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Summary

The fields of metagenomics and metatranscriptomics have evolved as helpful disci-
plines to unlock the taxonomic composition and functional diversity of heterogeneous
microbial communities in their natural habitats. Both fields are mainly facilitated
by advances in sequencing technologies that enabled the study of microorganisms
in a high-throughput manner. At the same time, the sequencing technologies posed
challenges on the storage, computational processing and analysis of high-throughput
datasets.

In the scope of this thesis, methods were designed and developed that allow the in-
terpretation of metagenome and metatranscriptome data in terms of taxonomic and
functional information hidden in natural microbial communities. At first, the system
MetaSAMS has been designed, developed and applied, which facilitates the automated
storage, processing and analysis of whole metagenome shotgun datasets. MetaSAMS is
accessible over a web-based user interface, which supplies the functional and taxonomic
annotations for specific metagenome projects in graphical and tabular representations.
Furthermore, the pipeline AMPLA for the analysis of the phylogenetic marker gene
encoding 16S rRNA was designed and implemented, which generates an elaborate
taxonomic profile of an underlying community. The workflow consists of several con-
secutive steps, namely the processing, clustering and taxonomic characterization of the
data. Finally, the metatranscriptome pipeline MeTra was designed and implemented,
which captures central RNA types for the taxonomic and functional profiling of the
microorganisms in a community.

This thesis demonstrates the functionalities of the three pipelines on respective datasets
obtained from a biogas plant. Knowledge of the microorganisms residing in a biogas
fermenter is highly important, as biogas is a renewable and environmentally-friendly
energy source. Analyses of the metagenome deduced in MetaSAMS confirmed previous
findings that Firmicutes and Euryarchaeota dominate the biogas-producing community.
Moreover, analyses of 165 rRNA gene sequences provided detailed insights into the
diversity of species and highlighted that still the origin of some sequences is not well
described, which is due to the absence of appropriate reference sequences in databases.
The metatranscriptome pipeline unveiled that the most abundant species dominating
the community also contributed the majority of the transcripts. The analysis shed light
on the central processes of the anaerobic biogas digestion and the associated bacteria.
Finally, a method for the discovery of industrially relevant enzymes was designed.
The method was applied for the identification of novel laccase genes in metagenomes
obtained from marine habitats. Laccases are important in many industrial processes.
Therefore, novel laccases with improved functionalities are required. The analysis
demonstrated that laccases are widely distributed in bacterial species. Moreover, only
34% of metagenome sequences encoding fragments of putative laccases could be
assigned to a genus indicating potentially novel enzymes.
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CHAPTER 1

Introduction

1.1 Preface

Single-celled microorganisms (microbes) were the first form of life around 3.5 bil-
lion years ago [Altermann and Kazmierczak, 2003]. Today it is estimated that around
5 x 103 microbes are on Earth [Whitman et al., 1998], constituting the most abundant
and diverse form of life. Although microbes played a crucial role in vinegar produc-
tion around 5000 BC [Liick and Jager, 1997] and in cheese production around 3000
BC [Loessner et al., 2006], it was not until the late 1670s that Antonie van Leeuwen-
hoek observed microbes through a microscope [Atlas and Bartha, 1998]. The study of
microscopic organisms, termed microbiology, was born, which allowed for unveiling
of important roles of microbes in many beneficial or harmful processes. Microscopic
organisms were found in extreme environments like deep sea vents [Xie et al., 2011],
the arctic [Varin et al., 2012] or acid mine drainage [Inskeep et al., 2010]. Due to their
structure and metabolic capabilities, they are well adapted to live in different habitats.

Microbes are important in a range of fields such as agriculture, medicine and biotech-
nology. They support all life on Earth including the humans [Qin et al., 2010]. Microbes
reside on and in the human body, and according to estimates the number of microbes
outnumbers the number of human cells by tenfold [Ley et al., 2006]. Additionally, the
genome of the microbial communities, the human microbiome, contains 100-fold more
genes than the human genome. Many processes rely on the microbes that colonize the
human body. They are involved in digestion of food, detoxification of harmful chemi-
cals and defending the body against human pathogens, but they are also associated
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with obesity, cancer and allergies [Flint, 2011, Ly et al., 2011]. Examining how microbial
communities affect human life could lead to advances in human health.

Microbial communities are crucial participants in agriculture. Some microorganisms
support plants with nutrients that they need in order to grow. Atmospheric nitrogen,
for example, is not accessible by plants, however, specific bacteria convert atmospheric
nitrogen into ammonia, which can be utilized by plants and functions as a fertilizer
[Desbrosses and Stougaard, 2011]. Other bacteria support plants by protecting them
from infections caused by pathogens [Chen et al., 2007]. Finally, microbes play an
immense role in remediation of natural and human-made waste. To illustrate, they
are involved in decomposing biowaste composts [Partanen et al., 2010], cleaning up
oil spills in oceans [Valentine et al., 2012] and removing contaminants from sewage
[Evans and Furlong, 2011].

The role of microorganisms is not only important for natural processes. The variety
of functions of microorganisms is utilized in a range of useful biotechnological appli-
cations, such as ethanol production. Since fossil fuels are finite and the global use of
energy is increasing steadily, renewable energy sources have attracted considerable
attention. In addition, using renewable energy sources helps to mitigate carbon dioxide,
which is associated with global warming [Matthews et al., 2009]. An environmentally
friendly, biologically based alternative energy source is ethanol, which has been used
as biofuel [Vertes et al., 2011]. It is produced by microbes during fermentation of corn,
sugarcane or other agricultural sources. Several microbes are necessary in this process,
each carrying out different steps. The first group of microbes transforms cellulose
contained in the agricultural wastes into sugar. This product is then fermented by
other microbes, which produce ethanol. Deciphering how microbial communities are
involved in this process might help to increase the yield of ethanol.

Despite the importance of microbes, our knowledge about their diversity and functions
in these processes is limited. In the 20th century, genomics has proved to be successful
in studying microbes and their genetic material. Traditional microbial genomics is an
organism-centered approach, where cultures containing microorganisms of one species
are grown in the laboratory, followed by the sequencing and annotation of their genomes.
However, a theoretical analysis has shown that one milliliter of gut fluid contains 10!
bacteria [Whitman et al., 1998], while one gram soil harbors approximately 10° bacteria
[Sait et al., 2002]. The enormous number of microorganisms present in these samples
cannot be analyzed in the laboratory in appropriate time using traditional genomics
approaches. In addition, some of the microbes require growth conditions that are so far
unknown or difficult to obtain for cultivation in the laboratory.

Advances posed by novel abilities of accessing microbial genetic material without
laboratorial cultivation allowed for the development of metagenomics. In metagenomics
[Handelsman et al., 1998], a set of genomes, termed metagenome, from an environmental
community is studied rather than one genome of an individual species. Metagenomics
is a rapidly growing field, which is having a broad impact on the traditional microbio-
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logical and genomic research. For the first time, it is possible to get a comprehensive
view of a microbial community in its natural environment and to study the entire
genetic make-up of a community as a whole in terms of its taxonomic composition
and metabolic potential [Bertin et al., 2008]. Above all, metagenome data are suitable to
identify novel enzymes with potential industrial, biotechnological or medical applica-
tions. Moreover, an analysis of marker genes allows for unveiling a deeper view of the
taxonomic compositions by using gene-centric approaches. Analogous to metagenomics,
metatranscriptome refers to a set of transcripts expressed by a microbial community
under specific conditions or at different time points. More precisely, metatranscriptome
experiments give insights into the active members of a community and their functional
importance within a habitat.

On one hand, metagenomics, gene-centric approaches and metatranscriptomics are
more effective and less time-consuming means to get a comprehensive view of the com-
munity and to discover novel enzymes than conventional genomics and transcriptomics.
On the other hand, metagenome, gene-centric and metatranscriptome projects produce,
as a consequence of significant improvements in sequencing techniques, a high amount
of data, which makes the computational analysis of the microbial community more
challenging. In this regard, computational approaches are required that enable the
interpretation of the vast amount of data as well as the identification of potential genes
encoding enzymes, which are of interest in the agricultural, medical or environmental
tields. In this thesis, methods are designed and implemented that tackle the high
amount of data obtained by the three different approaches, namely metagenome, gene-
centric and metatranscriptome sequencing, and unveil the taxonomic and functional
potential of complex microbial communities.

1.2 Overview

Chapter 2 provides a broad overview of the biological background necessary for
understanding the present work. After that in Chapter 3, existing approaches are listed
and explained that are commonly used for the interpretation of metagenome and
metatranscriptome data. In Chapter 4 the methods and implementations undertaken in
this work are described. Thereafter, the methods are performed on application examples,
and the outcomes are presented in Chapter 5. Then, Chapter 6 summarizes the work
and discusses aspects associated with the results. Finally, an outlook in Chapter 7 closes
the thesis.






CHAPTER 2

Background

This chapter gives background information into the biology to allow a better under-
standing of the context and questions that are addressed in this thesis.

2.1 DNA and sequencing techniques

Deoxyribose nucleic acid (DNA) is the genetic material of all known living organisms
[Avery et al., 1944, Hershey and Chase, 1952]. It consists of repeating bases bound to
a sugar-phosphate backbone. The unit of a base, sugar and phosphate group is also
named "nucleotide" (Fig. 2.1). The four bases are adenine (A), cytosine (C), guanine (G)
and thymine (T) [Levene, 1919]. DNA forms a double helix, which is held together by
hydrogen bonds between the bases: adenine pairs with thymine and guanine with cyto-
sine [Watson and Crick, 1953a, Watson and Crick, 1953b]. The double-stranded DNA
is built during DNA replication, in which a single strand of DNA, also termed "tem-
plate", is duplicated by adding nucleotides in a manner that complementary bases are
opposite to each other [Bessman et al., 1958, Lehman et al., 1958].

The order of the bases, the DNA "sequence"”, in genomes varies between different
species. Knowledge of the order of the bases is essential for the interpretation of
genomes. The sequence of a genome consists of coding and non-coding stretches of
DNA. The coding regions encode "genes". DNA sequences of genes can be transcribed
into ribonucleic acid (RNA) sequences. There are different types of RNA molecules
according to their roles in the cell [Lodish, 2004]. During translation, the information
carried by a messenger RNA (mRNA) is decoded into a specific sequence of amino acids
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Figure 2.1: Structure of double-stranded DNA: DNA is made up from nucleotides that
are joined together by sugar-phosphate linkages. During replication, the
DNA polymerase runs across a template single strand and builds a new
strand by adding suitable nucleotides in a manner that adenine binds to
thymine and guanine to cytosine.

that form a "protein”. Proteins can function as enzymes by catalyzing specific chemical
reactions. Further RNA types are, for example, transfer RNAs (tRNAs) and ribosome
RNAs (rRNAs), which are non-protein coding but indispensable in the translational
process.

Different sequencing methods are used to determine the order of the four bases in
DNA strand fragments of unknown sequences. The results of the sequencing procedure
are "reads" that are contiguous sequences containing the order of the nucleotide letters
in the fragments. Overlapping reads form a contiguous sequence, named "contig".

In the following, a brief overview of the most widely used sequencing techniques will be
given. Since only the fundamental aspects and properties will be presented, the reader
is referred to the reviews [Mardis, 2009, Metzker, 2010] for a detailed description. It is
to be noted that the overview reflects only the current state of sequencing technologies
as they are rapidly evolving.

2.1.1 Traditional sequencing

Initial studies used Sanger sequencing techniques [Sanger et al., 1977], also referred
to as dideoxynucleotide sequencing or chain-termination sequencing, to determine
the sequence in a DNA strand. Briefly, copies of DNA strands are generated us-
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ing clone libraries or polymerase chain reaction (PCR) [Saiki et al., 1988] to obtain
enough genomic material for sequencing. Subsequently, the amplified templates are
replicated in reactions using oligonucleotide primer, DNA polymerase, unlabeled de-
oxynucleotides (ANTP: dATP, dCTP, dGTP, dTTP) and fluorescently labeled dideoxynu-
cleotides (ddNTPs: ddATP, ddCTP, ddGTP, ddTTP). The amplification is carried out in
four separate reaction sets, which differ by the contained ddNTPs. The primer initiates
the replication of the template fragment by supporting the binding of the enzyme DNA
polymerase, which extends the complementary chain by adding dNTPs or ddNTPs.
Herein, the reaction terminates by the random incorporation of a labeled ddNTP. As
multiple copies of the templates are present in each of the four reactions sets, comple-
mentary fragments of different sizes are generated. Sanger sequencing is based on the
electrophoretic separation of these fragments and the detection of the fluorescence for
each ddNTP using a laser.

Although Sanger sequencing was introduced in 1977, an improved and optimized ver-
sion is nowadays still in use. The main reason for its continued use is that longer reads
are achievable compared to the next-generation sequencing techniques. For example,
the Applied Biosystems 3730x] DNA Analyzer produces on average 700 bases reads
using Sanger sequencing and can generate 1.6 Mb of sequence data within one day.

2.1.2 Next-generation sequencing

The introduction of next-generation sequencing (NGS) techniques had a big impact
on genomics and metagenomics studies. They allowed the direct sequencing of DNA
molecules, bypassing the cloning step that is required for Sanger sequencing (Fig. 2.2).
NGS consists of two steps. First, DNA templates are amplified. Second, the amplified
fragments are sequenced-by-synthesis, where each read is produced in real-time during
replication of template DNA. The methods applied by different sequencing techniques
will be outlined in the next paragraphs.

Roche/454 pyrosequencing

The Genome Sequencer (GS) was introduced in 2005 by 454 Life Science! and was the
first commercially available NGS platform. The applied technique is based on emul-
sion PCR [Williams et al., 2006] and 454 pyrosequencing [Hyman, 1988]. First, DNA is
randomly broken into fragments [Margulies et al., 2005]. Two different adapters are
attached to the fragments, which are required for subsequent purification, quantitation,
amplification and sequencing. Next, the templates are amplified using emulsion PCR.
Herein, each template DNA binds with the attached adapter to a primer-coated bead
inside a droplet that is formed within an oil emulsion. Each droplet contains PCR
reagents for the amplification of the template. Finally, the beads are placed into wells

Thttp:/ /www.454.com/
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Figure 2.2: Traditional (left) and next-generation sequencing strategies (right): In the
traditional Sanger approach, the template sequence is amplified by the
replication system of a host. Therefore, the fragment is cloned into a vector
and transformed into a host cell. Replication is necessary to achieve sufficient
copies needed for the Sanger sequencing. Unfortunately, the host may not
replicate all fragments due to incompatibility with the host metabolisms.
Next-generation sequencing prevents cloning bias by avoiding the cloning
step. Instead, the templates are directly utilized by NGS techniques.

located on an optical array of fibers. The wells are constructed in a way that only a
single bead fits into it.

The sequencing is carried out using the pyrosequencing technique. A primer binds to
the template at the beginning of the sequencing procedure. A DNA polymerase then
adds complementary nucleotides. Pyrosequencing is based on pyrophosphate release
during the incorporation of a nucleotide. Thereafter, pyrophosphate is involved in an
enzymatic reaction, in which light is emitted [Nyren and Lundin, 1985]. The amplitude
of each emission can be detected with a CCD camera and is approximately proportional
to the number of incorporated nucleotides. After signal detection, the nucleotides that
were not incorporated are washed off, and new nucleotides are added cyclically in a
fixed order.

The pyrosequencing technique has a drawback with homopolymeric regions, which
is a stretch on the template containing consecutive identical nucleotides. For ho-
mopolymers with a length of at least six bases, the detection can be inaccurate
[De Schrijver et al., 2010]. The technique can produce deletions and insertions in ho-
mopolymeric stretches, while substitutions are less common. The Genome Sequencer
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(GS) FLX+ device has recently reached Sanger-like read lengths of 700 bases (Tab. 2.1)
and the typical throughput is 700 Mb per day.

lllumina (Solexa)

Solexa launched the 1G Genetic Analyzer in 2006. One year later Solexa was acquired
by Illumina?. The Illumina technique uses bridge amplification for the replication of
the template DNA molecules and reversible terminator chemistry for the sequencing
step [Turcatti et al., 2008].

For bridge amplification, adapters are ligated to the templates allowing the binding
of both ends to primers that are attached on a glass slide. Subsequently, the DNA
templates are amplified and bridges of replicated DNA fragments are formed on the
slide. The sequencing is based on dye-nucleotides that function as reversible terminators.
Each dye-nucleotide is labeled with a base-specific color. If a nucleotide is incorporated
during the amplification step, the synthesis terminates, and the dyes can be detected.
After dye detection and nucleotide assignment, the dye and terminator moieties are
removed such that the next nucleotide can bind.

The read length is shorter compared to 454 pyrosequencing, but Illumina produces a
higher throughput and the overall sequencing costs are lower. The Illumina HiSeq2000
device can produce up to 25 Gb data with 2 x 100 bp long reads per day (Tab. 2.1).

Applied Biosystems SOLiID

Since 2007, Applied Biosystems SOLiD™ technology® employs sequencing by ligation
[Shendure et al., 2005]. Similar to the 454 platform, the target fragments are amplified
by emulsion PCR. After that, ligations are carried out using a mixture containing
primers, ligases and dye-labeled oligonucleotides of the length 8 bases. These oc-
tamers consist of six degenerate nucleotides supporting the binding and two variable
nucleotides mediating the binding specificity. Four dinucleotides of the 16 possible
octamers are associated with fluorescent dyes of the same color. Ligases join the oc-
tamers and the template strand such that the dinucleotides within the octamer are
complementary to the nucleotides in the template strand. After the ligation step, fluores-
cence is detected, three degenerate nucleotides carrying the dye are removed, and the
ligation steps are repeated. The replication of a template using ligations is performed
several times with varying starting positions for the primer. In total, each base of the
template is read twice as a consequence of the primer shift and the dinucleotide-specific
octamers. Finally, a two-base encoding color scheme is used to decipher the sequence
of a template.

The ligase-based approach prevents those sequencing errors that are induced by the
DNA polymerase. Substitution is the most common error [Metzker, 2010], since in-

Zhttp:/ /www.illumina.com/
3http:/ /www.appliedbiosystems.com
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sertions and deletion are unlikely due to the color-coded dinucleotide approach. The
first device was launched in 2007, and at present time, SOLiD - 5500x] generates read
lengths ranging from 35 to 75 bases and up to 15 Gb per day (Tab. 2.1).

lon Torrent

The company Ion Torrent*, which is a subsidiary of Life Technology, released the Per-
sonal Genome Machine (PGM) in 2010. Amplification is accomplished by emulsion PCR.
Compared to the aforementioned procedures, PGM uses a pH- and not fluorescence-
mediated sequencing method. The Ion Torrent technology is based on a semiconductor
chip [Rothberg et al., 2011], which is capable of converting a chemical signal into digital
information. After incorporation of a nucleotide by a polymerase, a hydrogen ion is
released as a by-product and changes the pH of the solution. This event can be detected
by the semiconductor chip. Similar to 454 pyrosequencing, homopolymeric regions are
problematic, as the measurement of the pH change is inaccurate with a high number of
released hydrogen ions. Currently, the 318 chip is able to sequence up to 250 bases, but
a read length of 400 bases is expected in 2012.

Table 2.1: Comparison of next-generation sequencing platforms!

Device GS FLX Ti- Illumina 5500x1 Sys- Ion Torrent
tanium-+ HiSeq 2000 tem 318 chip
Platform Roche/454  Illumina ABISOLid  Ion Torrent
GA
Amplification method  Emulsion  Bridge Emulsion ~ Emulsion
PCR amplification PCR PCR
Sequencing method Pyro- Reversible  Sequencing Ion
sequencing dye by ligation = Semiconductor
terminators Sequencing
Read length [bp] 700 2 x 100 35-75 250
Throughput per day 700 Mb 25 Gb 10-15Gb  1Gb
Million of reads per run 1 2,000 2,000 4-8
Run time 23 h 8 days 2-8 days <2h

'based on [Glenn, 2011], partly updated according to the corresponding websites of the
companies as available in March 2012.

With the advances in NGS technologies, costs and manual efforts were dramatically
reduced. Recently, NGS techniques have reached read lengths comparable to that
obtained by Sanger sequencing. A characteristic of NGS is that many DNA fragments
are processed in parallel, producing a high amount of sequences per run. Because of
this, NGS outperforms Sanger sequencing in terms of the throughput. The sequencing
performances of the different NGS techniques are listed in Table 2.1.

*http:/ /www.iontorrent.com/
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Currently, Roche 454 pyrosequencing and Illumina technology are the most widely
used NGS methods. As illustrated in Table 2.1, the 454 platform provides longer reads
facilitating better interpretation of the sequences, whereas Illumina allows a higher
coverage with shorter reads. 454 pyrosequencing can introduce homopolymeric errors
leading to the generation of artificial reads.

2.1.3 Single molecule sequencing

In NGS techniques, amplification is accomplished either by using emulsion PCR
or bridge amplification prior to the sequencing step. Single molecule sequencing
techniques avoid the costly amplification procedures by integrating sensitive detection
techniques or by circumventing sequencing-by-synthesis.

Helicos

The first commercial single molecule sequencing device, HeliScope, was released in 2008
by Helicos BioSciences Corporation®. It is based on the true single-molecule sequencing
technology (tSMS™) [Braslavsky et al., 2003], which works as follows: Fragments are
randomly immobilized on a glass slide. After that, fluorescently labeled bases, one
of the four types in each cycle, are added. Similarly as in the Illumina approach, the
nucleotides are reversible terminators. Thus, an incorporation of a nucleotide terminates
the extension of the reverse strand of the template. After an image is taken with a high-
resolution optical microscope, the terminator is removed and the process is repeated
for the next base. The read length is rather short with on average 35 bases. Main error
types are deletions [Pushkarev et al., 2009] since it is likely that the emitted signal may
not be detected. Nevertheless, Helicos has already been applied to sequence a human
[Pushkarev et al., 2009] and a viral genome [Harris et al., 2008].

Pacific Bioscience

Pacific Biosciences® developed the single molecule real time (SMRT™) DNA sequencing
technology. SMRT uses the zero mode waveguide (ZMV) [Levene et al., 2003], which is
a nanoscale well. A polymerase is fixed at the bottom of the surface within each ZMV,
which is illuminated by a laser. The nucleotides are fluorescently labeled with different
colors. Consequently, when a nucleotide is incorporated to the DNA target, the dye
within the polymerase can be detected for tens of milliseconds, a measurable magnitude
longer than diffusion events of bypassing nucleotides. The ZMVs are constructed in a
way that only the fluorescence occurring close to the DNA polymerase is detected. The
dye is cleaved off as part of the template extension reaction, and the next nucleotide
can be incorporated.

The first commercial device is PacBio RS, which was delivered in mid 2011. The

Shttp:/ /www.helicosbio.com /
bhttp:/ /www.pacificbiosciences.com/
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generated reads reach a length of 2.2 kb. However, the error rate is very high at
approximately 15%.

Oxford nanopore

The nanopore sequencing concept is based on the measurement of an electronic signal
[Branton et al., 2008]. A nanopore is made of a protein, usually a-hemolysin, which has
a nanoscale hole. When a nanopore is located in a membrane and an electrical current
is applied to it, a passing nucleotide strand would partly block the current on account
of its shape and charge. Nanopores are suitable to distinguish the four bases and also
modified bases in a strand based on the change in the current.

Oxford Nanopore Technologies Ltd.” was founded 2005 to develop a system that uses
nanopores for an electronics-based sequencing technology. In the sequencing method,
named "strand sequencing", a single-stranded DNA polymer passes through a protein
nanopore. At the same time, individual DNA bases in the strand are deciphered. In the
approach of Oxford Nanopore, a chip is used that allows the processing of sequences by
several nanopores in parallel. Oxford Nanopore intends to commercialize their systems,
GridION and MinION, to customers within 2012. Oxford Nanopore claims to be able
to sequence a read length of tens of kbs (http://www.nanoporetech.com).

