active 

growing/metabolic life style of both prokaryotic and eukaryotic communities living in the 

deep-sea water. Microbial community structures and their metabolic characteristics in the 

environments are presented and discussed. 

Materials and Methods 

Microbial sample collection and DNA/RNA isolation. Microbial samples for this 

study were collected from waters in four deep-sea Northeast Pacific Ocean sites during 

the R/V Thompson TN 221 Research Cruise between July 28th and August 2nd, 2008, as 

described in Table 6. Among these sampling sites, CT04, CT05 and CT06 are 164.2 km 

east of Newport, Oregon, while CT12 is much further away from the coast, lying 

approximately 20 km southwest of a deep-sea hydrothermal vent in the Juan de Fuca 

Ridge. At each site a total of 30 liters of deep-sea water was collected in six rigid, tightly-

sealed 5-liter bottles carried on the Woods Hole Oceanographic Instituteôs Towed 

Camera System (óTowCamô). The entire TowCam sampling excursion into the deep sea 

and return to the surface took about 1 h. Deep sea water was immediately filtered through 

0.22-ɛm filters which were then stored at -80° C until used. The filtration time for each 
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single filter (sample) was about 0.5 h. To preserve the RNA profilesô integrity, cells were 

gently washed from the filter membranes with chilled RNAlater solution (Ambion, 

Austin, TX). A total of five 5.0-mL washes were performed for each filter, and cells 

recovered from the five washes were combined into a single pool and stored immediately 

at -80° C for later DNA/RNA isolation. Genomic DNA was isolated with the DNeasy 

Blood and Tissue Kit (QIAGEN, Valencia, CA) following the bacterial DNA isolation 

protocol provided by the manufacturer. Total RNA was extracted from the collected 

microbial cells using a modified protocol combining Trizol (Invitrogen, Grand Island, 

NY) and the prescribed RNeasy methods (QIAGEN, Valencia, CA). The detailed 

procedures for sampling, storage and nucleic acid isolation have been described in 

Chapter 3. 

DNA/RNA amplification, second strand cDNA synthesis, and quality 

examination. Genomic DNA and total RNA (rRNA and mRNA) were isolated, purified 

and amplified for pyrosequencing. Briefly, the Ovation WGA system (NuGEN, San 

Carlos, CA) was employed to amplify isolated DNA following the manufacturerôs 

protocol. After amplification, the products were purified with the QIAquick® PCR 

Purification kit (QIAGEN, Valencia, CA). The concentration and purity were determined 

using a NanoDrop (Thermo Scientific, West Palm Beach, FL). Total RNA amplification 

was performed using the WT-OvationÊ Pico RNA Amplification System (NuGEN, San 

Carlos, CA). The products from whole-transcriptome amplification were purified and 

measured in the same way as DNA amplification products. DNA and RNA amplification 

products, both single-stranded, were converted into double-stranded products before 

conducting clone library construction and sequencing using the WT-OvationÊ Exon 
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Module (NuGEN, San Carlos, CA) method described in Chapter 3. To check the quality 

of amplification products and preclude the possibility of external contamination, we 

constructed clone libraries for the amplified products of each sample. The isolated 

plasmid DNA/cDNA from 20 random clones from each library were sequenced using the 

ABI 373 Sequencer (Applied Biosystem Inc., Carlsbad, CA) and BLAST annotated 

against the NCBI databases. 

Data analysis. We used the MG-RAST metagenomics analysis server provided 

by Argonne National Laboratory to perform phylogenetic and functional analysis on the 

metagenomic and metatranscriptomic data (Meyer et al. 2008). In MG-RAST version 3, 

reads are considered replicates if the first 50 bp are identical. De-replication was 

processed when uploading data. The M5NR, a searchable database integrated from 

several existing sequence databases, including KEGG (Kyoto Encyclopedia of Genes and 

Genomes), NCBI (National Center for Biotechnology Information), SEED (The SEED 

Project), and COG (Clusters of Orthologous Groups of proteins), was used to perform 

organism hierarchical classification and functional hierarchical classification searches in 

the pyrosequencing data (Meyer et al. 2008). All searches were performed using the 

default parameters suggested by the MG-RAST server. 