2.2 Metagenomics

Classical genomics and microbiology rely upon cultivation and study of a single
microorganism. Using classical approaches, only a small fraction of the microbes in
an environment can be grown in monoculture [Amann et al., 1995]. Metagenomics
uses culture-independent methods to analyze a collection of genomes from different
microbes referred to as the "metagenome" [Handelsman et al., 1998]. Although the
idea to examine a whole community was already described in 1985 [Pace, 1985], the
term metagenomics was coined nearly a decade later by Jo Handelsman, who used
this term in connection with the analysis of collective genomes obtained from soil
[Handelsman et al., 1998]. Nowadays, metagenomics is a rapidly growing field of re-
search that aims at studying a heterogeneous microbial community in terms of its
taxonomic structure and metabolic pathways.

The increased number of metagenomics projects today is mainly facilitated by the
development of NGS techniques, which allow for sequencing environmental samples at
low costs and without the cloning process inherent in the traditional methods. The fol-
lowing sections will summarize the development and improvements of metagenomics.

http:/ /www.nanoporetech.com
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2.2 Metagenomics

2.2.1 The gene-centric strategy

Early metagenomics used conserved and universally existing marker genes to study
the microbial community structure. In particular, the prokaryotic 16S ribosomal RNA
(rRNA) genes have been widely used. In Bacteria and Archaea, the 165 rRNA gene
encodes a functional rRNA, which is part of the small subunit (SSU) of the ribosome.
As ribosomes play a fundamental role during translation, genes representing ribosomal
subunits are present in all cellular organisms. Moreover, regions of the 165 rRNA
genes are subjected to selective pressure accordant to their immense importance in
the translation process. Hence, sequences of 16S rRNA genes are conserved among
different bacterial and archaeal species. The conserved regions within prokaryotic
16S rRNA genes are interspersed with nine hypervariable stretches [Neefs et al., 1991],
which have changed at a constant rate over time. Based on the hypervariable regions,
phylogenetic analyses can be accomplished. 165 rRNA genes have been sequenced
extensively such that large databases of characterized reference sequences exist today
[Cole et al., 2003, DeSantis et al., 2006, Pruesse et al., 2007].

A cultivation independent survey studying 16S rRNA genes was reported by Pace et
al. in 1985. The concept was realized for the first time in 1991 using A phage libraries
to examine a marine community [Schmidt et al., 1991]. The first step in this approach
was the lysis of the microbial cells, followed by the extraction and fragmentation of
environmental genomic DNA. The fragments were inserted into bacteriophage A clone
vectors and transformed into host cells. Since each clone carried a random genomic
fragment, clones containing 16S rRNA genes were identified using screenings by
hybridization with 165 rRNA gene-specific probes. The detected 16S rRNA genes were
amplified by PCR and sequenced using the Sanger technique. Sixteen sequences similar
to Cyanobacteria, Proteobacteria and Eukaryota were identified. It was not possible to find
a closely related reference for two of the obtained sequences giving evidence for novel
phylogenetic groups.

To speed up the laborious procedure by avoiding the hybridization step, Giovannoni et
al. used a PCR-mediated amplification of 16S rRNA genes from environmental DNA
using 16S rRNA gene-specific primers [Giovannoni et al., 1990]. For segregation, the
PCR products were cloned into clone libraries. Finally, the fragments were sequenced
by Sanger technology, where full-length 16S rRNA gene sequences can be generated.

Using NGS sequencing techniques, 16S rRNA genes are sequenced after DNA extraction
in a targeted 16S rDNA amplicon approach (Fig. 2.3). Similar to the method proposed
by Giovannoni [Giovannoni et al., 1990], the selected regions within 16S rRNA genes
are amplified by PCR with a universal or a group-specific primer set. The primers bind
to highly conserved regions flanking hypervariable regions, which provide species-
specific information. Next, the generated 165 rDNA amplicons are sequenced using
NGS. Due to the short read lengths generated by the NGS technique, only partial 16S
rRNA genes can be sequenced.
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Sequencing of 16S rDNA amplicons using NGS is a fast and cheap technique to
assess the taxonomic composition in a sample. Moreover, the barcoded pyrosequencing
[Hamady et al., 2008] technique allows for sequencing of 16S rDNA amplicons obtained
from several samples in parallel. Knowledge of the microbial diversity is especially
important in estimating the number of sequences needed to get a comprehensive
overview of the microbial community structure and metabolic pathways by whole
metagenome sequencing (Section 2.2.2). In addition, 165 rDNA amplicon sequencing
enables the detection of organisms that probably produce enzymes of interest. The
presence of such organisms might help in the decision whether to perform whole
metagenome sequencing of the same sample.

Since 16S rRNA genes are in some cases too conserved between closely related or-
ganisms to conduct species-specific assignments, less conserved phylogenetic marker
genes, such as housekeeping genes encoding recombinase A (RecA), heat-shock protein
(Hsp70), RNA-polymerase subunit B (RpoB) and elongation factor Tu (EF-Tu), are
used to determine the taxonomic composition [Wu and Eisen, 2008]. For the analysis
of methanogenic Archaea, a gene encoding the a subunit of the methyl-coenzyme M
reductase (McrA) [Friedrich, 2005] proved to be a valuable phylogenetic marker. A
further limitation in using a 16S rRNA gene-based approach for abundance estimation
is that the gene occurs in multiple copies in many bacteria leading to false conclu-
sions. It has been estimated that the mean number of bacterial ribosomal operons per
genome is approximately 4 [DeSantis et al., 2006]. A recent study has shown that a
typical bacterial genome in the GenBank database contains 1 to 15 copies of 16S rRNA
genes [Pei et al., 2010]. A solution for this limitation is to use single-copy phylogenetic
markers. For instance, the primase gene dnaG, translation initiation factor gene infC and
ribosomal protein L1 gene rplA are single-copy genes in most genomes and universally
distributed in bacteria [Wu and Eisen, 2008].

A disadvantage of protein encoding or 16S rRNA marker genes is that horizontal gene
transfer among unrelated taxa and gene duplication events might have an impact on the
taxonomic assumptions. A further drawback of the gene-centric sequencing approach
is the bias introduced by PCR amplification of the phylogenetic marker gene. Although
"universal" primers covering different groups are usually employed [Baker et al., 2003],
not all marker genes may be amplified equally due to primer bias. Additionally, de-
tection of the targeted gene is an indication of the ability to encode only this single
function, but this approach gives no direct information about the whole functional ca-
pabilities of the community. Some of the mentioned limitations are circumvented by the
environmental whole metagenome shotgun sequencing approach [Venter et al., 2004],
which can provide insights to functional characteristics of a microbial community by
sequencing all genomic fragments without using specific primer sequences.
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Figure 2.3: Schematic overview of different approaches for the analysis of microbial
communities: In whole metagenome shotgun and gene-centered approaches
microbial communities are analyzed based on their genomes or genes.
Metatranscriptomics and metaproteomics explore the transcriptome and
proteome of microorganisms, respectively.

2.2.2 The whole metagenome shotgun strategy

For the detection of taxa and biological functions present in an environmental sample,
random shotgun sequencing of DNA extracted from an environmental community is
carried out [Venter et al., 2004, Tyson et al., 2004]. In initial approaches, cell lysis and
fragmentation of the isolated DNA were performed. The environmental fragments
were used for the construction of clone libraries. For this purpose, the fragments were
inserted into vectors, which were introduced into a suitable host cell, most commonly
Escherichia coli. The host cells amplified the recombinant vectors in the course of cell
division, and the amplified fragments were sequenced using the Sanger approach. The
first projects mainly used contigs assembled from metagenome reads as the basis for
the taxonomic and functional profiling. Thereby, the number of assembled contigs and
the average contig length depend strongly on the diversity of the community, the size
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of the genomes, the relative abundance of species in the sampled community as well as
the sequencing depth.

In 2004, two pioneering projects applying the whole metagenome shotgun strategy
were published [Venter et al., 2004, Tyson et al., 2004]. One project was carried out by
the J. Craig Venter Institute in 2004 [Venter et al., 2004]. The researchers used Sanger
sequencing of a clone library to generate around two million randomly sequenced DNA
fragments obtained from the Sargasso Sea. Approximately 1,800 species were identified
with 148 previously unknown bacterial groups. In addition, 1.2 million unknown genes
were discovered.

Tyson and colleagues sequenced the microbial community from a natural biofilm from
an acid mine drainage [Tyson et al., 2004]. As the diversity in the community was low,
the group was able to almost completely reconstruct the genomes of the dominant
species.

NGS techniques enable amplification and sequencing of the templates subsequently
after fragmentation, bypassing the need for the construction of a clone library. In
particular, the cloning step may introduce bias into the results, as some inserts encoding
for instance toxins are incompatible with the host’s metabolism [Forns et al., 1997].
Additionally, using high-throughput sequencing techniques, the sequence coverage is
increased and potential cloning biases can be avoided. The first pyrosequenced whole
metagenome approach was applied to describe the environmental sample of two sites
of the Soudan Mines that in spite of being adjacent to each other, differed in chemistry
and hydrogeology [Edwards et al., 2006]. Comparative analyses revealed significant
differences in the metabolic potential of the microbes within each site, which could be
separated by metabolic processes like carbon utilization, iron acquisition mechanisms,
nitrogen assimilation and respiratory pathway.

Latest developments in the area of high-throughput analytics have greatly increased the
number of metagenome projects. Using the environmental genome shotgun strategy,
taxa can be identified that are not captured with the 165 rRNA gene approach due to
primer bias. Metagenomics provides the possibility to identify the taxonomic as well as
the metabolic potential of a microbial community. Simultaneously, the interpretation of
the functional repertoire allows access to novel key enzymes with potential biotechno-
logical applications. However, the high-throughput feature of the NGS techniques and
the short read length complicate the storage and interpretation of the data.

2.2.3 Biotechnological applications

Enzymes showing optimal activity and stability at different parameters (pH, tempera-
ture, pressure, salinity) are required in a broad range of industrial applications. In the
conventional method, genes representing a desired function are isolated from known
organisms and modified in a row of mutagenesis experiments [Kaur and Sharma, 2006].
The different mutant genes, "variant genes", are inserted into an expression system and
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screened for a high activity under selective conditions. Unfortunately, discovering an
optimal enzyme using the conventional method can be laborious and time-consuming
[Ferndndez-Arrojo et al., 2010].

Nature has already engineered enzymes encoded by microbes, which have tremen-
dously adapted to survive in all kinds of conditions. Thus, metagenomes are a promis-
ing source for discovering enzymes that efficiently function under conditions matching
industrial requirements [Chistoserdova, 2010]. Two major types of strategies are suc-
cessfully pursued: function-based and sequence-based metagenomics.

Function-based metagenomics

Using function-based metagenomics, novel enzymes catalyzing functions of interest can
be identified in laboratories [Craig et al., 2010]. First, DNA from environmental samples
is extracted. Next, DNA-fragments are inserted into vectors and transformed into host
organisms, typically E. coli. Moreover, species of Streptomyces and Pseudomonas are used,
in case where the transcription-translation machinery of E. coli is not compatible with
the expression of the vector insert. Finally, the metagenomic library is screened for
novel metabolic genes. The screening is based on the visual detection of growth of the
host cell on selective media or the production of a colored metabolite.

Function-based metagenomics was firstly applied in 1995 [Healy et al., 1995]. Healy et
al. constructed metagenome libraries, termed "zoolibraries", of a culture of environ-
mental organisms obtained from a thermophilic, anaerobic digester. Genes encoding
cellulases and other hydrolases were detected. One positive clone was sequenced by
the Sanger technique to gain deeper knowledge of the phylogenetic origin of the novel
enzyme.

The function-based screening approach has been used successfully for the identi-
fication of novel enzymes such as alcohol dehydrogenases, esterases and lipases
[Ferrer et al., 2009, Rashamuse et al., 2009]. A disadvantage is that many screens are
necessary in order to identify a positive clone in a metagenome library. In addition, a
reaction may require several genes that encode different subunits or proteins acting
together. Such functions might not be detected with metagenomic clones carrying
only small inserts that might encode a partial, non-functional gene cluster. Finally,
the expression of a gene and the subsequent detection rely upon the correct folding,
availability of cofactors and the capability of the host organism to express this gene.

Sequence-based metagenomics

In sequence-based metagenomics, environmental sequences are screened for genes
or gene fragments with homology to those encoding already described enzymes or
conserved protein motifs of interest. Thus, compared to function-based metagenomics,
a prior knowledge of the target DNA or protein sequence is required. Screenings are
carried out in clone libraries using PCR amplification or hybridization techniques with
target-specific probes or primers [Daniel, 2005]. A further sequence-based approach

17



2 Background

utilizes in silico screenings for sequences in metagenome data that have similarity to a
target gene.

The identified sequences can be custom-synthesized using a "synthetic metagenome"
approach [Bayer et al., 2009]. Bayer et al. identified a putative methyl halide transferase
by similarity searches in the NCBI database. The functionality of the synthesized
fragment was then verified in expression libraries.

Sequence-based searches in metagenome data are shown to be a valuable approach to
explore pathways, which might be important for understanding the conversion of re-
newable sources into biofuels [Warnecke et al., 2007, Pope et al., 2010, Hess et al., 2011].
Research projects aim to characterize efficient enzymes for the degradation of lignocel-
lulosic biomass into biofuels for industrial-scale production. In nature, several enzymes
and associated proteins are involved in the lignocellulose degradation. The enzymes
are encoded by different microorganisms that convert biomass into energy. Enzymes
important in this degradation process are glycoside hydrolases, a diverse family of
carbohydrate active enzymes, and oxidoreductases [Evans and Furlong, 2011].
Enzymes involved in the lignocellulose degradation process were studied in metagen-
omes obtained from different habitats such as the termite gut [Warnecke et al., 2007],
cow rumen [Hess et al., 2011] and foregut of the Tammar wallaby [Pope et al., 2010].
For detection, coding sequences predicted on assembled contigs were screened against
specific glycoside hydrolases as classified by the databases Carbohydrate-Active en-
ZYmes (CAZy) [Cantarel et al., 2009] and protein family (Pfam) [Finn et al., 2006].
The searches were performed using the Basic Local Alignment Search Tool (BLAST)
[Altschul et al., 1990] and profile hidden Markov models (HMMs) [Durbin et al., 2006].
Some of the identified glycoside hydrolases were confirmed by proteome analysis and
in vitro activity tests.

2.3 Latest development of Meta-"omics"

Recently, other types of molecules from microbial communities have been studied,
namely RNAs (transcripts) and proteins. The corresponding fields metatranscriptomics
and metaproteomics together with metagenomics allow researchers to elucidate the
composition and functions of a microbial community from a general perspective. This
section gives an overview of further Meta-"omics" approaches.

2.3.1 Metatranscriptomics

Metagenomics gives insights into the taxonomic and functional potential of organisms
in a selected habitat. However, metagenomics fails to separate expressed and non-
expressed genes in an environmental sample. In metatranscriptomics, a collection of
all expressed genetic information, the metatranscriptome, is analyzed. Metatranscrip-
tomics addresses questions about active members and transcribed functions. Moreover,
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metatranscriptomics allows for studying the transcriptional responses to environmental
changes.

Typically, DNA microarrays are used for RNA expression profiling. DNA microarrays
are a suitable technique for studying the transcriptomic response of a single organ-
ism according to changes in environmental conditions or over different time points
[Schena et al., 1998]. DNA microarrays have also been used to analyze several organ-
isms at once [You et al., 2008, Bulow et al., 2008]. Two microarray types exist that are
appropriate for the functional and transcriptomic analysis of the transcripts expressed
by a whole community. The Geochip uncovers genes involved in various central pro-
cesses [He et al., 2010b]. As the probe construction relies on the knowledge of the gene
or genome sequences, DNA microarrays are not appropriate to discover novel enzymes.
Moreover, the PhyloChip allows the comprehensive detection of bacterial and archaeal
organisms residing in a microbial community [Brodie et al., 2007].

In metatranscriptomics, a collection of RNA molecules of an environmental sample
is isolated (Fig. 2.3). The extracted RNA molecules are converted to double-stranded
copy DNA (cDNA) using random primers for reverse transcription. Originally, cDNA
libraries were constructed and randomly selected clones were sequenced in meta-
transcriptomics studies [Poretsky et al., 2005]. With the continuous advances of NGS
methods, direct sequencing of the cDNA library is possible [Leininger et al., 2006,
Frias-Lopez et al., 2008, Gilbert et al., 2008]. The analysis steps involved in metatran-
scriptomics are similar to the one in metagenomics.

So far, only a limited number of metatranscriptome experiments based on NGS have
been performed. Most metatranscriptome projects comprise sequences without signifi-
cant hits to any known gene sequence in the databases [Gilbert et al., 2008]. The first
NGS-based metatranscriptome approach was performed on a sample obtained from
soil [Leininger et al., 2006]. This analysis revealed that a key enzyme in the ammonia
oxidation pathway is more abundant among archaeal than bacterial transcripts. Urich et
al. analyzed the same soil sample and identified that only 8% of the metatranscriptome
reads were assigned to known mRNA tags [Urich et al., 2008]. For the interpretation of
the metatranscriptome data, Urich et al. developed a pipeline that identified rRNAs and
mRNAs in two steps. The first molecules were utilized to deduce a taxonomic profile,
while the latter molecules provide functional information.

A metatranscriptome approach has some limitations, which are absent in metagenomic-
based studies. Ribosomal RNA (rRNA) and transfer RNA (tRNA) molecules are at
relatively high levels in active cells [Kemp et al., 1993, Wagner, 1994], whereas messen-
ger RNA (mRNA) molecules contribute only a small fraction of the transcripts. If the
main aim of a metatranscriptome survey is to study the active functions, then either
the enrichment of mRNA or the depletion of rRNA fragments is required. To overcome
this, several strategies are available, for example, rRNA molecules are removed by
selective hybridization or by digestion using exonucleases [Warnecke and Hess, 2009].
RNA is a highly unstable molecule with a rapid rate of turnover and a short cellular
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lifetime ranging from seconds to minutes [Poretsky et al., 2005] compared to the DNA
molecule. Accordingly, expression profiles may be influenced by the stability of the
RNA molecules [Velculescu et al., 1995]. A further limitation in metatranscriptome
analysis is the retrieval of a low sample amount that complicates the extraction of
enough RNA molecules [Amann et al., 1995].

2.3.2 Metaproteomics

In metaproteomics, the complete proteome of an environmental sample is studied.
Metaproteomics is an emerging research field that aims at assessing the catalytic
potential of a given microbial community [Simon and Daniel, 2011]. The metaproteome
at a given time point is studied by two-dimensional polyacrylamide gel electrophoresis
and mass spectrometry [Wilmes and Bond, 2004]. The drawback of metaproteomics is
the low extraction yield and the lack of reference sequences in databases for functional
assignments of protein fragments.
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CHAPTER 3

State-of-the-art analysis of metagenome data

A growing interest in metagenomics resulted in the development of novel algorithms to
accomplish tasks and challenges facing this research field. This chapter introduces the
challenges and software tools for the interpretation of 165 rDNA amplicon sequences
and whole metagenome shotgun data. As this thesis mainly deals with 454 pyrose-
quenced datasets, the main focus is on analysis methods for sequences obtained by
the 454 technology. Computational methods and requirements for the analysis of data
obtained by further next generation techniques are outlined in Chapter 8.

3.1 Methods for the analysis of 16S rDNA amplicon
sequence data

16S rDNA amplicon sequencing is carried out to gain insights into the taxonomic
composition and complexity of a microbial community. For this purpose, reads of
16S rDNA amplicons are clustered into phylotypes or operational taxonomic units
(OTUs) [McCaig et al., 1999, Skirnisdottir et al., 2000] and taxonomically classified. Un-
fortunately, the analysis of 165 rDNA amplicon sequences is not straightforward, as
problems are caused during 16S rRNA gene amplification and sequencing. Artifacts
are generated that may lead to an inaccurate or misleading interpretation of the data,
overestimation of the diversity or missing assignments of taxa. Different methods exist
that identify artifacts and, hence, aid in the analysis of an underlying community.
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3.1.1 Identification of artificial 16S rDNA amplicon sequences

Artificial sequences are generated as a consequence of PCR/sequencing nucleotide
errors or co-amplification of 165 rRNA genes of different bacterial species. PCR er-
rors are introduced by the polymerase that substitutes 1 base per 10° — 10° bases
[Cline et al., 1996]. Apart from this, sequencing errors generated by 454 pyrosequenc-
ing are estimated to be about 0.5% [Huse et al., 2007]. Consequently, both error rates
would inflate the diversity estimation [Kunin et al., 2010]. In bacterial genome sequenc-
ing projects, errors are identified during the assembly step and eventually corrected.
This is not possible in environmental analysis, since each identified read might origi-
nate from an individual organism. Accordingly, undetected errors would result in an
overestimation of the diversity in a sample.

The single-linkage preclustering (SLP) algorithm [Huse et al., 2010] removes sequences
that likely include pyrosequencing errors. The SLP algorithm presumes that unique
sequences with a high occurrence in the dataset are accurate. Therefore, sequences are
first ordered by the frequency of their uniqueness. The most abundant unique sequence
initiates the first cluster. If any sequence of this cluster and a subsequent sequence
in the ordered list have a pairwise distance less than 0.02, the sequence is added to
the cluster. This is repeated for every unique sequence in the list. In a second step,
less abundant clusters are compared to the larger clusters and merged together if the
sequences differ by less than 0.02.

AmpliconNoise [Quince et al., 2009, Quince et al., 2011] identifies 454 sequencing er-
rors by clustering original flow signal intensities. In addition, the sequences are clustered
for removing sequences with PCR errors. As the analysis relies on calculations of pair-
wise alignments for each sequence pair, AmpliconNoise requires high computational
resources [Schloss et al., 2011]. Because of this, SLP is more frequently applied in 16S
rDNA amplicon studies [Mattila et al., 2012, Zhao et al., 2012, Biesbroek et al., 2012].

Another problem leading to an overestimation of the species diversity is the formation
of chimeric sequences during PCR. Chimeric sequences are comprised of two or more
phylogenetically distinct species [Lahr and Katz, 2009]. The chimeric fragments are
then sequenced and interpreted as reads originating from an individual organism. The
rate of chimeric sequences in 165 rDNA data is assumed to range from 5% to 45%
[Schloss et al., 2011]. In general, it is estimated that at least one in twenty 16S rRNA
gene sequences in public databases contains such anomalies [Ashelford et al., 2005].

Various tools were implemented to recognize 165 rDNA chimeras [Maidak et al., 2001,
Huber et al., 2004, Ashelford et al., 2005, Gonzalez et al., 2005, Haas et al., 2011], but
they were initially developed for the identification of chimeras in full-length 165 rRNA
genes. Recently, the tools Perseus [Quince et al., 2011], DECIPHER [Wright et al., 2012]
and UCHIME [Edgar et al., 2011] were developed for the detection 165 rDNA chimeras
in short sequences.
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Perseus [Quince et al., 2011] exploits the abundances of unique sequences. The ampli-
con query is pairwise compared to all sequences that have a higher abundance. The
closest pair is selected and an alignment is calculated. Finally, chimeras are removed
using supervised learning.

DECIPHER [Wright et al., 2012] first applies the RDP Classifier [Wang et al., 2007] (Sec-
tion 3.1.3), which assigns the query to a taxonomic group. A query is classified as a
chimera, if it has uncommon segments compared to the sequences within the taxonomic
group but which are common for another taxonomic group.

UCHIME [Edgar et al., 2011] divides a query sequence into four non-overlapping
segments and searches for each of the segments a matching reference (parent) in a
database that is assumed to contain no chimeric sequences. If no reference database
can be provided, UCHIME can be used to detect chimeras de novo. In this case, the
165 rDNA amplicon reads constitute the database, and it is assumed that a chimera
has undergone fewer rounds of amplification than its parents. The best two hits of the
four segments are determined and subsequently aligned with the query. Based on the
alignment, a score is calculated for discrimination of whether the two hits are candidate
parents of the query or not. The parents are only valid, if they have a higher abundance
than the query. UCHIME yields results comparable to Perseus [Edgar et al., 2011] and
outperforms DECIPHER in detecting chimeras in sequences ranging from 100 to 600
bases [Wright et al., 2012].

3.1.2 Clustering of 16S rDNA sequences to operational taxonomic units
for diversity analysis

16S rDNA amplicon sequences are usually clustered into OTUs that are formed based
on similarities of the sequences to each other. OTUs are associated with taxonomic
levels according to the applied identity thresholds. Typically, genera and species are
equated with an identity of 95% and 97% in 16S rRNA gene analysis, respectively
[Schloss and Handelsman, 2005]. However, there are no universal definitions for the
value reflecting the rank of species, as in some studies other thresholds are selected
[Bonnet et al., 2002, Lin et al., 2012]. A further problem in OTU determination is the
choice of the clustering method. Different OTU clustering methods or parameterizations
can lead to different OTU estimations of the same analyzed sample [White et al., 2010].

MOTHUR [Schloss et al., 2009] has been developed to calculate clusters based on the
nearest, the furthest and the average neighbor clustering algorithms. The clustering
methods require distance matrices that are calculated for the aligned 16S rDNA am-
plicon sequences. However, recent concerns have arisen regarding the choice of the
alignment methods, as different alignment methods result in distinct distance matrices
and by that to a misestimation of the diversity [Schloss, 2010].
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Unfortunately, the distance-based clustering approach is time and memory consuming.
Therefore, fast sequence clustering algorithms have been developed to cluster 16S
rRNA genes into OTUs without an initial multiple sequence alignment. In UCLUST
[Edgar, 2010], sequences are sorted by their decreasing length. The algorithm works as
follows: Initially, the UCLUST database for the storage of seed sequences is empty. If a
sequence matches a seed sequence in the database, it is added to the cluster represented
by the seed, otherwise a new cluster is established in the database with the sequence as
a seed.

The high-throughput feature of NGS techniques provides access to the microbial "rare
biosphere" [Sogin et al., 2006], which is constituted by low-abundant species. The ex-
istence of the rare biosphere has been exhaustively discussed in the light of potential
errors (sequencing errors, chimeras) introduced by the 454 sequencing technique or PCR
[Reeder and Knight, 2009, Kunin et al., 2010, Agogué et al., 2011]. Overall, 50% of ob-
tained OTUs are represented only by a few or one single sequence [Zinger et al., 2011].
Therefore, low-abundant OTUs are suspected to be artifacts and are suggested to be
removed from the downstream analysis [Reeder and Knight, 2009, Zhou et al., 2011].
Other researchers have successfully assigned low abundant OTUs to taxa and illus-
trated the importance of the rare biosphere in analyses of a microbial community
[Galand et al., 2009, Agogué et al., 2011].

A further task in 16S rDNA analysis is to ascertain how well the sequences reflect the
richness of an underlying community. A common method is to estimate the number of
observed new OTUs with increased sampling [Tringe et al., 2005]. This accumulation
can be projected in a rarefaction curve. A gentle rarefaction curve illustrates that the
sample is well covered by the number of sequences, whereas a steep slope indicates
that more sequences are required to cover all taxa.

3.1.3 Taxonomic assignments of unknown 16S rDNA amplicon sequences

Most commonly, the Ribosomal Database Project (RDP) Classifier [Wang et al., 2007] is
used to assign unknown 16S rDNA or rRNA sequences into taxonomies. The classifier
works well on partial or full-length sequences and does not require alignments. Instead
it is a composition-based method that uses reference sequences to characterize unknown
sequences to taxa from domain to genus. The reference sequences are acquired from the
RDP database [Cole et al., 2003], which includes the data based on Bergey’s Taxonomic
Outline of the Prokaryotes [Garrity and Lilburn, 2004].

Briefly, all k-mers, by default 8-mers, in a training set of known taxa are calculated. The
k-mers are used to train a Naive Bayesian Classifier (NBC). Afterwards, the NBC is
used to assign an unknown sequence based on its 8-mers to the closest matching genus.
For a proper assignment of the queries, the RDP Classifier requires a query length of
at least 50 bases. Bootstrap confidence estimates are provided for each assignment to
evaluate the predictions. Therefore, randomly 1/8 of the k-mers of the query are chosen
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and classified via the NBC. This procedure is iterated 100 times. The number of times
that the same classification is calculated is assigned as the confidence value. Typically
classifications are selected that exceeded the RDP Classifier confidence threshold of 0.8.

3.1.4 Full pipelines for the analysis of 16S rDNA amplicon sequences

The RDP Classifier is embedded within the Ribosomal Database Project’s (RDP)
pyrosequencing pipeline. In addition, the RDP’s pyrosequencing pipeline includes
primer/MID trimming, chimeric sequence detection and automated alignment genera-
tion of the query sequences [Cole et al., 2003]. Finally, RDP offers a database of aligned
16S rRNA genes, which is regularly curated. Still, the database contains sequences that
are not well-defined on lower taxonomic ranks because of the difficulty to culture the
corresponding strains.

Table 3.1: Tools for the analysis of 16S rDNA amplicon data

Tool Reference Description

SLP [Huse et al., 2010] 454 pyrosequencing error correction

AmpliconNoise  [Quince et al., 2009, PCR/sequencing error identifica-

Quince et al., 2011] tion and correction

UCHIME [Edgar et al., 2011] Chimera detection

DECIPHER [Wright et al., 2012] Chimera detection

Perseus [Quince et al., 2011] Chimera detection

UCLUST [Edgar, 2010] OTU clustering

RDP Classifier [Wang et al., 2007] taxonomic analysis of 16S rRNA
genes

QIIME [Caporaso et al., 2010] ~ Software package including several
tools for sequence processing

RDP’s pyro- [Cole et al., 2003] Online available pipeline for the

sequencing analysis of 16S rRNA genes

pipeline

MOTHUR [Schloss et al., 2009] Software package for the processing
of 16S rDNA genes

ESPRIT [Sun et al., 2009] Sequence processing and diversity

assessment

Further pipelines including some of the aforementioned steps are provided by MOTHUR
[Schloss et al., 2009], QIIME [Caporaso et al., 2010] and ESPRIT [Sun et al., 2009]. The
software MOTHUR supports trimming of the sequences, chimera detection using var-
ious methods including UCHIME, an algorithm similar to SLP, classification by the
RDP Classifier and clustering methods based on alignments and distance matrices.
QIIME [Caporaso et al., 2010] is able to perform some downstream analyses of the
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data including trimming, chimera detection using Perseus, clustering with UCLUST
and taxonomic assignments based on the RDP Classifier. ESPRIT [Sun et al., 2009]
provides sequence processing and clustering based on pairwise sequence alignments.
The introduced tools are listed in Table 3.1.

3.2 Methods for the annotation of whole metagenome
shotgun data

Metagenomics is aimed at unveiling taxonomic compositions by assigning taxonomies
to the metagenome reads and deducing the functions encoded on the fragments or
assembled contigs. With the establishment of the metagenomics field, microbiologists
were faced with novel tasks for the interpretation of the data. Next-generation sequenc-
ing techniques have boosted both the number of metagenome projects and throughput
making the analysis of the data more challenging. Even though metagenomics is a
relatively new scientific field, several computational methods exist and novel tools
are regularly published. The algorithms’ focus is to tackle such voluminous data, to
assemble the sequences into contigs and to unveil the taxonomic structure as well as
functional pathways of a heterogeneous microbial community.

Some software tools are provided for download only and, hence, users have to perform
the computational tasks with their own compute resources. In some cases, a web
interface is provided allowing the execution of time-consuming calculations on remote
compute resources. In the following section, tools for the analysis of whole metagen-
ome shotgun data obtained by 454 pyrosequencing will be introduced. Moreover, an
overview of the tools is given in Table 3.2.

3.2.1 Methods for the assembly of short sequences

In genomics, the genome of a single organism is sequenced. Thus, each read and
assembled contig belongs to the same genome. After reconstruction of the genome
by ordering the reads and contigs, genomic elements are identified and functionally
characterized. Overall, the genomic approach likely gives a complete picture of the
capabilities of a single organism.

Initial metagenomic studies [Venter et al., 2004] used tools that were developed for
the analysis of single genomes. Slightly modified versions of the genome assemblers
Celera Assembler [Myers et al., 2000] and JAZZ [Aparicio et al., 2002] were applied
for the reconstruction of contigs from a set of metagenome reads obtained by Sanger
sequencing. Thereafter, gene prediction was carried out on the contigs prior to the
functional annotations of the coding sequences.
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With the introduction of NGS technologies, novel assemblers for short reads, such
as Roche’s GS De Novo Assembler, were developed [Pop, 2009]. The assemblers were
mainly designed for single genome annotations, but have been also utilized for me-
tagenome assembly [Eloe et al., 2011, Delmont et al., 2012]. Due to the high species
diversity, simultaneous assembly of several genomes is more challenging than the
assembly of a single genome. The danger of assembling sequences from a microbial
community is the generation of interspecies chimeras [Mavromatis et al., 2007]. One
requirement for a proper assembly is a sufficient read coverage of the genomes. Thus,
regions with low coverage are returned as singleton reads, which in turn are not useful
for assembly and excluded from the subsequent analysis. To deduce the taxonomic
origin and encoded functions from all short sequences, read-based analysis methods
were implemented, which are listed in the next sections.

3.2.2 Taxonomic classification of metagenomic data

RDP (Section 3.1.3) can be used for classification of 16S rRNA gene fragments extracted
by similarity searches from metagenome datasets. However, metagenomes contain only
a small amount (0.071% - 0.17%) of 16S rRNA genes [McHardy and Rigoutsos, 2007]
and therefore, the results offer only limited insights into the microbial community. The
set of 165 rRNA gene sequences may neither fully represent the taxonomic composi-
tion nor give functional insights into the microbial community. Further approaches
are focusing on taxonomic classification of fragments encoding genes, also termed
environmental gene tags (EGTs).

MEGAN [Huson et al., 2007, Mitra et al., 2009, Mitra et al., 2011, Huson et al., 2011], a
stand-alone metagenome analysis tool, is based on sequence homology, which is
determined by searching in reference databases of known genes or proteins using
the Basic Local Alignment Search Tool (BLAST) [Altschul et al., 1990]. Since MEGAN
requires a BLAST output file, the user has to perform the compute-intensive BLAST
searches. MEGAN then calculates a lowest common ancestor (LCA) for reads with
multiple BLAST hits. The LCA approach assumes that sequence similarities are the
result of evolutionary developments of genes in different species over time. If a read
fragment matches sequences of different origins, an LCA of the taxonomies is computed
in MEGAN and finally assigned to the read. To restrict the number of hits considered
for LCA calculation, hits are only used that have a bit score larger or equal than 90% of
the bit score of the best BLAST hit. After LCA calculation, the results can be viewed in
the graphical interface in MEGAN.

A further tool, CARMA [Krause et al., 2008b], assigns environmental sequences to taxo-
nomic groups based on similarities to conserved protein families and domains included
in the protein family databases (Pfam) [Finn et al., 2006]. The classification into a higher-
order taxonomy is based on the reconstruction of a phylogenetic tree for each match-
ing Pfam family. CARMAS3 [Gerlach and Stoye, 2011] is the succeeding application of
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CARMA and is based on reciprocal BLAST searches against the non-redundant protein
database (nr). For CARMAZ3, the web interface WebCARMA [Gerlach et al., 2009] is
available, which allows for computing the taxonomic and functional profiles for meta-
genome data up to 100 MB. In a comparative analysis, CARMA3 shows better results
than CARMA and MEGAN [Gerlach and Stoye, 2011]. Both, CARMA and MEGAN
belong to the similarity-based approaches that are restricted to knowledge of known
reference sequences in databases. Similarity-based approaches assign taxa only to se-
quences that have a homologue in the databases, whereas sequences without homology
remain unclassified.

Contrary to similarity-based approaches, composition-based approaches utilize intrin-
sic sequence features, such as GC content, codon usage or oligonucleotide frequen-
cies, which vary among organisms [Bentley and Parkhill, 2004]. Taking this charac-
teristic features into account, metagenome sequences can be clustered into different
bins. Tools employing composition-based approaches are for example PhyloPythia
[McHardy et al., 2007, Patil et al., 2011] and TACOA [Diaz et al., 2009] (Tab. 3.2). Phy-
loPythia uses support vector machines (SVMs) [Hastie et al., 2003] for the assignment
of sequences to taxa. The classifier TACOA combines a k-nearest neighbor approach
[Cover and Hart, 1967] with kernel-based learning [Hastie et al., 2003] to assign ge-
nomic fragments based on their oligonucleotide frequencies to taxa. However, a require-
ment for a reliable assignment to a taxon using composition-based approaches is the
availability of long reads or contigs (at least 800 bases).

3.2.3 Functional characterization of metagenomic reads

Compared to the taxonomic tools, less functional tools for metagenome short sequences
are published, and it is still challenging to assign functions to a read because many
protein families and functions are unknown [Gilbert et al., 2008]. Functional annotation
relies on similarity searches of metagenome reads against annotated sequences in cur-
rently available databases. Databases containing functionally characterized sequences
obtained from genome-based microbial studies are consequently biased towards cul-
tivable organisms. Therefore, the databases represent only a partial picture of microbial
genomes and their biological functions.

The short sequence reads are interpreted as genes encoding fragments of proteins, folds
or domains. A metagenome read may carry genes encoding highly variable regions
making the functional assignments even more challenging. However, the reliable func-
tional assignment of short reads is a main step in the interpretation of metagenomes,
since it is the basis to discover genes of interests and address specific biotechnological
questions [Chistoserdova, 2010].

A common approach is to perform BLAST searches against gene or protein databases
to predict COG categories [Tatusov et al., 2001], FIG families [Overbeek et al., 2005],
KEGG numbers [Kanehisa and Goto, 2000], Pfams [Finn et al., 2006] and other func-
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tional categories. A limitation of this approach is that the majority of the proteins have
not been experimentally characterized [Baxevanis and Ouellette, 2004], instead the an-
notations are transferred from homologous sequences based on similarity searches.
Thus, wrong annotations can be derived from the databases.

3.2.4 Full pipelines for the analysis of metagenome data

Web-based annotation platforms such as the metagenomics RAST (MG-RAST) server
[Meyer et al., 2008], the IMG/M server [Markowitz et al., 2006] and Community Cy-
berinfrastructure for Advanced Microbial Ecology Research and Analysis (CAMERA)
[Sun et al., 2011] have been developed to store and analyze metagenomic data (Tab.
3.2).

In 2008, MG-RAST was released, which allows taxonomic and functional analysis
based on BLAST against different databases such as SEED [Overbeek et al., 2005], RDP
[Cole et al., 2003] and Greengenes [DeSantis et al., 2006]. Additionally, the metabolic
abilities of a community are provided by KEGG pathways. Initially, the MG-RAST plat-
form calculated taxonomic profiles by assigning the taxonomy of the best hit obtained
by BLAST searches against the SEED and 165 rRNA gene databases. The best BLAST
hit approach provides no information of the phylogenetic distance of the query to the
reference sequence. Thus, the assignments should be interpreted with caution, in par-
ticular on lower taxonomic levels such as genus or species. Meanwhile, MG-RAST has
been improved vastly. The best BLAST hit approach is complemented by the LCA algo-
rithm. The BLAST searches are performed against numerous databases including Gen-
Bank [Benson et al., 2011], RefSeq [Pruitt et al., 2009], UniProt [Apweiler et al., 2011]
and eggNOG [Muller et al., 2010]. MG-RAST features a pipeline for the prediction of
genes on contigs and their subsequent annotation. The protein sequences are available
for download. However, the genes encoding the regions are not visualized on the
contigs. It is also not possible to perform user-specific searches for target genes using
BLAST or profile HMMs, as it has been applied in screenings for sequences with
possible industrial applications (Section 2.2.3). Finally, MG-RAST is a static system, as
it does not support an easy integration of novel tools. MG-RAST does not allow users
to analyze function in the context of taxonomy and vice versa, which is possible by
combining the results obtained from CARMA.

IMG/M uses BLAST searches to determine KEGG pathways, COG functional cate-
gories and Gene Ontology (GO) [Ashburner et al., 2000] assignments. The taxonomic

characterization is deduced from sequence comparisons to individual genomes based
on the best BLAST hit approach.

CAMERA has been initially implemented to store data and results of the Global Ocean
Sampling obtained the by J. Craig Venter Institute [Venter et al., 2004]. The software
provides analysis tools, which can be linked together into a user specific workflow.
The functional annotation workflow of the data is based on BLAST searches against
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the Pfam, Tigrfam [Haft et al., 2001] and COG databases. A workflow for taxonomic
assignments is composed of the RDP Classifier or BLAST against ribosomal RNA
databases. In CAMERA, RAMMCAP [Li, 2009] is embedded, which uses clustering
algorithms to cluster translated open reading frames (ORFs) by high sequence similarity.
The clustering step reduces the data complexity and subsequent computational efforts.
For functional annotations, a representative of each cluster is compared to sequences in
Pfam, Tigrfam and COG databases. RAMMCATP is also available as a stand-alone tool.

To conclude, several automated pipelines exist that provide either taxonomic or func-
tional profiling of the microbial community. However, metagenomic projects occasion-
ally aim to associate functions with taxonomic groups. Therefore, functional profiles for
specific taxa and vice versa are desirable. The systems lack the possibility to integrate
novel algorithms fast and easily. This is very important, as novel tools are continuously
published that improve the taxonomic predictions of reads. In addition, the pipelines
perform gene predictions on contigs and functional annotations of the identified genes.
The annotations are only listed in functional profiles and the protein sequences are
available for download. For improving annotations or identification of target gene
clusters, a view of the complete contig with the encoded genes is required. Moreover,
user-specific searches using BLAST or profile HMM are necessary to identify reads
encoding enzymes or domains with industrially relevant functions.

Table 3.2: Tools for the analysis of whole metagenome shotgun data

Tool Reference Description
MEGAN [Huson et al., 2007, Similarity-based approach for taxonomic
Mitra et al., 2009, classification of metagenome reads based
Huson et al., 2011] on LCA assignments; functional assign-
ments based on the KEGG, COG, SEED
databases

CARMA [Gerlach and Stoye, 2011]  Similarity-based approach for taxonomic
and functional classification of metagen-
ome reads based on a reciprocal BLAST
approach and homologies to the Pfam

database
PhyloPythia [McHardy et al., 2007, Composition-based approach for taxo-
Patil et al., 2011] nomic classification of large sequences
TACOA [Diaz et al., 2009] Composition-based approach for taxo-
nomic classification of large sequences
MG-RAST  [Meyer et al., 2008] Metagenome annotation software for the
storage and analysis of metagenome data
CAMERA  [Sun et al., 2011] Data repository and bioinformatics tool
resource for metagenomic analysis
IMG/M [Markowitz et al., 2006] Storage and functional analysis of meta-

genome data
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CHAPTER 4

Motivation and aims of the thesis

Microorganisms are relevant in biotechnological, medical and agricultural processes.
Knowledge of taxonomic and functional characteristics of the natural microbial com-
munities would improve the understanding and controlling of these processes. Unfor-
tunately, the majority of microbes cannot be accessed and analyzed using conventional
methods. Advances in sequencing technologies provide the opportunity to study the
entire genetic make-up of microbial communities in terms of their taxonomic and
metabolic potential. At the same time, the high-throughput feature of the sequencing
technologies makes the storage and management of the data challenging. Moreover,
tools for the interpretation of the data are continuously published. Therefore, novel
methods are required that automatically apply the existing tools in order to deduce
information relevant for understanding the functioning of complex communities in
their natural habitats.

In this thesis, the design and development of methods are demonstrated that allow
the interpretation of whole metagenome shotgun, 16S rDNA amplicon and meta-
transcriptome data. These novel methods should complement the computational meth-
ods for PolyOmics data analysis, which are provided at the Center for Biotechnology
(CeBiTec). The first method should allow the interpretation of the huge amounts of
metagenome data. In this regard, a metagenome platform is required that enables
simple and automated processing as well as analyses of metagenome data in terms
of the functional and taxonomic assignments. Next, a method for the analysis of
16S rDNA amplicon sequences is required, which deduces the taxonomy as well as
the diversity in a complex microbial community and solves the challenges in a 165
rDNA amplicon study accurately and efficiently. Finally, a workflow for the analysis
of metatranscriptome data is demanded that captures all relevant RNA types within

31



4 Motivation and aims of the thesis

metatranscriptome data in order to assess the active taxa and expressed functions
encoded by a microbial community.

After the successful realization of the methods, their capabilities and results should be
proven. In this regard, metagenome, 16S rDNA amplicon and metatranscriptome data
obtained from a production-scale biogas plant are studied. The knowledge of organisms
and their functions in the biogas production process is of fundamental importance, as
methane, a component of biogas, can be converted into electricity or heat. The aim of
the analysis is to identify taxa and pathways that are relevant in the biogas plant by
using the novel methods.

A final goal is the screening for industrially relevant enzymes in metagenome data. In
the focus of this thesis are laccases, which are important in the pulp processing and
bleaching industry due to their ability to degrade lignin. For this purpose, a method
should be developed that facilitates searches for genes encoding putative laccases in
metagenome data.

To summarize, the major aims within this thesis are as follows:

1. Design and implementation of a metagenome platform that unveils the taxonomic
and functional potential of a heterogeneous community.

2. Design and implementation of a pipeline for the analysis of 16S rDNA amplicon
data that provides deeper information about the taxonomic composition of a
natural microbial community.

3. Design and implementation of a pipeline for the analysis of metatranscriptome
data that allows identification of the active members and their transcripts in a
microbial community.

4. Application of the methods to examine the taxonomic and functional characteris-
tics of a biogas-producing microbial community.

5. Identification of genes encoding industrially important enzymes, for example
laccases, in metagenome data.
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CHAPTER D

Methods and implementation

This chapter is divided into four sections. In the first section, the requirements and
implementation of a novel metagenome analysis platform are presented. In the second
section, steps involved in the analysis of 165 rDNA amplicon data are described in
detail. A workflow for the interpretation of metatranscriptome data is introduced in
the third section. Finally, the fourth section describes a method for the discovery of
enzymes that are potentially applicable in the biotechnological field.

5.1 The novel platform MetaSAMS for the analysis of
metagenome data

The overview of the available analysis platforms for whole metagenome shotgun
data (Section 3.2) indicates that the most common platforms generate taxonomic pro-
files based on the best BLAST [Altschul et al., 1990] hit approach or LCA calculations
[Huson et al., 2007] of multiple BLAST hits. Nevertheless, promising taxonomic tools
are published continuously. As they produce more accurate taxonomic predictions, the
assignments should also be considered in the taxonomic analysis. However, the system
design of the available platforms does not allow a straightforward integration of novel
tools. In addition, the available platforms do not provide a profile combining functional
and taxonomic assignments. Above all, no system exists yet that captures genes encod-
ing a desired function. However, optimal enzymes are required to accomplish specific
industrial processes under extreme conditions.
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Because of these limitations in existing platforms, a novel system was required. The
basic requirements of a metagenome platform include:

* the import and storage of metagenome reads and contigs,

¢ the storage of functional and taxonomic results,

¢ the availability of different projects with secured and authenticated user access,
¢ flexible pipelines for taxonomic and functional analysis,

¢ the support for visualizations of the taxonomic and functional results,

¢ the integration of comparative analyses and their visualizations.