Results and Discussion 

Overview of data generation and analysis. Among the four sampling sites in this 

study, CT04, CT05, and CT06 are 164.2 km west of the coast, while CT12 is much 

further out to sea, approximately 20 km southwest of a deep-sea hydrothermal vent. 

Detailed information about the sampling sites is provided in Table 6. Although all 

sampling sites are close to the sea floor (2-3 m above the sea floor), sites CT05 and CT06 
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are in the mesopelagic realm (200-1,000 m), while CT04 and CT12 are within the 

bathypelagic realm (1,000-4,000 m). Environmental parameters, such as pressure and 

nutrient level, varied according to depth and location of the sites. By studying samples 

from four disparate sites we were better able to reveal a more complete picture of 

microbial communitiesô structures and their metabolic characteristics in the deep-sea 

water of the Northeast Pacific Ocean. 

In natural environments such as the deep sea, microbial cell density can be as low 

as 103 ï 104 cells per mL of seawater (Kawagucci et al. 2012). In addition, RNA 

abundance decreases with depth due to a relatively slow metabolism (Danovaro et al. 

1999). Compared to biomass-abundant samples such as surface seawater, the intact RNA 

that can be isolated from these environments is very limited in quantity: usually in the 

low to several hundred nanogram level. On the other hand, typical commercial next-

generation sequencing platforms require 3-5 µg or more of input DNA/cDNA to produce 

reliable sequencing data, approximately equal to the total amount of DNA isolable from 

109 Escherichia coli cells. Due to the limited samples collected from the deep-sea water, 

an amplification process was employed in this study for both genomic DNA and total 

RNA samples to provide sufficient DNA and cDNA for metagenomic and 

metatranscriptomic analysis. Total RNA was used for metatranscriptomic analysis, 

allowing simultaneous assessment of rRNA and mRNA to produce both taxonomic and 

metabolic information on the studied microbial communities (Urich et al. 2008; Shi et al. 

2011).  
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Table 6. Description of deep-sea biomass sampling.  

 

Using the amplification method introduced in Chapter 3, 4.9 ~ 16 µg of the 

amplification products after purification was generated from 5.0 ~ 20.0 ng of DNA/RNA 

template, with only ~600 ng DNA detected in negative controls. The statistical summary 

of the sequenced data determined by MG-RAST is shown in Table 7. The Nugen Ovation 

WGA system (NuGEN, San Carlos, CA) used for whole genome amplification has been 

evaluated by the manufacturer and demonstrated the ability to faithfully replicate 

genomic DNA 

(https://gs107.genesifter.net/users/?mod=ngd&action=view_result&analysis_id=1583&ra

s_analysis_file_id=2717197&kegg=1). The performance of WT-OvationÊ Pico RNA 

Amplification System (NuGEN) used for total RNA amplification in this study has been 

evaluated in two other studies and shown to be reproducible with minimal bias (Morse et 

al. 2010; Skalitzky 2010). Pyrosequencing of community DNA and RNA across four 

deep-sea sampling sites generated 160,072 and 64,928 sequencing reads (after quality 

control and de-replication), with mean lengths of 225.5 bp and 182.2 bp, respectively. 

Sampling sites Position Depth (m) Sampling time 

CT04 
44ę29ǋ34.80ǌN 

125ę8ǋ49.61ǌW 
1181 ~ 1194 

7/23/2008 

21:00 ~ 21:24 

GMT 

CT05 
44ę34ǋ1.02ǌN 

125ę9ǋ3.75ǌW 
785 ~ 790 

7/27/2008 

3:05 ~ 7:21 GMT 

CT06 
44ę33ǋ52.99ǌN 

125ę9ǋ3.73ǌW 
763 ~ 789 

7/27/2008 

3:12 ~ 7:31 GMT 

CT12 
45ę51ǋ57.01ǌN 

129ę47ǋ19.47ǌW 
1840 ~ 1913 

8/2/2008 

00:01 ~ 00:24 

GMT 
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Table 7 shows the microbial community compositions of different samples as revealed by 