Metagenonomics produces data in a high-throughput manner. Consequently, robust
data processing and fast evaluation strategies need to be realized to cope with the
increasing data amount. The Sequence Analysis and Management System (SAMS)
[Bekel et al., 2009] has been originally developed for quality control in whole genome
shotgun projects, for the automated analysis of expressed sequence tags (ESTs) and
copy DNA (cDNA) data generated by Sanger sequencing. In general, SAMS has been
applied to analyze EST projects with 45,000 — 235,000 ESTs [Bekel et al., 2009]. In
contrast, metagenome data produced in one run on the Genome Sequencer FLX+
system contain 1,000,000 reads (Tab. 2.1). Clearly, the original version of SAMS is
not suitable to examine such amounts of data. In addition, SAMS lacks tools that
address metagenome-specific tasks. However, an advantage of the SAMS system is
that basic tools, such as BLAST, are already available. The modular design of SAMS
allows the integration of further tools that may be relevant for the interpretation of
metagenome data. Because of these advantages of the SAMS platform, it is adapted for
the analysis of metagenome data in collaboration with Thomas Bekel. In the following,
the metagenome platform, termed MetaSAMS, will be introduced in regard to the
realizations of the mentioned requirements. The structure of this section follows the
workflow from processing and analysis of raw metagenome data to visualizations of
taxonomic and functional annotations.

5.1.1 Design

Since MetaSAMS has been implemented as an extension of SAMS, the general ar-
chitecture of MetaSAMS is basically the same. It is based on a three-tier approach
that embeds the presentation layer, database layer and business logic layer (Fig. 5.1).
Similar to SAMS, MetaSAMS is available via a web interface, which is based on Perl
Computer-Generated Imagery (CGI) scripts running on an Apache server. The CGI
scripts dynamically generate Hypertext Markup Language (HTML) content. The inter-
activity is provided through JavaScript and "asynchronous JavaScript and XML’ (AJAX).
The user interface enables the access to the results of the analysis.
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Figure 5.1: The three-tier architecture of the MetaSAMS platform: The general archi-
tecture of MetaSAMS covers the web frontend, business logic and data
backend.

For the data storage, MySQL is used as a relational database management system
(RDBMS). Access to the data is implemented by using the O2DBI software (unpublished)
that provides an automatic object relational mapping. The user interface and the
database are connected via the documented application programming interface (API).
The APl is the basis of the business logic layer and supplies the core functionalities of
the MetaSAMS system.

The security of the data is of high importance for data privacy and acceptance of the
software. As MetaSAMS is available through a web interface, access to the application
and stored data are controlled by a security module. The business layer enables access
to MetaSAMS projects by the generalized project management system (GPMS), which
is commonly used in various bioinformatics software packages at Bielefeld University
[Meyer et al., 2003, Neuweger et al., 2008, Dondrup et al., 2009]. The GPMS follows a
role-based approach. For each user a role can be assigned within a project. This role
defines the access rights and, hence, restricts the actions that can be performed by a
user within a specific project. As an example, the role "Guest" has the right to view the
results of the metagenome data but is not allowed to rerun pipelines or delete data.

35



5 Methods and implementation

The authentication to a project is facilitated on the login page over the web frontend of
the MetaSAMS system.

5.1.2 Data model

The data model for the storage of metagenome reads and their functional and taxonomic
results was adapted by Thomas Bekel. Briefly, all reads obtained from a sequencing
procedure are joined together to a single entity termed "ReadSet". Contrary to SAMS,
the sequences are stored in a file and not individually in the database. The next
modification deals with the storage of the results for each read. Within the original
SAMS system, tool results are modeled as individual "Observations" consisting of many
attributes like species names or protein functions. This approach is suitable for smaller
datasets, such as ESTs, with less abundant results but has its limits in the analysis of
large metagenome datasets, which generate highly redundant results. MetaSAMS solves
the redundancy by storing each observed feature, like a specific taxonomic classification,
only once. At the end the individual reads are linked to the corresponding results.

In this thesis, new classes are designed for the storage of regional and functional
annotations of metagenome contigs. The data model for the analysis of metagenome
contigs is basically derived from GenDB [Meyer et al., 2003], which is an annotation
pipeline for bacterial genomes. In GenDB, the class "Region" represents arbitrary
sequences. The class "Contig", which inherits the class Region, reflects a bacterial
genome, genome part or replicon. Predicted coding sequences are stored as "CDS"
objects in reference to the contig. The concept is not capable to analyze metagenome
contigs, as an analysis tool, e.g., a gene prediction tool, would have to be called for each
contig. In addition, partial genes located at the end of a contig would not be recognized
by gene prediction tools due to the lack of a start or stop codon. To avoid the generation
of multiple jobs and allow the identification of terminal genes, a new concept for the
characterization of metagenome contigs was designed.

A schematic overview of the designed classes and their interactions in MetaSAMS is
given in Figure 5.2. An artificial contig, herein termed "supercontig", is generated by
alternately concatenating a sequence of an assembled contig and the linker sequence
"CATAGCATAGCATAGCTATGCTATGCTATG", which consists of start and stop codons
in all possible six reading frames. An advantage of the concatenation is that subsequent
analysis tools are only executed once on a supercontig instead on each assembled
contig. A supercontig belongs to the class Contig. An object Contig stores the artificial
sequence of the supercontig. To distinguish between the artificial contig and assembled
metagenome contig in this thesis, the first will be referred to as supercontig, while the
latter will be termed contig or, after import into MetaSAMS, metatig. To identify the
assembled contigs and the linker in the supercontig sequence, objects of "Metatigs"
representing assembled contigs and objects of "Linkers" describing linkers are stored in
relation to the supercontig sequence in the database.
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Figure 5.2: A schematic representation of the main data objects for the storage of contigs
and their annotations: The data model in MetaSAMS is basically derived
from GenDB. To allow the analysis of contigs, the novel classes Metatig and
Linker are integrated.

5.1.3 Importer

Two importers, one for reads and the other for metagenome contigs, are implemented
to load the metagenome data into MetaSAMS. Each importer is provided by a Perl
command-line script. The project name of the database is supplied in the command
as a parameter, in order to access the MetaSAMS database using the O2DBI API. The
importer for metagenome reads has been implemented by Thomas Bekel. Basically, it
imports except of the sequences all read information present in a fasta file into the
database and connects each read to the corresponding readset. The sequences are then
stored in a fasta file.

For the import of contigs, metagenome reads are first assembled by using assembly tools
for short reads such as the GS De Novo Assembler [Pop, 2009]. Since prokaryotic genes
are on average approximately 1000 bases long [Xu et al., 2006], the importer removes
contigs smaller than 500 bases by default. The remaining contigs are then grouped by
their GC content to ease gene prediction (Section 5.1.6). An artificial supercontig is
generated by alternatively concatenating a contig sequence from the sorted list and a
linker sequence containing start and stop codons. Finally, the supercontig is stored in
the database and linked to at least one readset (Fig. 5.2). The last information enables
the user to generate several assemblies based on different combinations of readsets.
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The GS De Novo Assembler generates an ace file storing information relating to the
assembly. The importer of MetaSAMS utilizes the file to associate the reads that were
used for an assembly with the corresponding metatig.

5.1.4 Tool concept

As described in Section 3.2, different software tools are available for taxonomic and
functional analysis. Still, novel methods are steadily published that improve the tax-
onomic classification. Similar to SAMS, MetaSAMS has a modular tool concept that
allows integrating novel tools easily. A "Tool" class represents a software tool with its
executable path, parameters and type of input data. Each tool is defined by parameters,
which are usually entered by command-line. MetaSAMS allows flexibility in the param-
eter settings by storing several parameterizations. Thus, results generated by different
tool settings can be obtained.

A tool in MetaSAMS is restricted to the input data, for example, a tool for taxonomic
assignments of reads is only applicable on readsets, whereas a tool for gene predictions
can be executed on objects representing supercontigs. Therewith, MetaSAMS avoids
false applications of tools and supports the generation of pipelines. Several tools
combined form a pipeline. New analysis pipelines have been implemented to allow
the annotation of metagenomic data. MetaSAMS provides two major pipelines, one
for the analysis of metagenome reads and another for metatigs (Fig. 5.3). The first
pipeline computes taxonomic assignments and functional characterizations for each
read (Section 5.1.5). It requires a readset object as input data. In contrast, the second
pipeline is applied on a supercontig object and generates regional predictions of the
supercontig or functional assignments to the genes (Section 5.1.6).

Due to the high amount of data, large computational requirements with respect to
runtime and memory consumption can be expected. Therefore, the submission of
the computational jobs to a compute cluster allows a scalable and efficient analysis.
MetaSAMS utilizes the Distributed Resource Management Application API (DRMAA)
for the submission and control of jobs to Distributed Resource Management Systems
(DRMS). This approach allows the analysis of high-throughput metagenome data
in appropriate time. After the submission, a "Job" represents a combination of a
specific tool and applied region. The Job status summarizes the computational progress.
Moreover, a Job stores possible error and warning messages.

5.1.5 The pipeline for the analysis of metagenome reads

In MetaSAMS, three taxonomic classifiers are integrated to compute taxonomic assign-
ments of metagenome sequence reads: the Lowest Common Ancestor (LCA) approach
based on multiple BLAST [Altschul et al., 1990] hits of a read, the RDP Classifier
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Figure 5.3: Workflows for the analysis of metagenome reads (left) and contigs (right):
The pipeline based on reads basically consists of three tools that generate
taxonomic assignments. CARMAS3 also supports functional predictions in
terms of GO and PFAM information. Additional functional annotations are
provided by the pipeline based on assembled contigs that includes a gene
and function prediction module.

[Wang et al., 2007] and CARMAS3 [Gerlach and Stoye, 2011]. Hence, MetaSAMS pro-
vides taxonomic profiling based on environmental gene tags (EGTs) as well as on
phylogenetic marker genes (16S rRNA). Since the taxonomic results are linked to the
tool and read, they are reproducible and transparent. On account of the modular
implementation of MetaSAMS, novel tools can be easily added to the pipeline.

The procedure for the classification of metagenome 16S rRNA genes is basically com-
posed of two steps, namely the detection of 16S rRNA gene fragments and their
taxonomic classification. In the first step, reads carrying fragments of 16S rRNA genes
are identified using BLAST searches against the RDP database [Cole et al., 2003] with
an E-value threshold of 107!° and by disabling the low complexity filter. The module
"[terateFasta" is used for the BLAST search to improve the performance. It retrieves the
executable BLAST command and the sequences, which are split into several subsets.
After that, it submits jobs for each subset to the compute cluster. The results are merged
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and returned to the tool, which determines the best BLAST hit and stores it in the
database.

In the second step, sub-regions of reads with significant BLAST hits to the RDP database
are extracted. Only reads larger than 50 bases are collected and the RDP Classifier
is executed, which supplies taxonomic assignments with confidence estimates from
superkingdom to genus for each read. Since MetaSAMS stores each confidence value,
individual profiles with user-defined thresholds for the confidence value are retrievable
via the web interface.

As the fraction of fragments that carry a 165 rRNA gene in the whole metagenome
shotgun data typically is very low [McHardy and Rigoutsos, 2007], further tools based
on genes encoding protein sequences are integrated into MetaSAMS. CARMA supports
taxonomic assignments and functional characterizations of environmental gene tags
(EGTs) in metagenome sequences. In MetaSAMS, CARMAS3 is executed, and the taxo-
nomic results and gene functions based on Pfam accession numbers [Finn et al., 2006]
and GO terms [Ashburner et al., 2000] are stored in the database.

The LCA-based approach is composed of two relevant steps. First, a BLAST search of
the reads against genomes obtained from the NCBI bacterial database is performed
using the aforementioned IterateFasta module. Second, the taxonomy of reads with
multiple hits is determined by calculating the lowest common ancestor (LCA) of the
taxonomies of multiple hits. For the LCA approach, only hits with a bit score equal or
higher than 90% of the bit score of the best hit are considered. The percentage value is
variable in the tool and influences the sensitivity and specificity [Huson et al., 2007].
The LCA and best BLAST hit are stored in the database for each read. The latter
information is used for a mapping of reads against reference genomes (5.1.8). The LCA
module was provided by Thomas Bekel.

5.1.6 The Pipeline for the analysis of metagenome contigs

The short sequence length produced by NGS may prevent significant matches to
proteins in databases. Because of this, the functional annotations of metagenome contigs
contribute to the functional profile of the metagenome in MetaSAMS. For handling and
exploring the functional or metabolic potential of microbial communities, a pipeline
has been implemented that allows gene calling and annotation of metagenome contigs
assembled from short reads. The contigs imported to MetaSAMS are called "Metatigs".
Accordingly, the pipeline is termed "Metatig pipeline".

First, the Metatig pipeline starts a gene prediction pipeline for the identification of
coding sequences (CDSs) on the supercontig (Fig. 5.4). The gene prediction relies
on existing tools initially implemented for the identification of CDSs in genomes of
isolated organisms. Gene prediction of the data is achieved by the prokaryotic gene
prediction tools Glimmer3 [Delcher et al., 2007] or Prodigal [Hyatt et al., 2010]. Due to
the modular implementation of MetaSAMS, further gene prediction tools can be easily
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Figure 5.4: A schematic representation of the Metatig pipeline: Green boxes indicate
the applied tools, orange boxes the involved pipelines. The Metatig pipeline
basically consists of a gene and functional prediction module. The latter
executes Metanor-Lite, which includes tools for the functional annotation of
the metagenome data.

added. The selection of the gene prediction tool depends on the GC content of the
given supercontig. Since Prodigal operates well in GC rich regions [Hyatt et al., 2010],
it is automatically applied for the regional interpretation of a supercontig with a GC
content above 40%. Otherwise, the supercontig is annotated with Glimmer3, which
shows better accuracy in genomic regions with a low GC content. Parameters of the
gene prediction tools as well as the pipeline, e.g., the threshold of the GC content for
the application of Prodigal instead of Glimmer3, can be changed.

After gene predictions, the functional annotation of the CDSs is carried out (Fig. 5.4). The
functional analysis is based on similarity searches against various sequence databases.
Therefore, the novel functional prediction pipeline named Metanor-Lite is executed.
Metanor-Lite is a reduced version of the GenDB Metanor pipeline [Meyer et al., 2003],
which is also used in SAMS for functional predictions. The Metanor-Lite pipeline
applies BLAST comparisons of the predicted CDSs to the SwissProt [Boutet et al., 2007]
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and COG [Tatusov et al., 2001] databases. Moreover, hidden Markov model (HMM)
[Durbin et al., 2006] based searches against the databases Tigrfam [Haft et al., 2001]
and Pfam [Finn et al., 2006] using the HMMER3 package [Eddy, 2011] are applied to
assign protein functions. In comparison to the Metanor pipeline in SAMS, Metanor-Lite
excludes huge databases such as the non-redundant protein sequence database (nr)
and nucleotide sequence database (nt) to decrease the number of comparisons and
computing time. The results of the Metanor-Lite pipeline are stored as Observations
in the object-relational database of MetaSAMS. Based thereon, the automatic function
prediction is performed. It generates annotations, which provide the functional in-
terpretation such as KEGG numbers [Kanehisa and Goto, 2000] and COG accessions
[Muller et al., 2010], of the genes and gene products.

As the gene prediction tools are executed on the sequence of the supercontig, the start
and stop position of each CDS refer to the supercontig sequence. To obtain the gene
coordinates on the metatig sequence, the tool "MetatigMover" is applied (Fig. 5.4).
MetatigMover screens each metatig object on the supercontig and checks whether the
start and stop positions of the metatig overlap with those of a predicted gene. If such an
overlap is identified, the coordinates of the CDS are changed in respect of the metatig
sequence in the last step of the Metatig pipeline.

5.1.7 Statistical tools

The R Project for Statistical Computing8 provides packages for statistical analyses. In
MetaSAMS, access to the R functionalities is realized using the RSPerl module. The data
matrices are converted into R data objects, which are used as inputs for R functions.
The PNG images representing the results are generated in R and are accessible via the
MetaSAMS web frontend.

Rarefaction analysis

The taxonomic profile deduced from a metagenome can be used to estimate the coverage
of an environmental sample by performing rarefaction analysis. Rarefaction curves
are computed by plotting the number of estimated taxa on a rank versus the size of
subsamples. Rarefaction analysis is carried out using the Vegan package available in R.
In MetaSAMS, rarefaction analysis is calculated based on the taxonomic profiles for
each classifier on a selected rank. The results of the rarefaction analysis are illustrated
in images and tables.

Comparative analysis

MetaSAMS provides various tools and visualization features for the comparative
analysis of different metagenomic sequence data. The comparisons are based on either

8http:/ /www.r-project.org/
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Figure 5.5: Representation of raw data in MetaSAMS: The overview, which is the
starting site in MetaSAMS, gives first insights into the raw data in terms
of GC content and read length distribution. The information is provided
in tables and images. A navigation bar allows a fast retrieval of specific
visualizations in MetaSAMS.

functional results or taxonomic classifications. It incorporates Venn diagrams and
tables making it well-suited for gaining first insights into similarities and differences
between metagenomes. Furthermore, MetaSAMS enables the generation of user-specific
histograms for comparative visualizations. Methods such as principal component
analysis (PCA) and hierarchical clustering analysis (HCA) are supplied using the R
modules.

5.1.8 Frontend

The functionalities of MetaSAMS are accessible via a web-based frontend. A navigation
bar has been designed, which categorizes the visualizations of the results computed
by the taxonomic and functional pipelines (Fig. 5.5). This allows the user to access
specific information very fast and easily. In the following the different visualizations
are described.
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Overview - raw data representation

To allow researchers to assess the quality of the sequenced reads, visualizations of the
raw data are provided (Fig 5.5). During the import of raw reads, GC content and length
of the sequences are stored. This information is utilized to generate GC and length
plots for reads contained in a readset, library or project.

In addition, a table summarizes the sequencing results, namely the number of se-
quenced bases, the average read length and the number of reads in a project (Fig. 5.5).
Deviations of expected parameters can be easily identified in the tabular or graphical
representations.

Visualizations of the taxonomic and functional annotations

The results of the pipelines are stored in the new data schema and can be viewed and
downloaded over the web interface (Fig. 5.6). In addition, the taxonomic and functional
profiles are cached to improve the performance. The taxonomic profiles can be accessed
in tables or bar charts (Fig. 5.6a). An important feature of MetaSAMS is the ability to
compare the taxonomic profiles generated with different classifiers.

The functional assignment browser lists the functional results such as KEGG pathways,
EC numbers and COG accessions with the counts of identified genes (Fig. 5.6b). It
is also possible to view Pfam accessions and GO terms with the counts of identified
reads. The user can select specific functional categories for the subsequent visualization
consisting of either exportable bar or pie charts in SVG formats. MetaSAMS provides
a mapping of annotations to functional categories, for example EC numbers or COG
accessions are mapped on KEGG pathways or COG functional categories, respectively.

Based on the CARMA results, MetaSAMS allows the generation of taxonomic pro-
files for all metagenome reads or only for reads that are functionally assigned to
specific Pfam accessions. Conversely, a Pfam-based profile for a specific taxon can be
determined. The combination of functional and taxonomic results allows the user to
explore a metagenome in such a way that organisms encoding specific functions or
functional roles of important organisms can be identified. Furthermore, sequences for
each assigned taxon can be retrieved in fasta format.

Metatig representation

All metatigs are listed in the web frontend (Fig. 5.7a). The list can be filtered based on
the length, GC content and number of predicted CDSs. If a metatig has been selected, it
is visualized in the "Metatig Viewer" (Fig. 5.7b). CDSs are represented by green arrows
with gene names, if provided, above the arrow. The position of the arrow represents
the position of the CDS in the metatig. By moving the mouse over a gene, regional
and functional annotations are summarized in a tooltip. Additional information, e.g.,
observations, DNA or amino acid sequence, are accessible by clicking on a gene (Fig.
5.7¢). In this case, the red arrow represents the active CDS in the Metatig Viewer, and a
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Figure 5.6: Visualization of the results obtained by the read- or contig-based analysis
pipelines: (a) Taxonomic profiles are illustrated in tables and bar charts, (b)
whereas functional profiles are shown in tables, bar and pie charts.

table provides detailed regional and functional information, the DNA sequence, the
amino acid sequence and a mapping of read sequences that assemble the selected CDS.

Search for metagenome reads and contigs

MetaSAMS has the capability to specifically explore the sequence data by a metagenome
context search. The search is based on descriptions of reads or genes. By entering a taxon
name, Pfam accession or GO term, reads with the corresponding features will be listed.
Using keywords describing gene names or functions, the respective gene or metatig
sequences can be obtained and downloaded. This search allows the identification and
retrieving of full-length genes of interest.

The BLAST and HMM interface allow to search with custom queries in databases
composed of metagenome reads and CDSs. BLAST searches against reads, predicted
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Figure 5.7: Visualization of metatigs and CDSs in MetaSAMS: (a) Metatigs are presented
in terms of gene number, GC content and
length. (b) A metatig is visualized in the Metatig Viewer, where each CDS is
illustrated as an arrow. After clicking on a CDS in the Metatig Viewer, the
CDS is highlighted in red and (c) regional and functional annotations are

46

Metagenome Analysis - List all metatigs (a)

Herein, it is possible to list all metatigs (annotated environmental contigs) within this project in a table. By clicking on the column, the corresponded column
will be sorted. By clicking on a specific contig name, the contig will be visualized with its CDS. By clicking on a CDS in the image, detailled information

about the region, its function and neighborhood will be shown.

Search in Biogas_group -
Search for Listall metatigs h
Length >500

CDS number N v

on metatig Biogas «

GC - -

On the concatenated contig Biogas in the group Biogas_group are 4135 metatigs identified

Start: 1256
Stop: 2221

t Gene name: :— —
e EC number: 2.7.2.7 &1
GO: -

Biogas_contig03939|10 4082 14914
Biogas_contig53180|10 5523 (5245
Siogas, conligl0398 10 2929 |57.09 Detailed information about CDS Biogas_9776 (c)
Biogas_contig56560|10 10449 [60.68
Biogas_contig02228|10 5194 [62.26 —Region information
Bingas_cantig02141/10 7487 [6101 Name Biogas 9776
Biogas_cantig01956[10 8740 |60 86 Startistop _|1256:2221
Biogas_cantigh3241/10 9235|5875 Metatig Bliogas_ contig01955
Biogas_contig00196|10 8703 |5689 Status region |status 1
Biogas_contighb560|10 5461 [64.35 Status function|automatically annotated
DO 10414 [GYGIETR Molweight |34154 4199999999

iep 4 537109375
(b) Length 966

GC 63.1469979296066

o
[=la information
Name: Biogas_9776 [ClBest ob: ion infi

[=Iona

q

r 17 1 7 1

COG: 3426

Description: RecName: Full=Probable
butyrate kinase 1; Short=BK 1;
EC=27 27 AltName:
Full=Branched-chain carboxylic acid
kinase 1;A kil familyackA:
acetate kinase

Gene product: Probable butyrate kinase
1 Short=BK 1; EC=27 2 7. AltName-
Full=Branched-chain carboxylic acid
kinase 1;

BGCS framel
Catrame2

>Biogas 9776

MCMAVLAYYPHGAALHVGVGTLEAYTTAVFPLT SPEQLFPWLEAAGI SPDDVDEIVTSGT
LPG5QPSGIYLFNPEARARHQGVEFCALLAERLSSPVYLIDPASRADCHPQALVTGTEAL
GRTCSADHFLFKFLARQEARKRGLPQSEGRFIARHLDEVHQLGAVVGTKVVDCLTSLEEG
PFALRQSGGLPFDGVLELCSQHQGREEVLDALNQNGELAGYLGLERLEDLFDLQGEQADL
VRQALVYQIAKEIGALAAVLEGKVDAVILSGELMRLPSFQAELAQRVGFIAPTSVYPGNQ
GVAALMAGAKRILDQEPIILS

)

to 8680

Export metatig sequence |From: 1

in a table and can be filtered

provided in a table.

1




5.1 The novel platform MetaSAMS for the analysis of metagenome data

genes and deduced proteins can be performed. MetaSAMS also provides a more
sensitive approach based on profile hidden Markov models (HMMs) for the search for
reads or CDSs with an E-value cutoff of 10719, It is possible to upload either a custom
DNA or protein alignment. MetaSAMS utilizes the alignment for building a profile
HMM. The profile HMM based on DNA sequences is used for HMM searches against
the metagenome reads, whereas the profile HMM built from protein sequences is
utilized for searches against the translated CDSs. Finally, the sequences of the matching
reads or genes are aligned to the target profile HMM. The alignment is available in a
fasta format over the web interface. Using the BLAST and HMM interface, variants of
genes can be identified, which may show biotechnologically relevant properties.

Mapping of metagenome reads to references

Aligning metagenome reads to reference genomes gives insights into species presence,
genetic variation of the species and the coverage of genomes or genes. Reference
genome mapping is in particular efficient in metagenomes with predominant species.
For the visualization, reads are mapped on a reference genome using the best BLAST
hit approach. The advantage of this approach is the low computational effort compared
to exact mapping algorithms of short reads. On the other hand, it is not very accurate.
A disadvantage of similarity-based mappings is that horizontal gene transfer (HGT)
cannot be handled. However, since it allows mapping of metagenome reads to different
reference genomes in a fast time, the best BLAST hit approach has been used to map
reads to a reference genome.

The best BLAST hits, which have been already generated for the LCA approach by
applying BLAST searches against bacterial genomes (Section 5.1.5), are retrieved from
the MetaSAMS database. The database stores the best hits including the hit names,
E-values and start as well as stop positions on the query and hit. This information is
extracted from the database and utilized for a visualization in the "GenomeMapper"
of MetaSAMS (Figure 5.8). The GenomeMapper displays a bacterial genome and the
distribution of mapped reads. The user can select a reference genome, on which the
sequencing reads are arranged according to their matching positions. Each read is also
visualized in a specific color reflecting the quality of the hit based on the E-value. The
user can either view the distribution of the reads over the whole or part of the genome.
Each position of the reference genome in the GenomeMapper is linked to the NCBI
sequence viewer of the corresponding genome to enable detailed regional or functional
exploration of specific regions.
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Figure 5.8: GenomeMapper illustrating the location of mapped reads on a complete
genome of Methanoculleus marisnigri JR1: A navigation over the genome is
provided at the top of the GenomeMapper view. The black line represents
the complete genome, whereas the red box describes the region that is shown
in the plot at the bottom of the image. The mapped reads are color-coded
according to their E-value.

5.2 The AMPLA pipeline for the analysis of 16S rDNA
amplicon sequences

The focus of this section is on the analysis of 165 rDNA amplicon sequence data. 16S
rRNA genes are phylogenetic markers suitable to provide insight into the diversity
and composition of a microbial community. As described in Section 3.1, various tasks
exist in the analysis of 16S rDNA amplicon sequence data. To accomplish these tasks,
a workflow, termed 16S rDNA amplicon analyzer (AMPLA), has been designed for
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the analysis of 165 rDNA amplicon sequence data that includes existing methods and
tools. Briefly, the reads are processed in AMPLA by trimming specific oligonucleotides
that were required for the construction of the 16S rDNA amplicon sequences. To avoid
overestimation of operational taxonomic units (OTUs), sequences with low quality or
artificial reads (e.g., chimera) are excluded prior to the cluster analysis. Overall, the
AMPLA pipeline consists of a quality control procedure, clustering step and taxonomic
assignments calculations (Fig. 5.9). In the following, the involved steps are described in
detail.

5.2.1 Processing of raw 16S rDNA amplicon sequences

For the filtering, several files are utilized in AMPLA:
¢ a sequence file in fasta format,
* a quality file with the quality values for each nucleotide position of the reads,

¢ a file containing the specification of the used multiplex identifier (MID) tags and
primer sequences.

Using the sample-specific MIDs, several communities can be pyrosequenced simultane-
ously. A typical 454 pyrosequencing read contains adapters from the library prepara-
tion, MID tags and primer bases from the PCR amplification. As the sequences of the
adapters, MIDs and primers are known, they can be utilized for a quality control of
the reads. 165 rDNA amplicon reads are removed that contain ambiguous bases (Ns),
mismatches in the MID tags or an average quality score less than 20. Subsequently, the
forward and reverse PCR amplification primers are searched allowing 2 mismatches.
Sequences that have no recognizable forward or reverse primer are discarded. Finally,
sequences shorter than 50 bases are removed from the dataset. The processing is per-
formed by using the trimming script implemented in QIIME, as it is fast and accurate
[Caporaso et al., 2010]. After that, unique sequences are identified in the collection and
utilized for the subsequent analysis. In addition, the number of times each unique
reference sequence is observed is tracked in a file. The advantage of this reduction
step is that the computation time of the time-consuming downstream analysis such
as calculation of alignments and clusters is decreased. The unique 16S rDNA reads
are analyzed using a single-linkage preclustering (SLP) approach [Huse et al., 2010],
which discards reads that likely contain pyrosequencing errors. For this purpose, the
sequences are aligned using the Needleman-Wunsch pairwise alignment algorithm
[Needleman and Wunsch, 1970] in MOTHUR [Schloss et al., 2009]. An alignment ob-
tained from the Greengenes database [DeSantis et al., 2006] serves as a reference. Finally,
the pre.cluster command is executed using default settings in MOTHUR, which applies
a pseudo-single linkage algorithm. SLP is widely applied for the analysis of sequencing
errors, as it is fast and easy to use [Schloss et al., 2011]. Potential chimeras are detected
using the de novo implementation of the UCHIME algorithm [Edgar et al., 2011]. The
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Raw 16S rDNA
sequences

Quality control, primer removal,
chimera detection

High quality 16S
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Clustering into operational
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Figure 5.9: Overview of the pipeline for the analysis of 165 rDNA amplicon sequences:
The AMPLA pipeline consists of three basic steps. First, the raw reads
are processed by removing the primer and MID sequences. Moreover, raw
sequences are excluded that reach a low mean quality score or are likely
artificial due to PCR amplifications and sequencing errors. Second, the
filtered sequences are clustered into operational taxonomic units, which are
used for diversity assessment. Finally, a taxonomic profile was generated.

detection of chimeric sequences is a challenging task. So far, the de novo mode of
UCHIME showed to be a valuable tool for removing potential chimeras compared to
other developed methods [Edgar et al., 2011, Wright et al., 2012].

5.2.2 Clustering of 16S rDNA amplicon sequences for diversity estimations

The remaining non-chimeric, high-quality sequences are clustered into OTUs using
UCLUST version 3.0 [Edgar, 2010] and an identity threshold value of 97%, which is
usually regarded as representing the species level [Schloss and Handelsman, 2005].
UCLUST can process huge datasets accurately [Edgar, 2010, Barriuso et al., 2011]. Sin-
gleton OTUs, which contain only one sequence, are excluded, since they are probably
associated with PCR and sequencing errors [Reeder and Knight, 2009]. The longest
sequence within each OTU is picked as a representative sequence for the cluster. For
assessing the completeness of a sequencing effort, rarefaction curves are calculated
using the Vegan package in R.
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5.2.3 Taxonomic classification of 16S rDNA amplicon sequences

The sequences are taxonomically classified using the RDP Classifier (version 2.3)
[Wang et al., 2007]. For the interpretation of the data, only classifications with at least
0.80 assignment confidence are considered. The taxonomic profile is visualized using
Krona [Ondov et al., 2011].

5.2.4 Phylogenetic characterization of 16S rDNA sequences

16S rDNA amplicon sequences are suitable for phylogenetic tree reconstructions, since
they comprise at least one variable region known to differ between species. Thus,
multiple alignments and subsequent calculations of evolutionary distances between
reads covering the same region segment are possible. For phylogenetic characterization,
only representative OTU sequences obtained by using UCLUST are considered that were
assigned to a specific taxon by the RDP Classifier in the previous step. The collected
sequences are aligned by MUSCLE [Edgar, 2004a, Edgar, 2004b]. Based thereon, the
tree reconstruction is performed in MEGA 5 [Tamura et al., 2007] using the neighbor-
joining method [Saitou and Nei, 1987] with genetic distances as defined by Jukes Cantor
[Jukes and Cantor, 1969] and a bootstrap value of 1,000 [Tamura et al., 2007].

5.3 The MeTra pipeline for the characterization of
metatranscriptome data

This section concentrates on the study of metatranscriptome data. Metatranscriptome
data reveal the active members and transcribed functions within microbial communi-
ties. For this purpose, the Perl-based MetaTranscriptome (MeTra) pipeline has been
developed, which extracts the ribosomal, messenger and non-coding RNA sequences
from a metatranscriptome dataset. Ribosomal and messenger RNAs can be exploited
to generate a taxonomic profile of active members, whereas only the messenger RNA
can contribute to the functional profile. In the following sections, the databases neces-
sary for the identification of relevant RNA types and the procedure for the study of
metatranscriptome data will be provided in detail.

5.3.1 Database construction

For the extraction of ribosomal RNA (rRNA) sequences from the metatranscriptome
dataset, three databases comprising the small subunit sequences (SSUdb), large sub-
unit sequences (LSUdb) and further RNAs (profile hidden Markov model RNAdb,
pHMM-RNAdJD), e.g., tRNAs and 55 rRNAs, are constructed (Tab. 5.1). Sequences
for the large subunit (LSU), which is composed of prokaryotic 23S and eukaryotic
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Table 5.1: Databases constructed for the identification of different RNA types

Database RNA-type Data source

LSUdb prokaryotic 23S, SILVA
eukaryotic 285 rRNAs

SSUdb prokaryotic 16S, Greengenes, SILVA, RDP
eukaryotic 185 rRNAs

pHMM-RNAdb functional RNAs RFAM, NCBI database

28S rRINAs, are retrieved from SILVA (Release 102) [Pruesse et al., 2007] as an arb file
[Ludwig et al., 2004]. The arb file contains LSU as well as adjacent gene sequences
(e.g., SSU rDNA) from Archaea, Bacteria and Eukaryota in an alignment. To retrieve
only LSU sequences, they are exported as a fasta file including the aligned sequences
from position 66,155 to 129,061° (according to the 235 rDNA gene in E. coli) using the
software package ARB [Wang et al., 2007].

Sequences for the SSUdb are obtained from several public ribosomal databases includ-
ing Greengenes [DeSantis et al., 2006], RDP-II (Release 10.21) [Cole et al., 2003] and
SILVA (Release 102). SILVA provides 16S/18S rRNAs for all three domains of life,
whereas RDP and Greengenes store bacterial and archaeal 16S rRNAs. The small sub-
unit sequences from SILVA and Greengenes are retrieved in an arb file format. Likewise
the LSU database in SILVA, the SSU sequences include more than the small ribosomal
RNAs such as incorrectly annotated large subunit ribosomal RNAs. Therefore, only
positions between 986 and 43,332 (according to 165 rDNA gene in E. coli) of the aligned
SILVA sequences are considered for the setup of the SSUdb. The trimmed sequences
are exported as a fasta file using the ARB software.

For the search of additional functional RNAs, a profile hidden Markov model (HMM)
[Durbin et al., 2006] database is built (pHMM-RNAdb). The RFAM 10.0 database
[Griffiths-Jones et al., 2005] is utilized for the generation of the pHMM-RNAdb. The
alignments for all available RNA families are exported. Using the HMMER3 package
[Eddy, 2011], a profile HMM is built for each alignment. Additionally, tRNA sequences
from all available NCBI genomes are extracted and filtered for the length ranging from
30 to 180 bp in order to remove non-tRNA fragments. Subsequently, the sequences are
separated according to their anticodons and bacterial or archaeal origin and aligned
using MUSCLE [Edgar, 2004a, Edgar, 2004b]. Profile HMMs are generated for each
alignment and added to the pHMM-RNAdb.

9The positions refer to the aligned LSU sequences and not to the raw LSU sequence
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5.3.2 Pipeline for the identification of different RNA types

For the identification of RNA tags within the dataset a three-step analysis pipeline
has been developed in MeTra (Fig. 5.10). First, a BLAST [Altschul et al., 1990] search
using an E-value cutoff of 107> against the custom SSUdb and LSUdb is performed
to identify small and large subunit ribosomal sequences in the metatranscriptome
dataset (Fig. 5.10, step 1). The sequence complexity filter is explicitly disabled to include
regions with low sequence complexity. As the SSUdb comprises both archaeal and
bacterial 165 rRNA as well as eukaryotic 185 rRNA gene sequences, BLAST results
for eukaryotic sequences are discarded. For this purpose, the BLAST result headers
containing the accession number as identifier are examined. Sequences with matches
to the bacterial and archaeal entries in the SSUdb databases are classified by means of
the RDP Classifier [Cole et al., 2003]. Only classifications with at least 0.80 assignment
confidence are considered for the taxonomic profile.

cDNA

Step 1: BLAST against
SSUdb and LSUdb

Unassigned Ribosomal tags
sequences
Step 2: hmmsearch
against pHMM-
RNAdb
Unassigned

RNA tags (i.e. tRNASs)
sequences

Step 3: CARMA3

Unassigned

mRNA tags
sequences

Figure 5.10: Steps involved in the metatranscriptomic MeTra pipeline: The pipeline iden-
tifies rRNA tags, remaining RNA tags and mRINA tags in three different
steps.

Second, a profile HMM-based approach is applied to identify additional RNA types
such as tRNAs and 55 rRNAs in the pHMM-RNAdb database (Fig. 5.10, step 2). Reads
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without matches to SSUdb and LSUdb are compared to the pHMM-RNAdb using the
HMMERS3 package (E-value cutoff 107°).

In the third step, mRNA tags are identified using CARMAS3 [Gerlach and Stoye, 2011]
(Fig. 5.10, step 3). All RNA sequences that have neither a BLAST hit to the ribosomal
databases SSUdb and LSUdb nor a hit to the pHMM-RNAGdD are further functionally
and taxonomically characterized using CARMAS3, which simultaneously performs
BLASTX searches against the non-redundant GenBank protein database and HMM-
based searches against the Pfam database [Finn et al., 2006].

Thereafter, the active biological processes within the underlying community are deter-
mined. For this purpose, sequences classified as mRNA tags by CARMA3 are compared
against the eggNOG [Muller et al., 2010] database using BlastX (E-value cutoff of 1073,
disabled low complexity filter). Finally, the sequences are annotated with COG or NOG
accessions according to their best hit.

5.4 A method for the identification of industrially relevant
enzymes

In this section, a method will be outlined that is applicable for the discovery of novel
genes encoding target enzymes in metagenome datasets. Reads encoding functions of
industrial interest can be identified by exploiting the knowledge of so far described
enzymes. Recently, hydrolase genes were identified in metagenome data, which were
confirmed in subsequent activity tests (Section 2.2.3). The surveys clearly demonstrated
that profile HMMs representing enzymes of interest are suitable to capture specific
sequences from metagenome databases. The profile HMMs were obtained from the
Pfam database, which is a large collection of protein families [Finn et al., 2006]. Since
the Pfam database has a limited number of HMMs, the development of new models
is needed in order to search for reads encoding desired enzymes. In the following, an
approach for the construction of a novel profile HMM will be described. A requirement
for this approach is the knowledge of described enzyme sequences and a conserved
domain that is specific for the enzyme.

5.4.1 Construction of a profile hidden Markov model (HMM)

A two-step approach is carried out to construct a novel profile HMM representing an
enzyme of industrial interest (Fig. 5.11). First, an initial profile HMM is built. For this
purpose, a BLAST search is applied to the NCBI nr protein database using known
queries of the target enzyme. The sequences of the hits are collected and aligned
using MUSCLE [Edgar, 2004a, Edgar, 2004b]. Sequences that did not cover the required
conserved domain are excluded from subsequent analysis. In addition, duplicates are
removed to avoid bias in the profile HMM. The remaining aligned sequences are used
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Step 1:
Initial pHMM generation

Step 2: Retrain pHMM

Figure 5.11: Approach for the construction of a profile hidden Markov model (HMM)
representing a target enzymes: An initial set of described protein sequences
is used to search for similar proteins. The hits serve for building an initial
profile HMM, which is refined with further sequences and rebuilt from
improved alignments.

as a basis for building an initial profile HMM by applying the HMMER3 package
[Eddy, 2011].

Second, the initial profile HMM modeling the target enzyme is retrained. Therefore,
an HMM-based search is applied to identify additional enzymes in a public protein
database that match the initial profile HMM. The sequences with a hit are extracted
and aligned using HMMERS3. The alignment is verified by removing duplicates or
invalid sequences. The remaining sequences are aligned to the initial profile HMM with
HMMERS, and a final profile HMM is constructed.

55






CHAPTER 0

Application examples

This chapter describes the outcomes of the analyses of whole metagenome shotgun,
16S rDNA amplicon and metatranscriptome tags obtained from a biogas plant. For a
better understanding of the results, the process of biogas production is introduced in
the first section. Thereafter, the taxonomic and functional results deduced by means
of MetaSAMS are reported for the metagenome of the biogas-producing community.
Next, a deeper resolution of the taxonomic composition of the underlying community
is described based on 16S rDNA amplicon analysis in AMPLA. Additionally, active
members and functions of the biogas-producing community are presented by applying
the developed MeTra pipeline on the corresponding metatranscriptome dataset. Finally,
the results of a search for laccases encoded in genomes and metagenomes are reported.

6.1 Introduction to biogas

The dwindling of fossil fuel supplies and the worldwide growing demand for energy are
the driving forces to find sustainable energy sources. Simultaneously, burning of fossil
fuels is associated with the increase in atmospheric carbon dioxide, which is considered
to affect global warming. In this context, biogas from renewable resources or organic
waste is a promising carrier of bioenergy [Weiland, 2010]. Methane, the energy-rich
molecule in biogas, can be converted to electric energy or heat in an ecologically-
friendly way. The conversion of organic material to biogas is a complex process, which
is composed of four successive steps, namely hydrolysis, acidogenesis, acetogenesis
and methanogenesis (Fig. 6.1) [Deublein and Steinhauser, 2008]. The processes are
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Figure 6.1: The process of anaerobic digestion in biogas plants (modified from Deublein
and Steinhauser, 2008): The anaerobic decomposition of biomass consists
basically of four stages, namely hydrolysis, acidogenesis, acetogenesis and
methanogenesis. In addition, homoacetogenesis and syntrophic acetate
oxidation are coupled to the basic stages.

accomplished by certain groups of microorganisms under anaerobic conditions. Some of
them partly stand in syntrophic associations, i.e. their growth relies on the metabolisms
of other microorganisms.

In the first step, the hydrolysis, anaerobic bacteria cleave polymers, like polysaccha-
rides, proteins and lipids, into monomers by hydrolytic enzymes [Cirne et al., 2007].
The products of this reaction are short compounds such as short-chain sugars, amino
acids, fatty acids and glycerin. Frequently, species being relevant for the hydrolytic
cleavage belong to the class Bacteroides and Clostridia [Jaenicke et al., 2011].

Under anaerobic conditions, the short compounds are taken up by bacteria and trans-
formed into short-chain organic acids (e.g., butyric acid, propionic acid, acetic acid),
alcohols, carbon dioxide and hydrogen (Fig. 6.1) [Deublein and Steinhauser, 2008]. This
step of microbial degradation is called acidogenesis. The degradation of sugars can
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be catalyzed in different pathways. In the succinate and acrylic pathways, sugars are
converted to propionic acid. Another pathway is the butyric acid pathway, in which
butyric acid is formed from sugar by acidogenic Clostridium species. A degradation
pathway for fatty acids is B-oxidation.

The products of the acidogenic step are converted into acetate during acetogenesis (Fig.
6.1). In addition, acetate production is carried out by homoacetogenic microorganisms,
which transform carbon dioxide and hydrogen to acetic acid.

The final step is methanogenesis (Fig. 6.1), which is conducted by methanogenic Ar-
chaea under strictly anaerobic conditions. Aceticlastic methanogens convert acetate to
methane, whereas hydrogenotrophic methanogens use carbon dioxide and hydrogen
to produce methane [Demirel and Scherer, 2008]. Aceticlastic methanogens include
the genera Methanosaeta and Methanosarcina. Hydrogenotrophic methanogens are a
diverse group. Species of Methanobacterium, Methanospirillum, Methanomicrobium and
Methanothermobacter are capable of carrying out hydrogenotrophic methanogenesis
[Demirel and Scherer, 2008]. Some of them are described to be in association with
syntrophic acetate-oxidizing bacteria, which convert acetate into carbon dioxide and
hydrogen [Ahring, 2003, Hattori, 2008].

The process of anaerobic degradation is well described but the knowledge about the
taxonomic composition is still limited. To optimize the yield and efficiency of the biogas
production process, a better understanding of the underlying taxonomic structure and
metabolic properties of the biogas-producing microbes is essential. The first metagen-
ome of a microbial community of a continuously stirred tank reactor (CSTR) fed with
maize silage provided information about the taxonomic composition and the functional
capabilities [Krause et al., 2008b, Schliiter et al., 2008, Jaenicke et al., 2011]. The analy-
ses revealed Clostridia from the phylum Firmicutes as the most prevalent bacterial class,
whereas species of the order Methanomicrobiales were shown to be dominant among
Archaea.

In this thesis, the metagenome of a microbial community from a biogas reactor an-
alyzed previously [Jaenicke et al., 2011] was used to illustrate the capabilities of the
novel system MetaSAMS. Moreover, 16S rDNA and metatranscriptome datasets were
generated to deepen the knowledge about the biogas-producing microbial community.
The first 16S rDNA amplicon and metatranscriptome approaches were carried out for
a microbial community residing in a biogas plant. For this purpose, a fermentation
sample was taken from the standard sampling device installed at the main fermenter
of the same biogas plant for which the metagenome sequencing project was carried
out. Sequences were generated by means of the 454 pyrosequencing technique. Both
datasets were processed and analyzed by performing the pipelines MeTra and AMPLA.
The aim of this analysis is to shed more light on the processes and organisms relevant
for the anaerobic digestion in the studied biogas plant.
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6.2 Analysis of a metagenome obtained from a biogas plant
by means of MetaSAMS

The platform MetaSAMS provides a broad spectrum of different features for the
characterization of metagenome datasets generated by high-throughput sequencing
techniques. To demonstrate the capabilities of MetaSAMS, the metagenome of a bio-
gas plant generated on the GS FLX platform using Titanium chemistry was analyzed
[Jaenicke et al., 2011]. The sequencing procedure yielded 1,347,644 reads with an aver-
age read length of 368 bases. As previously described [Jaenicke et al., 2011], the data
was normalized with respect to the observed GC bias of the sequencing technique and
duplicates were removed, as they are considered as artificial sequences generated during
emulsion PCR that likely influence the abundances of taxa [Gomez-Alvarez et al., 2009].
The filtered metagenome dataset consists of 1,019,333 reads, which were imported into
MetaSAMS and taxonomically annotated using the automated taxonomic pipeline.
Moreover, an assembly of the unfiltered metagenome dataset was carried out using the
GS De Novo Assembler version 2.6 with standard parameters resulting in 21,843 contigs
of at least 500 bases in length. To increase the number of large contigs, reads that were
generated on the GS FLX using the standard chemistry for the same fermeter sample
[Krause et al., 2008b, Schliiter et al., 2008] were used for the assembly. In total, the GS
De Novo Assembler generated 43,745 contigs, whereas 27,576 contigs reached a length
above 500 bases. The large contigs were imported into MetaSAMS and annotated using
the functional annotation pipeline.