metagenomic and metatranscriptomic analysis. The results demonstrate that the 

taxonomic compositions of microbial communities as revealed by metagenomic analysis 

differ markedly from those obtained by metatranscriptomic analysis, especially for 

archaeal and bacterial groups, suggesting the importance of using both approaches to 

avoid possible methodological bias. In metagenomic and metatranscriptomic data, the 

proportion of eukaryotic reads was much higher than that of archaeal and bacterial reads 

(Table 7). The proportion of eukaryotic reads (58.73-71.92% based on metagenomic 

analysis, and 73.45-87.54% based on metatranscriptomic analysis) in this study without 

pre-filtration were almost an order of magnitude higher than those in several previous 

studies using pre-filtered sea water, which were typically under 5% (DeLong et al. 2006; 

Martín-Cuadrado et al. 2007; Rusch et al. 2007), but was similar to one recent study 

which reported higher proportions of eukaryotes at different depths (10 m ï 25.60%; 800 

m ï 48.08%; 4,400 m ï 37.27%) in the North Pacific Ocean (Brown et al. 2009). 
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Table 7. Statistical summary of the sequencing results of amplified deep-sea 

microbial communitiesô nucleotide acids. 

 

 

 

 

 

 

 

 

 

 

 DNA RNA 

 CT04 CT05 CT06 CT12 CT04 CT05 CT06 CT12 

Total reads 61,650 46,012 50,491 40,049 12,804 13,722 18,367 33,509 

Ave. length 

(bp) 
217 ± 143 228 ± 145 252 ± 156 236 ± 144 170 ± 113 184 ± 120 177 ± 124 202 ± 121 

Ave. GC% 49 ± 8 50 ± 8 48 ± 8 48 ± 8 49 ± 6 36 ± 6 49 ± 7 48 ± 6 

Failed QC 15,938 11,537 11,133 0 3,745 4,421 5,443 0 

Annotated 

protein 
8,545 7,328 9,070 12,720 201 0 0 10,300 

Unknown 

protein 
18,581 14,359 17,011 15,723 4,602 5,790 6,981 13,569 

Ribosomal 

RNA 
1,505 1,042 999 2,811 1,932 1,009 3,663 6,175 

Unknown 17,081 11,746 12,278 8,795 2,324 2,502 2,280 3,465 
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To better define the characteristics of deep-sea microbial communities, we also 

employed, as a reference for the data analysis, metagenomic data from the microbial 

community isolated from surface waters (sampling depth: 1 m) of Browns Bank, Gulf of 

Maine, in the Global Ocean Sampling (GOS) Expedition project (Rusch et al. 2007). We 

chose this data set as our reference in part because the timing of the GOS projectôs 

sample collection was similar to that in our study (GOS: Aug. 21, 2003); and in part 

because its sampling location, especially the latitude, was also relatively close to that of 

our study (GOS: +43° 39' 53.95", -65° 33' 50.78"). 

Metagenomic analysis of the deep-sea prokaryotic communities. When 

compared with archaea, bacterial reads represented more than 90% of the prokaryotic 

sequencing reads from both metagenomic and metatranscriptomic data for all sampling 

sites, suggesting that bacteria are absolutely dominant in the prokaryotic communities in 

the deep-sea water samples. This is similar to previous studies conducted on soil, surface 

water, deep sea, and marine sediment (DeLong et al. 2006; Rusch et al. 2007; Urich et al. 