6.2.1 Taxonomic profiling of a biogas-producing community

MetaSAMS provides three methods for the taxonomic characterization of a metagenome
dataset: 1) an analysis of 165 rRNA gene fragments extracted from the metagenome
dataset using the RDP Classifier [Wang et al., 2007], 2) a Lowest Common Ancestor
(LCA) analysis based on multiple BLAST [Altschul et al., 1990] hits, and 3) an analysis
based on reciprocal BLAST searches by means of CARMAS3 [Gerlach and Stoye, 2011].
MetaSAMS allows a comparative analysis of different taxonomic profiles generated
by the available classifiers. This feature was utilized to examine the taxonomic assign-
ments on superkingdom level. All three approaches consistently disclosed that Bacteria
are the most dominant superkingdom followed by Archaea (Fig. 6.2). The taxonomic
profiles based on the LCA and CARMA approaches exemplify the advantage of using
environmental gene tags (EGTs) for classification. LCA and CARMA3 utilized 30% and
60% of the metagenome sequences for taxonomic profiling, respectively. Compared to
the EGT-based approaches, 165 rRNA gene sequences only constituted a small amount
of the biogas metagenome (approximately 0.3%) and thus might poorly represent the
underlying organisms. Because CARMAS3 performs better than the LCA approach
[Gerlach and Stoye, 2011] and generates more results than the 16S rRNA gene-based
approach (Fig. 6.2), the assignments predicted by CARMA3 were used for the tax-
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onomic analysis on lower ranks. Therefore, the CARMAS3 profile was exported and
explored using the visualization tool Krona [Ondov et al., 2011] (Fig. 6.3).

Eukaryota (LCA)
Eukaryota (RDP)
Eukaryota (CARMA)
Bacteria (LCA)
Bacteria (RDP)
Bacteria (CARMA)
Viruses (LCA)
Viruses (RDP)
Viruses (CARMA)
Archaea (LCA)
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Figure 6.2: A comparative visualization of different taxonomic profiles in MetaSAMS:
MetaSAMS allows comparing the taxonomic distributions obtained by differ-
ent classifiers. As an example, the classifications for the rank superkingdom
obtained by CARMAS3, the RDP Classifier and LCA for a metagenome from
a biogas-producing community are presented.

The bacterial phyla Firmicutes (28% of all metagenome reads) and Bacteroidetes (7%)
as well as the archaeal phylum Euryarchaeota (7%) dominate the biogas community.
The phyla Proteobacteria, Tenericutes and Spirochaetes contribute only a small amount to
the metagenome EGTs (1-2%). Species of Bacteroidetes and Proteobacteria are associated
with the hydrolysis step [Jaenicke et al., 2011]. Spirochaetes use carbohydrate and amino
acids for their energy metabolism [Johnson, 1977]. Most of the Firmicutes sequences
belong to the class Clostridia and Bacilli (55 and 6% of Firmicutes reads, respectively)
with Clostridiales and Bacillales being the most represented orders within these classes.
Many Clostridia are capable of anaerobic digestion of complex carbohydrates such as
cellulosic material [Guedon et al., 2000]. Hence, they play a major role for the hydrolytic
step of plant biomass. All of these phyla were previously observed in a taxonomic
profile based on the same metagenome data of the biogas plant [Jaenicke et al., 2011].
They were also described in other biogas fermentation samples, for example in biogas
reactors that were fed with rye silage and winter barley straw [Rademacher et al., 2012].

Additional abundant classes are Methanomicrobia (6%), Bacilli (2%) and Spirochaetia
(0.4%). On family and genus level, Methanomicrobiaceae (5%) and Methanoculleus (1%)
are dominant, respectively. Members of the family Methanomicrobiaceae are described
to produce methane using the hydrogenotrophic pathway [Demirel and Scherer, 2008].
Only 4% of the metagenome reads have an assignment to a known taxon on genus
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Figure 6.3: A taxonomic profile of a metagenome based on CARMAS3 and exported
from MetaSAMS: The taxonomic profile for a biogas-producing community
was determined by performing CARMAS3 in MetaSAMS. The profile was
exported and visualized using Krona [Ondov et al., 2011].

level. Apart from Methanoculles, Clostridium and Bacteroides occur with 31% and 4% of
all classifiable reads on genus level. In addition, 200 reads feature a high degree of
sequence similarity to Methanoculleus marisnigri and 198 to Clostridium thermocellum on

species level.

However, most of the taxa residing in a biogas plant are so far not described. In total,
34% of the reads have no significant assignments to known reference sequences on
superkingdom level. The lack of references continues even more on the lower ranks, as
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only 29% and 11% of the metagenome reads could be classified to a taxon on class and
family level, respectively.

6.2.2 Functional analysis of processes central in the anaerobic digestion

Next, the functions encoded by the microbes residing in the biogas fermenter were
examined. MetaSAMS computes functional profiles by using two methods, namely
based on metagenome reads and contigs. First, a functional profile is provided based
on Pfam [Finn et al., 2006] and GO [Ashburner et al., 2000] assignments of the reads.
Thereby, the advantage of CARMAS3, which unveils both taxonomic as well as functional
characterizations of metagenome reads, is exploited. Second, functional annotations
in terms of Clusters of Orthologous Groups (COGs) [Tatusov et al., 2001] and Enzyme
Commission (EC) [Kanehisa and Goto, 2000] numbers predicted on contigs by the
Metatig pipeline are utilized for functional profiling. In the following sections, results
generated by both approaches are illustrated.

Functional profiling based on reads

The feature of CARMAS3 to combine taxonomic and functional assignments was utilized
to identify microbes that are responsible for the methanogenesis in the investigated
biogas plant. A central enzyme in the aceticlastic and hydrogenotrophic methanogen-
esis pathway is methyl-coenzyme M reductase (Mcr), which is composed of several
subunits [Rastogi et al., 2008]. In gene-centric approaches, genes encoding the McrA
subunit are employed as molecular markers for profiling methanogenesis relevant
members, as the gene appears to be unique for methanogens [Rastogi et al., 2008]. In
this thesis, a taxonomic profile is generated for reads encoding the mcr gene. Therefore,
tfive Mcr subunits were manually categorized according to Pfam families. The taxo-
nomic profile (Fig. 6.4) based on the selected Pfams representing the Mcr subunits in
MetaSAMS confirmed former observations that species of the order Methanomicrobiales
play a pivotal role in methane production by utilizing the hydrogenotrophic path-
way [Jaenicke et al., 2011]. No organisms performing the aceticlastic methanogenesis,
such as Methanosarcina, are present in the profile. These results infer a dominance of
hydrogenotrophic methanogens in the studied biogas plant. In addition, three reads
carrying fragments of the mcr gene were assigned to Methanoculleus marisnigri, which
is also the most abundant archaeal species according to CARMA3 predictions (Fig.
6.3). Surprisingly, reads were identified that were allocated to Bacteria by means of
CARMAB3. These results are controversial, as mcr genes are only present in specific
Archaea [Steinberg and Regan, 2008]. Hence, the functional or taxonomic results might
be false assignments by CARMAS3.
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Summary for PFAM accessions PF02249,PF02745,PF02783,PF02241,PF04609, PF02505,PF02240:

Pfam accession Pfam description

PFO2249 Methyl-coenzyme M reductase alpha subunit, C-terminal domain (MCR_alpha)
PFOZ745 Methyl-coenzyme M reductase alpha subunit, N-terminal domain (MCR_alpha_N)
PFO2783 Methyl-coenzyme M reductase beta subunit, N-terminal domain (MCR_beta M)
PFO2241 Methyl-coenzyme M reductase beta subunit, C-terminal domain (MCR_beta)
PFO4609 Methyl-coenzyme M reductase operon protein C (MCR_C)

PFO2505 Methyl-coenzyme M reductase operon protein D (MCR_D)

PFO2240 Methyl-coenzyme M reductase gamma subunit (MCR_gamma)

Taxonomic distribution for PF02249,PF02745,PF02783,PF02241,PF04609,PF02505,PF02240:

Domain Phylum Class Qrder Family Genus Species
Archaea Euryarchaeota Methanobacteria (1) |Methanobacteriales (1) |Methanobacteriaceae (1)
(807) (288)
Methanomicrobia Methanomicrobiales Methanomicrobiaceae Methanoculleus Methanoculleus
marisnigri (3)
Bacteria () |Bactercidetes (2)
Firmicutes (4) Clostridia (3) Clostridiales (2) Clostridiaceae (2) Alkaliphilus (1)
Clostridium (1)
Export as newick file

Figure 6.4: A taxonomic profile of EGTs assigned to Mcr subunits in MetaSAMS: The
subunits of Mcr were manually categorized according to Pfam families.
A profile was created for the selected Pfam families in MetaSAMS. The
functional and taxonomic results were deduced from CARMAS3 assignments
stored in the MetaSAMS database. For each rank, the taxa are listed with
the number of identified EGTs in parentheses.

Functional profiling based on contigs

The Metatig pipeline performed gene prediction on 27,576 metagenome contigs of the
biogas-producing microbes yielding 72,373 coding sequences (CDSs). After that, the
identified CDSs were functionally annotated. Based thereon, functional profiles in terms
of EC and COG numbers can be created in MetaSAMS. Moreover, KEGG pathways
[Kanehisa and Goto, 2000] and functional COG categories can be deduced from the
annotations.

In order to reveal a comprehensive view of the functions encoded by the biogas-
producing community, a profile based on COG functional categories was built in
MetaSAMS (Fig. 6.5a). Complex sugar polymers are degraded in the hydrolysis step
in the biogas production process. In this context, the COG category "carbohydrate
transport and metabolism" (G) is important. Indeed, CDSs were identified that encode
relevant enzymes categorized into the functional group G. Moreover, "energy produc-
tion and conversion" (C) is highly covered by annotated CDSs. This category includes
enzymes that are essential during the acetogenesis step in the biogas production pro-
cess. A fundamental COG category is "coenzyme transport and metabolism" (H), as it
represents enzymes relevant for methanogenesis. CDSs assigned to this COG category
were identified in the biogas community.
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Figure 6.5: Functional profiles based on annotated CDSs: The Metatig pipeline creates
functional annotations in terms of (a) COG functional categories and (b)
COG annotations, which are predicted for translated CDSs in metagenome
contigs. Only those COG annotations are shown that are associated with
the stages of the anaerobic digestion process.
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In the next step, the profile based on individual COGs was investigated in detail.
MetaSAMS allows exporting selected COGs that might be of interest in SVG format
(Fig 6.5b). The Metatig pipeline predicted 2,232 different COG numbers on translated
CDSs with the largest COG being "ABC-type multidrug transport system" (COG1132)
including 137 proteins. In particular, COGs related to sugar transport and degradation
of carbohydrates are among the most abundant COGs (Fig 6.5b). As an example, 96
translated CDSs were assigned to the permease component of an "ABC-type sugar
transport system" (COG0395), which is the third largest COG in the functional profile.
The subunits of formylmethanofuran dehydrogenase (COG1029) and methyl coenzyme
M reductase (COG4054), which are fundamental in the methanogenesis pathway, are
also encoded by genes in the metagenome contigs.

6.2.3 Mapping of metagenome reads to the genome of M. marisnigri JR1
via the GenomeMapper

To examine the coverage of reference genomes or genes, metagenome sequences can be
mapped against selected reference genomes based on similarity criteria. Therefore, a
‘GenomeMapper” has been implemented in MetaSAMS, which represents the distribu-
tion of metagenome reads on a selected region. Moreover, each position in the reference
region is linked to the NCBI sequence viewer of the corresponding genome. Thereby, it
is possible to retrieve detailed regional or functional annotations of interesting regions.

Herein, the GenomeMapper was utilized to investigate the distribution of metagenome
reads obtained from the studied fermentation sample on the genome of M. marisnigri
JR1. As this species was identified in the taxonomic profile, it is expected that the
genome is well covered. Overall, M. marisnigri JR1 is the best BLAST hit for 83,834
reads. In particular, the region encoding a central methanogenesis gene cluster is of
interest. A visualization of the corresponding region (position from 577,137 to 589,552)
in the GenomeMapper illustrates that the relevant genes are well covered by the
metagenome reads (Fig. 6.6). Only one region, which is located in an intergenic region
between Memar_0617 and Memar_0618, is sparsely covered by metagenome reads.
These observations lead to the suggestion that the dominant methanogens of the studied
biogas plant possess methanogenesis genes that are highly related to M. marisnigri JR1.

6.2.4 Identification of variant genes encoding the B subunit of
methyl-coenzyme M reductase

As indicated in Figure 6.4, two archaeal families, namely Methanobacteriaceae and Metha-
nomicrobiaceae, carry genes encoding Mcr subunits, which are important in the methano-
genesis process. In this regard, the gene encoding the subunit McrB was used as
a reference to identify variants. For this purpose, a hidden Markov model (HMM)
[Durbin et al., 2006] was built from an alignment modeling the mcrB gene on a metatig.
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Figure 6.6: Visualization of the GenomeMapper showing a methanogenesis gene clus-
ter of M. marisnigri JR1: A central methanogenesis region on the genome
of Methanoculleus marisnigri JR1 (NC_009051.1, from nucleotide position
577,137 to 589,552) is presented (a) in the NCBI sequence viewer and (b) in
the MetaSAMS GenomeMapper. The NCBI sequence viewer shows the anno-
tations of the genes, whereas the GenomeMapper displays the arrangement
of reads on the genome region. All genes encoding methanogenic enzymes
are covered by metagenome sequences. E-value: red < 1071, green < 1071,

blue < 107, yellow > 107>, only reads with an E-value of < 1071 are
shown.

MetaSAMS supplies the alignment, as it stores the aligned reads that assemble each
metatig. The system captured only the reads from the metatig alignment that overlap
with the mcrB gene. The alignment was used as an input for the HMM-interface in
MetaSAMS, which automatically carried out three successive steps. First, a profile
HMM of the mcrB gene was built based on the provided alignment. Next, the model
was applied on the biogas metagenome reads to extract further mcrB gene fragments.
Finally, the matching reads were aligned to the model in MetaSAMS by using the
HMMERS3 package. Finally, the alignment of the identified reads was retrieved and
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the corresponding genes of M. marisnigri JR1 were manually added. The alignment
revealed five variants encoding McrB (Fig. 6.7). In Methanoculleus marisnigri JR1, the
mcr cluster is partly duplicated. Two of the variant genes are similar to Memar_0375
(Fig. 6.7 a-b), while the remaining three genes exhibit a high similarity to Memar_0617
(Fig. 6.7 c-e).

Memar 0375 ATGGCTAAATACACGGAAACAATCGATCTCTATTCTGATGACGGGAAGCTGCTCAAGAGCGGCGTCGCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGACGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGACGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGACGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGACGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
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ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGATGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGATGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGATGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGATGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATACTCGGAAACAATCGATCTCTATTCTGATGATGGGAAGCTGCTCAAGAGCGGCGTCTCCCTCGACAGA
ATGGCTAAATTCAATGATACCATTGACCTGTACGATGATACAGGCAAACTATTGAAGAGTAATGTGCCGCTGGAGAAG

c ATGGCTAAATTCAATGATACCATTGACCTGTACGATGATACAGGCAAACTATTGAAGAGTAATGTGCCGCTGGAGAAG
ATGGCTAAATTCAATGATACCATTGACCTGTACGATGATACAGGCAAACTATTGAAGAGTAATGTGCCGCTGGAGAAG
ATGGCAAAATTCAAGGATACCATTGACCTGTACGATGATTCAGGCAAACTGTTGAAGAGTGGTGTGGCGCTTGAGAAG
ATGGCAAAATTCAAGGATACCATTGACCTGTACGATGATTCAGGCAAACTGTTGAAGAGTGGTGTGGCGCTTGAGAAG
ATGGCAAAATTCAAGGATACCATTGACCTGTACGATGATTCAGGCAAACTGTTGAAGAGTGGTGTGGCGCTTGAGAAG
ATGGCAAAATTCAAGGATACCATTGACCTGTACGATGATTCAGGCAAACTGTTGAAGAGTGGTGTGGCGCTTGAGAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG

e ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
ATGGCGAAATTCAAGGATACTATTGACCTGTACGATGATGCAGGCAAACTGTTGAAGAGTGGTGTGCCGCTCGATAAG
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Figure 6.7: Alignment of reads representing the mcrB gene fragment: An HMM-based
search was applied in MetaSAMS using an HMM modeling the mcrB gene.
The pipeline generated an alignment of matching reads. Reference sequences
of M. marisnigri JR1 were added to the alignment. The arrows indicate single
nucleotide variations in the alignment of the reads. In total, 5 different
variants can be deduced from the alignment. Only the first 88 bases of the
mcrB gene are shown.

6.3 Analysis of 16S rDNA amplicon sequences from a
community of a biogas plant

As approximately only 0.3% of the metagenome data represents 16S rRNA genes, a
gene-centric approach was carried out to achieve a deeper resolution of the taxonomic
composition of the biogas-producing community. Based thereon, the most dominant
species can be unveiled that might be relevant for the anaerobic digestion process. In
particular, phylogenetic analyses based on 165 rRNA gene fragments can give insight
into the relation of different taxa represented by the amplicon and related known
reference species.

16S rDNA amplicon sequences were generated from microbes obtained from the biogas
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plant that was analyzed by the metagenome approach described above. Sampling, DNA
extraction and PCR amplification were previously described [Zakrzewski et al., 2012].
Amplicons spanning the third and fourth variable (V3, V4) regions of the 16S rRNA
gene were sequenced on the GS FLX system using Multiplex Identifiers (MIDs) and the
Titanium chemistry. For the amplicon sequences generated from the biogas-producing
community, the MID tag "CAGTAGACGT’ was used. The analysis of the data was
carried out using AMPLA.

6.3.1 Processing of raw amplicon sequences obtained from a
biogas-producing community

Extracting the sequences according to the MID tag sequence '"CAGTAGACGT’ yielded
25,805 reads with an average length of 328 bp and 8,451,545 sequenced bases. Reads
with an average quality below 20 and ambiguous bases (including N) were discarded
resulting in 23,654 reads (Tab. 6.1). The subsequent trimming procedure was carried out
using QIIME [Caporaso et al., 2010]. Thereby, MID sequences were removed from the
reads. Moreover, sequences of the forward primer 341F_35 (Sequence: CCTAYGGGRBG-
CASCAG) and reverse primer 806R (Sequence: GGACTACNNGGGTATCTAAT) were
trimmed allowing two mismatches. Reads without recognizable primer sequences were
discarded from the downstream analysis.

Table 6.1: Overview of the filtered sequences during the amplicon processing using the

AMPLA pipeline
Processing step Number of Number of
removed reads! remaining reads

Raw data 25,805

Length below 50 bp 1,329 24,476

Mean quality score below 20 39 24,437
Ambiguous bases 783 23,654

Primer removal 10,920 12,734

SLP 2,170 10,564
UCHIME 928 9,636

'The number refers to the amount of reads remaining in the preceding step

Since a 165 rRNA gene fragment spanning the hypervariable V3 and V4 regions in
Escherichia coli is 466 bases long [Neefs et al., 1991], the 454 pyrosequencing procedure
might not reach the reverse primer sequence. The location of the 16S rDNA amplicon
sequence on the corresponding gene was determined by searching for hits in a database
containing profile hidden Markov models (HMMs) for archaeal and bacterial 16S rRNA
gene fragments. Therefore, aligned bacterial and archaeal 16S rRNA gene sequences
were downloaded from the RDP database (release 10.28) [Cole et al., 2003] and trimmed
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Figure 6.8: Mapping of 165 rDNA sequences against archaeal and bacterial alignments:
The 16S rDNA amplicon sequences were aligned to the (a) archaeal or (b)
bacterial reference alignments, which were obtained from the RDP database
and trimmed for the variable V3 and V4 region. The start and stop positions
for each read were collected and mapped in a histogram. Most of the
sequences do not reach the reverse primer. As the RDP database contains
16S rRNA gene sequences in an aligned version, the scale of the x-axis is
longer than the corresponding unaligned sequence region.

70



6.3 Analysis of 165 rDNA amplicon sequences from a community of a biogas plant

for the region spanning V3 and V4. The modified bacterial and archaeal alignments were
used as a basis for building profile HMMs using the HMMER package [Eddy, 2011].
Finally, the amplicon reads were searched for matches to one of the available models
using an E-value cutoff of 10710, In total, the search separated the amplicon sequences
to 2,770 archaeal and 20,882 bacterial sets. Each read set was then aligned to the
corresponding model. Thereafter, the start and stop positions for each read were
deduced from the alignments and visualized in a histogram (Fig 6.8). Indeed, mapping
the sequences against 165 rRNA gene references reveals that most of the sequences end
before the reverse primer sequence. Around 13,000 sequences were excluded due to
the absence of a reverse primer sequence. However, the reverse primer sequence is an
important indicator to determine the quality of the reads and was therefore taken into
account in the quality control step.

To avoid an overestimation of the number of operational taxonomic units (OTUs) in the
data, reads containing sequencing errors were identified using a single linkage preclus-
tering (SLP) [Huse et al., 2010] implementation in MOTHUR [Schloss et al., 2009]. This
step yielded 10,564 amplicon sequences (Tab. 6.1), which were then examined for
chimeric features using UCHIME [Edgar et al., 2011]. Approximately 9% chimeric se-
quences were identified, which is in accordance with estimations [Schloss et al., 2011].
After quality control, 9,636 16S rDNA sequences remained that were used for subse-
quent analysis.

6.3.2 OTU-based analysis of the biogas-producing community

To investigate the number of taxonomic groups in the biogas-producing microbial
community, 16S rDNA sequences were clustered into operational taxonomic units
(OTUs) using UCLUST [Edgar, 2010]. From the collection of 9,636 quality-filtered
sequences, 2,546 OTUs were estimated with an identity value of 97%, which is in
accordance with species level [Schloss and Handelsman, 2005]. Of these estimated
OTUs, 1,782 are OTUs including only one sequence (singletons). After singleton removal,
764 OTUs remained, which represent 82% of the 9,636 studied amplicon sequences.
Rarefaction analysis based on the observed OTUs was carried out to estimate the
coverage of the sequenced fermentation sample (Fig. 6.9). As the sequences of singletons
are assumed to contain pyrosequencing errors or to be composed of several organisms
as a result of chimera formation during PCR [Reeder and Knight, 2009], an additional
rarefaction curve was calculated based on OTUs without singletons.

The rarefaction curve including singleton OTUs has a steep slope indicating either the
presence of artifacts in the data or that more sequencing is required to reach a full
coverage of the community. However, the rarefaction curve based on the OTU counts
after singleton removal nearly reaches an asymptotic trend suggesting a complete
coverage of the microbial community.

71



6 Application examples

3000 T T T T T T T

T
all OTUs
without singletons

2500 "
2000 — -

1500 [ i

Number of estimated OTUs

1000 | 4

500 | -

0 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Number of sampled sequences

Figure 6.9: Rarefaction analysis of operational taxonomic units (OTUs) clustered from
165 rDNA amplicons: Rarefaction curves describe the dependence of observ-
ing novel OTUs as a function of sampling efforts. The rarefaction analysis
was carried out for OTU estimations based on an identity of 97% with and
without singletons.

As the ten largest OTUs cover approximately one fourth of the studied dataset, the
longest sequence for each of the ten largest OTUs was selected as a representative for
the corresponding OTU. Thereafter, the representative sequences were classified using
the RDP Classifier. At the same time, reference sequences were searched in the NCBI
nucleotide database (nt) using BLAST with default settings. Only few representative
sequences could be assigned to lower taxonomic ranks by the RDP Classifier suggest-
ing the presence of so far unknown bacterial species in the biogas plant (Tab. 6.2).
The largest 16S rDNA OTU, which accounts for 10% of the sequences within the
analyzed dataset, was predicted to stem from close relatives of species belonging
to Methanoculleus (Tab. 6.2, no. 1). This analysis shows the dominance of the genus
Methanoculleus and signifies that methane may mainly be produced by Methanoculleus
species. The BLAST search retrieved a hit to Methanoculleus bourgensis MS2 with a high
similarity (98%). Moreover, an identical sequence was identified in the 16S rRNA clone
library constructed from the same biogas plant [Krober et al., 2009].

Many representative sequences could only be classified to the class Clostridia or the
order Clostridiales by the RDP Classifier with a confidence value above 0.8 showing that
a majority of bacterial species residing in the biogas reactor are still not characterized.
This observation was confirmed by the BLAST approach, as for most of the OTUs no
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close reference sequences from culturable microbes were available in the nt database.
For example, representatives for OTU number 2 and 3 (Tab. 6.2, no. 2, no. 3), which
cover 493 and 488 amplicon sequences, respectively, exhibit only low similarities (88%)
to reference sequences obtained from cultured species. Nevertheless, identical frag-
ments from environmental samples were identified for both representatives in the nt
database. The matching sequences originate from 16S rRNA clones obtained from the
same biogas plant (accession: FJ205808 and FJ205846) [Krober et al., 2009]. The presence
of identical sequences confirms that the representative sequences of these OTUs are no
artifacts but rather originate from an organism.

Similarly, OTU number 4 is identical to a subsequence of a 165 rRNA clone (accession
FJ205850) from the same biogas plant (Tab. 6.2, no. 4). In addition, the representa-
tive sequence for OTU number 4 was assigned to Clostridium on the rank genus by
the RDP Classifier. The best BLAST hit to a culturable species is to Clostridium acid-
itolerans [Lee et al., 2007], which is an obligately anaerobic, moderately acid-tolerant
bacterium and produces acetate, butyrate and ethanol as end products from glucose
[Lee et al., 2007].

The sequence representing OTU number 5 (Tab. 6.2, no. 5) covering 364 reads could only
be classified to Clostridiales on the rank order and presented a low identity percentage
(90%) with a culturable species, namely Garciella nitratireducens, which ferments several
sugars and organic acids [Miranda-Tello et al., 2003]. The sequence is identical to 165
rRNA clone sequences obtained from biogas plants treating pig manure (accession
HQ155155) and chopped rice straw (accession HQ156167). OTU number 6 (Tab. 6.2,
no. 6), which includes 185 sequences, was assigned to the family Porphyromonadaceae
by the RDP Classifier and forms the largest OTU within the phylum Bacteroidetes.
BLAST results suggested a similarity to Proteiniphilum acetatigenes, which was identified
in a methanogenic propionate-degrading mixture obtained from an upflow anaero-
bic sludge blanket reactor and was associated with the degradation of amino acids
[Chen and Dong, 2005].

It was not possible to assign the representative sequence of OTU number 7 (Tab. 6.2, no.
7), which includes 157 reads, to low taxonomic ranks. The RDP Classifier affiliated the
sequence to the phylum Bacteroidetes, while BLAST presented a low similarity (79%)
to Adhaeribacter aerophilus. Nevertheless, identical 16S rRNA clone sequences occurred
in other environmental samples. A matching clone sequence (accession EF559054)
originates from an anaerobic digester treating municipal solid water.

For the representative amplicon of OTU number 8, no low taxonomic assignment based
on the RDP Classifier and no similar reference sequence of a known species based on
BLAST (Tab. 6.2, no. 8) were available. However, the sequence is identical to uncultured
16S rRNA clones obtained from the same biogas plant (accession FJ205823). In addition,
the sequence representing OTU number 9 (Tab. 6.2, no. 9) was only classified to the rank
class by the RDP Classifier. Identical reference sequences were detected in uncultured
clones obtained from a biogas digester treating pig measure and rice straw (accession
HQ155127).
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Finally, OTU number 10 (Tab. 6.2, no. 10) represents according to the RDP Classifier
the genus Alkaliflexus and was assigned to a defined species, namely Ruminofilibacter
xylanolyticum, using the BLAST-based approach. The matching species is a rumen
bacterium involved in the digestion of xylan [Weiss et al., 2011] and was also identified
among 16S rRNA clones of the same biogas plant (accession FJ205818).

In total, 4 of the 10 representative sequences are not covered by 16S rRNA clones from
the same biogas plant showing the advantages of high-throughput sequencing. As
identical sequences occur in other biogas plants, the organisms may play an important
role in the anaerobic fermentation process.

6.3.3 Taxonomic profiling of the biogas-producing community based on
16S rDNA amplicon sequences

Next, the taxonomic structure of the whole community was analyzed by applying the
RDP Classifier on the quality-filtered 16S rDNA amplicon sequences. The classifier
assigned 100% and 94% of the sequences to the rank superkingdom and phylum,
respectively. Figure 6.10 illustrates that Bacteria dominate within the biogas reactor with
88% of all reads, while 12% of the sequences were classified to Archaea.

16S rDNA amplicon sequences were predominantly classified to the phylum Firmicutes
(73%). Most of these belong to the class Clostridia (91%) and Bacilli (3%). The phylum
Euryarchaeota is represented with 12% of the analyzed dataset. Approximately, 8% of the
amplicon sequences were assigned to the phylum Bacteroidetes with Porphyromonadaceae
as the dominant family. Synergistetes, Proteobacteria and Actinobacteria are present each
with 1% of the 16S rDNA sequences.

87% of the sequences could be assigned to a taxon on the rank class with Clostridia
(66%) and Methanomicrobia (12%) being the most dominant taxa. Moreover, 36% of the
16S rRNA gene fragments could be assigned to a taxon on the level family. Methanomi-
crobiaceae (12%), Clostridiaceae (8%) and Porphyromonadaceae (3%) provide the largest
number of sequences on this rank. These families are also present among the ten largest
OTUs observed in the same dataset (Section 6.3.2).

Finally, only 28% of the 165 rDNA amplicon sequences could be classified at the
taxonomic rank genus. Hence, many genera residing in the biogas reactor are still
unknown. As observed in the OTU analysis, Methanoculleus is the most prevalent
archaeal genus. In total, 1,144 sequences were assigned to this genus accounting for
12% of the filtered sequences and 42% of all reads classified on rank genus. With 7% of
the analyzed 16S rDNA amplicon sequences, Clostridium is the second largest genus
followed by Alkaliflexus and Acetivibrio, each with 2% of all sequences. Alkaliflexus is
also among the 10 largest OTUs observed in microbial community from the biogas plant
(Tab. 6.2, no. 10). The species Acetivibrio cellulolyticus, which belongs to the latter genus,
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Figure 6.10: Taxonomic profiling of the biogas plant community based on 16S rDNA
amplicon sequences: 16S rDNA sequences were classified using the RDP
Classifier. For the profile, only assignments with a confidence of 0.8 were
utilized. The profile was visualized using Krona [Ondov et al., 2011].

was firstly isolated from a sewage sludge culture and is described as a mesophilic,
cellulolytic and anaerobe bacterium [Saddler and Khan, 1981].
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6.3.4 Comparative taxonomic analysis of DNA-based profiles created for
the biogas-producing community

The profiles based on identified and characterized metagenome 16S rRNA gene frag-
ments as well as mRNA tags were compared to the taxonomic composition deduced
from the 165 rDNA amplicon dataset. The taxonomic characterization of the meta-
genome 16S rRNA gene fragments and EGTs were exported from the MetaSAMS
system, which assigned taxonomies by applying the RDP Classifier and CARMAS3,
respectively. All profiles confirm a dominance of members belonging to Firmicutes
followed by Euryarchaeota and Bacteroidetes (Fig. 6.11). The classification based on 165
rDNA revealed only a low number of archaeal sequences (2%) as compared to the other
approaches (7%-12%). As only about 0.3% of the sequences were identified coding for
16S rRNA genes, the taxonomic profile may be biased. The majority of the metagenome
sequences in both profiles have no references on the level phylum, whereas only 6% of
the 16S rDNA amplicon sequences are unknown demonstrating the advantage of using
hypervariable regions to get extensive knowledge about the taxonomic structure of a
microbial community.

100%

90%
80%
70%
unknown
others
60%
M Protecbacteria
50% M Actinobacteria
M Synergistetes
40%

Relative abundance

m Bacteroidetes

m Firmicutes

30%
m Euryarchaeota

20%

10%

0%

metagenome 165 rDNA metagenocme EGTs 165 rDNA amplicon

Figure 6.11: Comparison of taxonomic profiles generated from the DNA-based ap-
proaches: The taxonomic composition on phylum level was calculated
based on metagenome 16S rRNA gene fragments, metagenome EGTs and
16S rDNA amplicon sequences. The metagenome 165 rRNA and amplicon
sequences were analyzed using the RDP Classifier, whereas CARMA3 was
applied for taxonomic characterizations of metagenome EGTs.
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6.3.5 Phylogenetic analysis of 16S rDNA amplicon sequences classified as
Archaea and Synergistetes

Phylogenetic trees represent evolutionary relationships between sequences. The most
widely used sequences for phylogenetic tree reconstruction are 16S rRNA genes. The
amplicon sequences, which were analyzed in this thesis, cover the V3 and V4 hyper-
variable regions of 16S rRNA genes. Therefore, they are suitable for the generation of
phylogenetic trees. The aim of the following sections is a phylogenetic characterization
of interesting taxa by an analysis integrating the amplicon sequences.

Phylogenetic analyses of OTUs belonging to Firmicutes and Bacteroidetes were ex-
haustively described for different anaerobic environments and settings [Li et al., 2009,
Cardinali-Rezende et al., 2009, Weiss et al., 2009]. Because of this, phylogenetic exami-
nation within this thesis was focused on the methanogenic Archaea and the relatively
new phylum Synergistetes. For this purpose, representative sequences of OTUs, which
were assigned to Archaea or Synergistetes with a confidence of at least 0.8 by the RDP
Classifier, were extracted and phylogenetically analyzed by performing bootstrap
analysis [Tamura et al., 2007] with the neighbor-joining method [Saitou and Nei, 1987].

Phylogenetic analysis of archaeal 16S rDNA amplicon sequences

Since the taxonomic analysis inferred that Methanoculleus is the most abundant archaeal
genus in the biogas-producing microbial community (Section 6.3.3), representative OTU
sequences assigned to the superkingdom Archaea by the RDP Classifier were extracted
and phylogenetically characterized. In total, 11 representative sequences accounting for
1,159 reads were assigned to Archaea with a confidence value of at least 0.8.

The archaeal 16S rDNA sequences have a limited diversity distribution (Fig 6.12). The
third largest archaeal OTU contains five sequences and is represented by the 16S rDNA
amplicon ARCHO1, which is in a phylogentic cluster with Methanoculleus bourgensis
and Methanoculleus olentangyi (Fig 6.12). Both Methanoculleus species are synonyms on
the basis of their genotypic and phylogenetic features [Asakawa and Nagaoka, 2003].
The 16S rDNA sequence of ARCHO1 has a high similarity (98%) to the sequence of
the species M. bourgensis MS2. The presence of Methanoculleus bourgensis or a related
species in 165 rDNA amplicon sequences is in agreement with previous analyses based
on 16S rRNA clones obtained from the same biogas plant [Krober et al., 2009]. The
representative sequence of ARCHOL1 is highly covered by 16S rRNA clone sequences
affiliated to M. bourgensis.

A further phylogenetic cluster is formed by the amplicons ARCH03 and ARCHO04,
which are in close proximity to the reference sequences of Methanoculleus species. The
amplicons represent OTUs that cover each 1,038 and 88 sequences. There is so far no
closely related reference species known for this phylogenetic cluster. Nevertheless, it
was annotated as an unknown Methanoculleus group since it is in close proximity to de-
scribed Methanoculleus species. The representative sequences of ARCH03 and ARCH04
are almost identical (99%-100%) to the 16S rRNA clones A52 (accession: FJ205773) and
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A12 (accession: FJ205758) obtained from the same biogas plant [Krober et al., 2009],
which were likewise related to an unknown Methanoculleus group by the authors.

91~ Methanoculleus chikugoensis (AB038795)
Methanoculleus marisnigri (AF028693)
Methanoculleus palmaeoli (Y16382)
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Figure 6.12: Phylogenetic tree for representative 165 rDNA sequences assigned to the
superkingdom Archaea based on neighbor-joining analysis: Sequences rep-
resenting OTUs previously assigned to Archaea were used for phylogenetic
tree reconstruction using neighbor-joining analysis. The evolutionary dis-
tances were computed using the Jukes-Cantor method. Bootstrap values of
1,000 replications are noted at each branch. Methanocaldococcus jannaschii
was used as an outgroup. The representative read name is noted for each ar-
chaeal OTU. The number in parentheses indicates the amount of sequences
assigned to the corresponding OTU. The accession numbers for reference
strains and clones are shown in parentheses. The scale bar represents 2%
nucleotide substitution.

One phylogenetic cluster, which includes the two representative amplicons ARCH10
and ARCH11, is located outside the phylogenetic cluster formed by Methanoculleus
species. The phylogenetic tree distinctly affiliated the sequence to the recently identi-
tied species Methanomassiliicoccus luminyensis B10 [Dridi et al., 2012]. M. luminyensis is
present in the human gut microbiome, but the prevalence of this species is unknown.
Unfortunately, a closely related archaeal reference with species assignments is not
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described. However, the representative sequence clustered with an unknown archaeal
clone (accession: FJ222234), which originates from an agricultural biogas plant supplied
with water, maize silage and barley grains [Nettmann et al., 2010]. The representative
amplicon ARCH11, which has a length of 384 bases, is completely covered by the
sequence of the uncultured archaeon (accession: FJ222234) and differs only by two
deletions. In addition, the fragment shows a high similarity (96%) to sequences (ac-
cessions: HQ266951, HQ266939, HQ266925) obtained from an Italian rice field soil
[Liu and Conrad, 2011]. The distribution of similar sequences in various habitats sug-
gests a wide occurrence of species related to M. luminyensis. No 165 rRNA clones
carrying a similar sequence were discovered in the clone library created from the same
biogas plant.

Finally, for most of the representative sequences, no known archaeal references were
available. A search for references in the NCBI nucleotide database revealed that sub-
strings of some representative reads (ARCH05, ARCH06, ARCH07, ARCH09) matched
microbial genomes of different species. This observation infers that some sequences
might be chimeric, which were not detected using UCHIME.

Phylogenetic analysis of 16S rDNA amplicon sequences classified as Synergistetes

A phylogenetic tree was generated for the fourth largest taxonomic phylum (1 % of the
165 rDNA amplicon sequences) representing the novel phylum Synergistetes. Species
classified as Synergistetes were not present in previously deduced taxonomic profiles for
the analyzed biogas-producing community, because many 'Synergistes” taxa have been
misallocated to other phyla, mainly Firmicutes, in prior studies [Vartoukian et al., 2007].

Based on 14 representative OTU sequences assigned to the phylum Synergistetes, a
phylogenetic tree was constructed (Fig. 6.13). The sequences represent 56 amplicon
reads. The phylogenetic tree is composed of two defined Synergistetes clusters. One phy-
logenetic cluster includes two Anaerobaculum reference strains and the amplicon SYNO1,
which represents most of the identified Synergistetes sequences. Species of this genus
ferment a range of organic acids, amino acids and a limited number of carbohydrates
[Rees et al., 1997]. Utilization of glucose and malate by species of Anaerobaculum was
enhanced in the presence of the methanogen Methanothermobacter thermoautotrophicus
[Menes and Muxi, 2002].

The second phylogenetic cluster with one amplicon sequence is characterized by
Aminobacterium colombiense, which was firstly identified in an anaerobic lagoon of a
dairy wastewater treatment plant [Baena et al., 1998]. Aminobacterium colombiense fer-
ments pyruvate, amino acids but is not able to use carbohydrates. In a mixed commu-
nity including Methanobacterium formicium several other amino acids were utilized by
Aminobacterium colombiense. For the remaining sequences no references were recognized
suggesting either so far unknown species or artifacts.
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Figure 6.13: Phylogenetic tree for 16 rDNA amplicon sequences assigned to the phylum
Synergistetes. The tree was constructed by means of the neighbor-joining
method using genetic distances as defined by Jukes Cantor. Bacteroides
intestinalis was used as an outgroup. Bootstrap values of 1,000 replications
are represented at each branch. Each reference is annotated with its ac-
cession number in parentheses. Representative amplicons are noted with
the number of sequences included in the OTUs. Two Synergistetes clusters
were identified and could be affiliated to two defined genera, namely
Aminobacterium and Anaerobaculum.

6.4 The metatranscriptome of a biogas-producing microbial
community

A metatranscriptome approach was applied to elucidate the transcriptionally active
organisms and biological processes within the biogas-producing community. The main
aim of this analysis is to unveil the species that are important in the anaerobic digestion
process. Knowledge of the key organisms would aid in improving the yield of biogas
production.
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In this thesis, the previously analyzed 16S rDNA amplicon sequences served as a
reference to evaluate the active functions and taxa in the biogas-producing microbial
community. As the amount and type of transcripts may be influenced by the condi-
tions of the sampling time, the metatranscriptome approach was performed on the
same sample that was used for the analysis of the 165 rDNA amplicon sequences
(Section 6.3). The isolated total community RNA was not depleted for ribosomal
RNA, since these RNA types should enable taxonomic profiling of the active commu-
nity. More details concerning the RNA extraction and cDNA generation are given in
[Zakrzewski et al., 2012].

6.4.1 ldentification of different RNA types in the metatranscriptome data
obtained from a biogas fermenter

The biogas metatranscriptome generated on the Genome Sequencer (GS) FLX platform
using FLX chemistry yielded 484,920 reads with an average length of 114 bases account-
ing for 55,164,919 bases. Metatranscriptome sequences were screened for ambiguous
nucleotides and internal poly-T or poly-A regions in order to include only valid total
RNA tags in the downstream analysis pipeline in MeTra. This approach resulted in
421,387 RNA-derived reads with an average read length of 108 bases.

The downstream analysis pipeline presented in chapter 5.3 uncovered 321,544 (76.3%)
large subunit ribosomal RNA-derived sequences and 67,906 (16.1%) small subunit
ribosomal RNA-derived sequences (Table 6.3). The subsequent hidden-Markov-model
(HMM) based search for functional, non-protein-coding RNAs identified 1,053 non-
coding RNA (ncRNA) tags. CARMAS3 detected 12,301 mRNA tags, whereas 8,881 were
retrieved from the BLASTx analysis against the NCBI protein database and 9,090 from
the HMM-based search in the Pfam database. The remaining 18,583 sequences could
not be classified with this approach. The sequence lengths of the unassigned reads
range from 30 to 411 bases with an average length of 79 bases.

Table 6.3: Identified RNA types in the metatranscriptome data obtained from a biogas

fermenter

RNA tags Used database Number of reads
(Percent of complete data)

large subunit rRNA LSUdb 321,544 (76.3%)
small subunit rRNA LSUdb 67,906 (16.1%)
further ncRNA Rfam, custom tRNA database 1,053 (0.2%)
mRNA nt, Pfam (CARMAD3) 12,301 (3%)
unknown 18,583 (4.4%)
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6.4.2 Profiling of the transcriptionally active community based on
ribosomal sequence tags

Regulation of rRNA synthesis is of key importance for ribosome formation, metabolic
activity and cell growth [Kemp et al., 1993, Wagner, 1994]. Accordingly, 16S rRNA
gene sequences are a valuable marker for taxonomic profiling of transcriptionally
active organisms. In this context, the taxonomic profile deduced from 16S ribosomal
sequence tags of the metatranscriptome dataset was examined to get insights into the
transcriptionally active members of the biogas-producing microbial community. Each
metatranscriptome sequence previously assigned to an SSU transcript was extracted
from the metatranscriptome dataset yielding 67,906 small subunit rRNA sequences.
Sequences of at least 50 bases in length (66,128) were taxonomically classified using the
RDP Classifier, which could assign 99.5% of the 16S rRNA gene fragments on the rank
superkingdom. Looking at the relative abundances of the 165 rRNA tags (Fig. 6.14),
it can be observed that 76% of the sequences are represented by Bacteria and 24% by
Archaea.

Only 49% of the metatranscriptome 16S rRNA gene fragments could be assigned
to taxa on phylum level. Two phyla, Euryarchaeota and Firmicutes, contribute with,
respectively, 48% and 45% of the sequences classified on rank phylum the largest
number of ribosomal tags. Bacteroidetes, Actinobacteria and Synergistetes were identified
among the active phyla, though they accounted for fewer ribosomal tags (1 to 2% of
the classified sequences on rank phylum).

Most of the Firmicutes sequences belong to the class Clostridia (48%) and Bacilli (10%)
with Clostridiales (55%) and Lactobacillales (67%) being the most represented orders
for these classes. On the ranks class, order and family, 38%, 33% and 26% of the
reads were classifiable. Methanomicrobia, Methanomicrobiales and Methanomicrobiaceae
dominate with 60%, 67% and 76% of all the reads that were allocated to the ranks class,
order and family, respectively. In total, only 18% of the ribosomal tags were classified
at taxonomic rank genus. Moreover, 15% of the 165 rRNA tags were assigned to the
genus Methanoculleus.

6.4.3 Comparison of the taxonomic profiles obtained by DNA- and
RNA-based approaches

To compare the relative fractions between the 165 rDNA amplicon and 165 rRNA
metatranscriptome datasets, the rank phylum (Fig. 6.15) was considered for detailed
analysis, as the number of classifiable reads on lower levels strongly decreased.

Compared to the profile based on 16S rDNA amplicon sequences, the number of
archaeal reads clearly increased in the transcriptome-based profiles (Fig. 6.15). In
the 16S rDNA amplicon dataset approximately 12% of the reads were assigned to
Euryarchaeota, whereas 24% and 21% of the metatranscriptome mRNA and 165 rRNA

83



6 Application examples

16S rRNA tags

| Methanobacterium D
i on i level .
Incertae Sedis XI .

Figure 6.14: Taxonomic profile based on metatranscriptome 16S rRNA tags: Ribo-
somal tags discovered by similarity-based searches were classified by
the RDP Classifier. The visualization was carried out using Krona
[Ondov et al., 2011]. Only assignments with a confidence value of at least
0.8 were considered for the visualization.

tags were affiliated to Euryarchaeota, respectively. The 165 rDNA amplicon sequences
were predominantly classified to belong to the phylum Firmicutes (73%). This phylum
was present with 22% and 37% in the metatranscripome-based profiles. It is to be
noted that still a large fraction of metatranscriptome sequences was not classified to
this level. Approximately, 51% of the 165 rRNA tags and 23% of the mRNA tags in
the metatranscriptome could not be classified at the taxonomic rank phylum. Thus,
the fraction of the phyla was not completely determined due to the lack of references
in the existing databases. However, the relative abundances of the metatranscriptome
datasets clearly show that archaeal species have a higher transcriptional activity in the
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community compared to other taxa (Fig. 6.15). Finally, both metatranscriptome profiles
indicate a low transcription of the phylum Bacteroidetes.
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Figure 6.15: Fraction of the taxonomic assignments on the rank phylum based on
metatranscriptome and 165 rDNA amplicon sequences: The taxonomic pre-
dictions based on CARMA3 were utilized for the classifications of the meta-
transcriptome environmental gene tags (EGTs). The metatranscriptome 16S
ribosomal sequence tags and the 16S rDNA amplicons were classified by
the RDP Classifier.