2008; Brown et al. 2009; Liao et al. 2011). However, archaea were typically found at 

higher levels in the marine sediment than in sea water (Schippers et al. 2012). Figure 8 

shows the compositions of prokaryotic communities in metagenomic and 

metatranscriptomic data from four sampling sites and the reference surface water 

community revealed by metagenomic data (Rusch et al. 2007). The results revealed 

remarkably high microbial diversity even though the cell densities were much lower in 

the deep sea. Prokaryotic communities of the GOS surface water and the four deep-sea 

sampling sites diverged significantly in terms of phylogenetic composition at broad levels 

of phyla and classes (Figure 8). In the surface water, the proportion of archaea was less 
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than 1% of the prokaryotic community, while in the deep sea, it was increased to as high 

as 13.54% (CT06). This result is in accord with a general trend observed in multiple 

ocean basins: the proportion of archaea increases with depth (Karner et al. 2001; Herndl 

et al. 2005). The changes from GOS surface water to deep-sea water were primarily 

manifest by the emergence of archaeal phyla Crenarchaeota, Euryarchaeota and 

Thaumarchaeota, bacterial phyla Actinobacteria and Firmicutes, sub-phyla 

Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria, and the decreasing 

abundances of bacterial phyla Bacteroidetes and Alphaproteobacteria. Among them, 

phylogenetic lineages within chemolithoautotrophic Thaumarchaeota, 

Betaproteobacteria and Gammaproteobacteria were recognized as ammonia oxidizing 

archaea (AOA) and ammonia oxidizing bacteria (AOB) that can oxidize ammonia to 

nitrite (Pester et al. 2012). This process is the first and rate-limiting step in nitrification 

and is also a vital component of the global biogeochemical nitrogen cycle (Gruber & 

Galloway 2008). The AOB Betaproteobacteria and Gammaproteobacteria are 

considered a major mediator of ammonia oxidation processes (Purkhold et al. 2000). A 

previous study has confirmed that at least some AOA (e.g. Nitrosopumilus, one of the 

main members identified in the Thaumarchaeota group in this study) have a high 

ammonia affinity and can grow in extremely oligotrophic environments (Schleper & 

Nicol 2010). Considering the trace substrate concentration in the deep sea, AOA 

Thaumarchaeota may be the major nitrifier in that environment (Pester et al. 2011). 

Figure 8 also reveals a slight increase of Planctomycetes in the deep sea, all of which are 

members of the well-known anammox bacterial genus identified previously in the marine 

sub-oxic zone including Rhodopirellula, Blastopirellula, Planctomyces, Pirellula, 
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Candidatus Kuenenia, Gemmata and Isosphaera (Kirkpatrick et al. 2006; Byrne et al. 

2009). The presence of Planctomycetales in the low-oxygen, dark pelagic ocean is an 

indicator that anaerobic ammonium oxidation (anammox), a globally important microbial 

process of the nitrogen cycle, may be another metabolic pathway supporting primary 

production in this environment (Kuypers et al. 2005). More information on 

environmental parameters, especially oxygen concentration, will be required before a 

definitive conclusion can be reached. Actinobacteria and Firmicutes had higher 

representation in the deep-sea prokaryotic community compared to surface water, 

probably due to the adaptive advantage of Actinobacteria and Firmicutes under low-

nutrient conditions of the deep sea (Gärtner et al. 2011). Moreover, it has been proposed 

that the ability of Actinobacteria to survive in cold and dystrophic environments might be 

due to its adaptive ability to go into resting states with low metabolic activity (Simon et al. 

2009). 
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Figure 8. Comparison of prokaryotic microbial communitiesô composition in four 

deep-sea sampling sites and in GOS surface water. 

Our results demonstrated a dramatic decrease of Alphaproteobacteria in the deep 

sea (Figure 8), consistent with a previous study at the Hawaii Ocean Time-series (HOT) 

station ALOHA (DeLong et al. 2006). In the Alphaproteobacteria group, Candidatus 

pelagibacter, an abundant member of the SAR11 clade (Sun et al. 2011) and one of the 

most abundant groups of bacteria in the upper surface waters of the oceans (Rusch et al. 

2007; Viklund et al. 2012), was found to be the most conspicuously decreased genus in 

the deep-sea samples. The SAR11 clade was found to contribute to the variability in 

utilization of nutritional compounds (glucose, ATP, a combination of amino acids, and 

organic compounds, the sources of C, N, and P) by the bacterial community, and its 
























































































































