6.4.4 Functional characterizations of mRNA tags identified in the
metatranscriptome of the biogas-producing community

Next, the functions transcribed by the biogas-producing community were investigated.
In particular, transcripts for proteins that are fundamental for the anaerobic digestion
were examined for their taxonomic origin. To assess the potential functions of the
transcript sequences, reads neither matching the ribosomal RNA databases nor the non-
coding, functional RNA database were searched for similarities to proteins. Therefore,
a CARMAS3 analysis was performed, which resulted in 12,301 mRNA tags. More
precisely, the BLAST-based search in CARMAS3 yielded 8,881 EGTs, while the Pfam-
based approach uncovered 9,040 EGTs.

Thereafter, active functional processes operating in the microbial community were
deduced. For this purpose, the 12,301 mRNA sequences were compared to the "evolu-
tionary genealogy of genes: Non-supervised Orthologous Groups" (eggNOG) database
[Muller et al., 2010] using BLASTx. The best hits were determined and used to cate-
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gorize mRNA tags according to "Clusters of Orthologous Groups" (COGs) and "Non-
supervised Orthologous Groups" (NOGs).

Functional characterization of mRNA-derived tags based on classification according
to eggNOG

This section deals with the functional annotation of the metatranscriptome mRNA tags
in order to get a comprehensive picture of the processes Overall, 4,791 mRNA tags (39%
of all identified mRNA tags) were assigned to COGs and NOGs, which were annotated
to functional categories (Fig. 6.16). Some categories, such as "energy production and
conversion” (C) and "amino acid transport and metabolism" (E), are well covered by
transcripts. Other categories, for example "extracellular structures" (W) and "secondary
metabolites biosynthesis, transport and catabolism" (Q) are poorly represented or even
missing in the metatranscriptome data. In the following, functional categories and
COGs relevant for the biogas production are explored in detail.

During the conversion of biomass into methane, polysaccharide components of plant
cell material such as cellulose, xylan and pectin are broken down into monosaccharides.
Accordingly, the COG category "carbohydrate transport and metabolism" (G) and its
associated COGs are important in the biogas production process. The functional cate-
gory is well represented among the mRNA tags (Fig. 6.16). Assignments to cellulose M
(COG1363), beta-glucosidases and related enzymes (COG1472, COG3250) and cellobiose
phosphorylases (COG3459) indicate the degradation of cellulose by the microorganisms
(Tab. 6.4). Xylanase/chitin deacetylase (COG0726), xylose isomerase (COG2115), beta-
xylosidase (COG3507), the ABC-type xylose transport system (COG 4213) and pectin
methylesterase (COG4677) represent enzymes involved in the degradation of xylan and
pectin, which are both components of the plant cell wall.

Acetate, hydrogen and carbon dioxide are produced in the acetogenesis step of anaero-
bic degradation of biomass. In this regard, acetyl-CoA synthase, phosphotransacetylase
and acetate kinase are central enzymes. The COG category "energy production and con-
version" (C) includes enzymes required for the acetogenesis. The functional profile (Fig.
6.16) infers that most of the transcripts belong to the COG category C in this analysis.
In total, 24 environmental gene tags (EGTs) were detected in the metatranscriptome
encoding acetyl-CoA synthase (COG1614, COG1456), acetate kinase (COG0282) and
phosphotransacetylase (COG0280) (Tab. 6.4). As the selected COGs also represent
enzymes in the syntrophic acetate oxidation or aceticlastic methanogenesis, proteins
encoded by the identified EGTs may function in these processes. A detailed analysis of
the three enzymes and their potential role is supplied in the next section.

The functional contributions of phyla based on CARMA3 classifications for each COG
category are illustrated in Figure 6.17. Firmicutes and Euryarchaeota appear in almost all
functional categories. Overall, the distribution of the phyla along the categories is with
some exceptions similar. The functional category "Chromatin structure and dynamics"
(B) consists of 5 EGTs, whereas four of them were classified as Euryarchaeota. Due to
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Figure 6.16: Fraction of the taxonomic assignments on the rank phylum based on meta-
transcriptome 16S rDNA amplicon sequences: The amounts of detected
EGTs in the reads in terms of their assigned COG categories were visual-
ized. The COG category grouping is as follows: ], translation, ribosomal
structure and biogenesis; A, RNA processing and modification; K, tran-
scription; L, replication, recombination and repair; B, chromatin structure
and dynamics; D, cell cycle control, cell division, chromosome partition-
ing; Y, nuclear structure; V, defense mechanisms; T, signal transduction
mechanisms; M, cell wall/membrane/envelope biogenesis; N, cell motil-
ity; W, extracellular structures; U, intracellular trafficking, secretion, and
vesicular transport; O, posttranslational modification, protein turnover,
chaperones; C, energy production and conversion; G, carbohydrate trans-
port and metabolism; E, amino acid transport and metabolism; F, nucleotide
transport and metabolism; H, coenzyme transport and metabolism; I, lipid
transport and metabolism; P, inorganic ion transport and metabolism; Q,
secondary metabolites biosynthesis, transport and catabolism; R, general
function prediction only; S, function unknown.

the underrepresentation of EGTs in the functional category B, the taxonomic profile
may be biased.

Euryarchaeota is a major phylum in the functional category "coenzyme transport and
metabolism" (H) and "inorganic ion transport and metabolism" (P), while it is less
common in "cell cycle control, cell division, chromosome partitioning" (D) and "car-
bohydrate transport and metabolism" (G). The functional category H includes key
enzymes of the methanogenesis pathway (Tab. 6.4). Indeed, the most abundant COGs
contributing to the category H represent archaeal subunits of methyl coenzyme M
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Table 6.4: Frequencies of metatranscriptomic mRNA tags matching to selected COG

numbers

COG/NOG COG Description mRNA

number category tags

COGl1614 C CO dehydrogenase/acetyl-CoA synthase beta sub- 18
unit

COG1456 C CO dehydrogenase/acetyl-CoA synthase gamma 1
subunit

COG2141 C Coenzyme F420-dependent N5,N10-methylene 18
tetrahydromethanopterin reductase and related
flavin-dependent oxidoreductases

COG0282 C Acetate kinase 2

COG0280 C Phosphotransacetylase 3

COG1363 G Cellulase M and related proteins 9

COG1472 G Beta-glucosidase-related glycosidases 6

COG3250 G Beta-galactosidase/beta-glucuronidase 5

COG3459 G Cellobiose phosphorylase 3

COG2115 G Xylose isomerase 2

COG4213 G ABC-type xylose transport system, periplasmic 6
component

COG3507 G Beta-xylosidase 4

COG4677 G Pectin methylesterase 2

reductase (Mcr) (data not shown). The category P includes the ABC transport systems
for CO, (COGO0310), which is a component for hydrogenotrophic methanogenesis. No
EGTs assigned to COGO0310 were identified among bacterial reads.

On the other hand, Firmicutes dominate the functional categories D and G. The first
category covers bacterial specific COGs (COGO0772: Bacterial cell division membrane
protein, COG02385: Sporulation protein and related proteins), which are typically ab-
sent in Archaea. The latter category includes COGs representing enzymes and transport
systems required for the hydrolysis step. Among the most abundant COGs within this
category are cellulases (COG1363) as well as ABC-type sugar and xylose transport
systems (COG1175, COG1082, COG4213).

Compared to the other functional categories, the amount of transcripts from Spirochaetes
is increased in the functional category G. Some EGTs assigned to this phylum were
annotated to COGs representing sugar transport systems, galactosidases and sugar
kinases. One of the EGTs was classified as Treponema on genus level. Treponema primitia
was isolated from termite hindguts and was characterized to ferment homoacetogeni-
cally hexoses, pentoses and disaccharides as energy sources [Graber and Breznak, 2004].
Finally, the phylum Bacteroidetes is increased in the same functional category. EGTs af-
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Figure 6.17: Distribution of taxa in functional COG categories: The EGTs are taxonomi-
cally characterized within each functional COG category by performing
CARMAS3. The assignments on rank phylum are only considered to deduce
changes between the functional processes on higher ranks.

filiated to Bacteroidetes encode, e.g., glucosidases (COG1472) and a-L-fucosidase, which
breaks down fucose, a component in plant cell walls.

Functional characterization of mRNA-derived tags based on classification according
to CARMA3

The functional profile based on CARMAS3 was studied for the presence of Pfam families
involved in the anaerobic digestion process. In this thesis, Pfam families were in the
focus that cover hydrolysis, acidogenesis, acetogenesis and methanogenesis, which are
the four steps in the anaerobic digestion. Moreover, syntrophic associations relevant
during the whole process were of interest. This analysis addresses the question of what
organisms might be involved in the anaerobic digestion process.

Regarding the digestion of biomass material, the presence of enzymes participating in
the degradation of cellulose (PF00331), pectin (PF01095), arabinose and xylan (PF04616,
PF01261) is interesting. Furthermore, the cellulose binding domain (PF00553), car-
bohydrate binding domain (PF02837) and TIM barrel domain (PF02836) of glycosyl
hydrolase family 2 (PF00703) are important for the hydrolysis step. The glycosyl hy-
drolase family 2 consists of enzymes that hydrolyze the glycosidic bond between two
or more carbohydrates. The selected Pfams were discovered in the annotations of the
mRNA tags (Tab. 6.5).
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Table 6.5: EGTs that were assigned to Pfam families representing enzymes involved in the anaerobic digestion process

Enzyme/Domain Pfam accessions EGTs
Glycoside hydrolase family 10 (e.g. endoglucanases) PF00331 4
Pectinesterase PF01095 3
Glycosyl hydrolases family 43 (e.g. xylanase, beta-xylosidase), xylose PF04616, PF01261 4
isomerase-like TIM barrel
Cellulose binding domain PF00553 1
Glycoside hydrolase family 2 (e.g. beta-galactosidase) PF00703 2
Glycosyl hydrolases family 2, sugar binding domain PF02837 1
Glycosyl hydrolases family 2, TIM barrel domain PF02836 3
3-hydroxyacyl-CoA dehydrogenase PF02737, PF00725 10
Enoyl-CoA hydratase/isomerase, Acyl-CoA dehydrogenase, PF00378, PF02770, PF02771, PF00441 19
Alcohol dehydrogenase PF08240 21
Methylmalonyl-CoA mutase PF01642 2
Phosphotransacetylase PF01515 4
Acetate kinase PF00871 8
Acetyl-CoA synthase PF03598, PF03599 46
Formylmethanofuran dehydrogenase PF07969, PF00384, PF01493, PF01568, 34
PF02663
Formylmethanofuran-tetrahydromethanopterin N-formyltransferase PF02741 13
N5N10-methenyl-tetrahydromethanopterin cyclohydrolase PF02289 6
Coenzyme F420-dependent PF01993 23
N5,N10-methylene-tetrahydromethanopterin dehydrogenase
Coenzyme F420-dependent PF00296 19
N5,N10-methylene-tetrahydromethanopterin reductase
N5-Methyl-tetrahydromethanopterin: methyltransferase PF04208, PF05440, PF04211, PF04207, 35
PF04206, PF09472, PF04210, PF02007
Methyl coenzyme M reductase PF02249, PF02745, PF02783, PF02241, 105

PF04609, PF02505, PF02240
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The acidogenesis process, the second step of biogas production, was represented by
Pfam families involved in fatty acid metabolism (PF02737, PF00725), butyrate synthesis
(PF00378, PF02770, PF02771, PF00441), alcohol synthesis (PF08240) and propionate
synthesis (PF01642) (Tab. 6.5). The enzymes phosphotransacetylase (PF01515), acetate
kinase (PF00871) and acetyl-CoA synthase (PF03598, PF03599) were identified in the
Pfam profile and were associated with the acetogenesis step (Tab. 6.5).

The acetate produced in the acetogenesis can be subsequently used as a substrate for
the aceticlastic methanogenesis. Archaea capable of aceticlastic methanogenesis use the
reverse Wood-Ljungdahl pathway to convert acetate into methane and carbon dioxide
[Pierce et al., 2008, Ragsdale, 2008, Ragsdale and Pierce, 2008]. Enzymes involved in
this pathway are also acetyl-CoA synthase, phosphotransacetylase and acetate kinase.
In an alternative process, syntrophic acetate-oxidizing bacteria convert acetate to hydro-
gen. For known acetate-oxidizing bacteria it was shown that specific enzymes involved
in the CO dehydrogenase/acetyl-CoA pathway operate in both, acetate oxidation and
acetate formation [Lee and Zinder, 1988, Schniirer et al., 1997, Hattori et al., 2005]. De-
pending on the hydrogen concentration in the medium, acetate is either produced or
oxidized by syntrophic acetate-oxidizing bacteria [Schniirer et al., 1997].

To distinguish whether the identified Wood-Ljungdahl pathway EGTs are active in ace-
togenesis, syntrophic acetate oxidation or in aceticlastic methanogenesis, the taxonomic
profile obtained by CARMAS3 was studied in detail. For this purpose, the MetaCyc
pathway "reductive acetyl coenzyme A" was utilized to annotate corresponding en-
zymes according to Pfam families. All expected Pfams were detected in the functional
profile calculated by CARMAZ3 (Fig. 6.18a). In total, 166 EGTs were identified. The
taxonomic profile of those EGTs indicates a dominance of bacterial transcripts (59%).
Further 3% of the identified EGTs, were assigned to Archaea. The archaeal sequences
belong to the order Methanomicrobiales. However, for 37% of all EGTs representing the
MetaCyc "reductive acetyl coenzyme A" pathway, no references were available that
could enable taxonomic classification. Only 10 EGTs could be assigned to a family
rank belonging mainly to Thermoanaerobacteraceae and Peptococcaceae. Species of the
family Thermoanaerobacteraceae are known to produce acetate under extreme conditions
[Bao et al., 2002, Onyenwoke et al., 2007, Feng et al., 2009], whereas Peptococcaceae spe-
cies are capable to ferment proteins or carbohydrates to mainly lower fatty acids
[Rogosa, 1971]. In conclusion, the detected EGTs in this analysis encode enzymes
that participate either in acetogenesis or syntrophic acetate oxidation rather than in
aceticlastic methanogenesis.

Finally, Pfam families involved in methanogenesis such as formylmethanofuran de-
hydrogenase (PF07969, PF00384, PF01493, PF01568, PF02663) and methyl coenzyme
M reductase (PF02249, PF02745, PF02783, PF02241, PF04609, PF02505, PF02240) were
discovered (Tab. 6.5). As methyl coenzyme M reductase (Mcr) plays a central role in
both, hydrogenotrophic and aceticlastic methanogenesis, it was used as a marker to
deduce whether the hydrogenotrophic or aceticlastic methanogenesis is preferred in
the analyzed biogas plant. Therefore, the taxonomic classification of EGTs assigned
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described in MetaCyc. The sequences of the involved enzymes are Pfam categorized. Thereafter, EGTs repre-
senting corresponding Pfam accession numbers were searched in the mRNA tags based on CARMAS3 results.
The counts of identified EGTs are denoted after the EC number of the particular enzyme.
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to Pfam families representing Mcr subunits was determined. In total, 105 EGTs rep-
resenting Mcr subunits were identified. Of these, 75 EGTs were classified as Archaea
(71%). The remaining reads were of unknown origin. However, according to CARMA3
assignments, 75% and 3% of the archaeal EGTs belong to the classes Methanomicrobia
and Methanobacteria, respectively. A similar taxonomic composition was observed in
the metagenome data (Fig. 6.4). A percentage of 67% of the archaeal EGTs could not be
classified to a genus. Methanoculleus is the only characterized genus in the profile and
constitutes 33% of all archaeal mcr transcripts. Though some reads were unclassified,
obtained results infer that methane is dominantly produced in the hydrogenotrophic
methanogenesis pathway.

Sequences of methanogens that are known to conduct aceticlastic methanogenesis were
rarely identified in the metatranscriptome mRNA tags. Only five EGTs assigned to the
genus Methanosaeta were detected in the functional profile based on all identified EGTs
in the metatranscriptome, whereas Methanosarcina is present with one EGT.

To analyze the coverage of the methanogenesis pathway by mRNA tags, the MetaCyc
pathway "Methanogenesis from CO," was examined for the presence of the involved
enzymes by investigating the CARMA3 results (Fig. 6.18b). In total, 235 EGTs represent
the methanogenesis pathway. All enzymes except for one (EC number 1.12.98.2) was
identified in the metatranscriptome. The taxonomic profiling of EGTs for methanogene-
sis revealed that most of them were assigned to Methanomicrobiales (62%) followed by
Methanobacteriales (0.9%) on the rank order. On family rank, Methanomicrobiaceae (45%),
Methanobacteriaceae (0.9%) and Methanospirillaceae (0.4%) were predicted.

Hydrogenotrophic methanogenesis frequently is accomplished in a syntrophic associa-
tion with acetate-oxidizing bacteria. In this association, acetate oxidizers produce hy-
drogen that is scavenged by hydrogenotrophic methanogens for biogas production. Syn-
trophic bacteria known to oxidize acetate to hydrogen and carbon dioxide in association
with hydrogenotrophic methanogens are Thermacetogenium phaeum [Hattori et al., 2005],
Thermotoga lettingae [Balk et al., 2002], Clostridium ultunense [Schniirer et al., 1996], the
acetate-oxidizing rod-shaped bacterium AOR [Lee and Zinder, 1988] and Tepidanaer-
obacter acetatoxydans [Westerholm et al., 2011].

Thermacetogenium phaeum belongs to the family Thermoanaerobacteraceae and oxidizes
acetate in association with Methanothermobacter thermautotrophicus. The genus Therma-
cetogenium was not found in the taxonomic profile created by CARMAS3, but 64 EGTs
were assigned to the family Thermoanaerobacteraceae. Of these, one EGT encodes an
acetyl-CoA synthase (PF03598). Moreover, one EGT is similar to the gene encoding
methyl-coenzyme M reductase (PF04609) in Methanothermobacter suggesting a syn-
trophic association between a hydrogenotrophic methanogen and a related but so
far unknown Thermoanaerobacteraceae species. Unknown species similar to the family
Thermoanaerobacteraceae were recently reported to be responsible for syntrophic oxi-
dation of acetate with hydrogenotrophic Methanocellales species in thermophilic soils
[Rui et al., 2011].

The acetate-oxidizing Thermotoga lettingae strain TMO degrades acetate in the presence
of the methanogen M. thermautotrophicus [Balk et al., 2002]. Four sequences belonging
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to the genus Thermotoga were identified among the metatranscriptome mRNA tags.
EGTs assigned to the species Clostridium ultunense were absent. As the genus Clostrid-
ium was present in the taxonomic profile of the biogas plant, syntrophic conversion of
acetate into methane by acetate-oxidizing Clostridium species and hydrogenotrophic
Archaea may occur. Finally, three EGTs were assigned to Tepidanaerobacter. Species be-
longing to this genus are capable of syntrophic acetate-, alcohol- or lactate-degradation
[Sekiguchi et al., 2006, Westerholm et al., 2011].

Species of Syntrophomonas are capable of degrading fatty acids by p-oxidation in co-
culture with methanogens such as Methanospirillum hungatei [Mclnerney et al., 1981,
Zhang et al., 2004]. From the five EGTs that were classified as Syntrophomonas, one EGT
was assigned to enoyl-CoA hydratase/isomerase family (PF00378) and another one
to alcohol dehydrogenase (PF08240). Each of these Pfams represents a key enzyme
in the B-oxidation process. Moreover, one EGT encoding a methanogenesis enzyme
(PF01993) was taxonomically assigned to Methanospirillum. Further genera involved in
syntrophic oxidation of fatty acids in association with methanogens are Pelotomaculum,
Smithella, Syntrophus and Syntrophobacter [McInerney et al., 2009]. The genus Pelotormac-
ulum is represented by 8 EGTs with 2 EGTs belonging to the species Pelotomaculum
thermopropionicum, which is a syntrophic propionate-oxidizing bacterium growing in
coculture with M. thermautotrophicus. The corresponding genus of this archaeal spe-
cies was identified with one EGT. Finally, no EGTs classified to the genera Smithella,
Syntrophus and Syntrophobacter were detected by CARMAS3. However, the latter genus
belongs to the order Syntrophobacterales, to which two mRNA tags were assigned. In
summary, these results imply that syntrophic acetate/propionate/fatty acids oxidizing
bacteria are likely to interact with Hy-scavenging methanogens in the biogas plant.

Overall, the functional profile in Table 6.5 infers that the source for energy produc-
tion is obtained from fermentation of polysaccharides with subsequent production
of short-chain fatty acids. Finally, methane is likely produced in hydrogenotrophic
methanogenesis in association with syntrophic bacteria.

Functional characterization of mRNA-derived tags assigned to specific phyla

Since most of the transcripts were classified as originating from the taxa Archaea and Fir-
micutes (Section 6.4.2), these sequences were analyzed for their functional assignments
in terms of Pfam families based on CARMAS3 predictions. The 2,072 reads assigned to
the phylum Firmicutes cover 854 different Pfam families. The CO dehydrogenase/acetyl-
CoA synthase complex (PF03598) is present among the most abundant Pfam families
and is supported by 16 EGTs. This Pfam family represents a key enzyme of the Wood-
Ljungdahl pathway. CARMAS3 classified ten of these EGTs to the order Clostridiales
and one to Thermoanaerobacterales. The remaining reads are unknown. Furthermore,
functions were identified that are related to hydrolytic reactions in the first step of
the anaerobic digestion. For example, pectinesterase (PF01098) and xylose isomerase
(PF01261) are in the functional profile based on Pfam families. These outcomes con-
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firmed that Firmicutes play a central role in acetogenesis, syntrophic acetate oxidation
and hydrolysis.

CARMA?S yielded 1,158 archaeal sequences covering 463 different Pfam families. Look-
ing at the most abundant Pfam families within the archaeal EGTs, a high representation
of transcripts encoding methanogenesis-relevant enzymes can be noticed (Tab. 6.6 ).
Corresponding Pfam families are well represented among the archaeal transcripts and
constitute around 14% of the total Pfam families assigned to Archaea. This result indi-
cates that the archaeal transcriptome is predominantly composed of methanogenesis
transcripts.

Table 6.6: The most abundant Pfam assignments of EGTs classified to Archaea!

Number of EGTs Pfam accession Description

43 PF00107 Zinc-binding dehydrogenase
28 PF00037 4Fe-4 binding domain-terminal domain

PF02915 Rubrerythrin

PF01243 Pyridoxamine 5’-phosphate oxidase

PF10050 Predicted metal-binding protein (UF2284)

11 PF01176 Translation initiation factor 1A / IF-1
11 PF02741 FTR, proximal lobe
10 PF03130 PBS lyase HEAT-like repeat

!Gray-colored rows represent Pfams associated with the methanogenesis pathway

6.4.5 Non-coding RNAs identified in the metatranscriptome of
microorganisms residing in a biogas fermenter

Non-coding RNAs (ncRNAs) are transcripts that are not translated into proteins but
have key roles in regulating important biological processes [Storz and Haas, 2007].
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Typically, the length of ncRNAs ranges from 50 to 650 bases making their discovery
in genomes challenging. Recently, ncRNAs were detected in metatranscriptomes of
the human gut [Gosalbes et al., 2011] and ocean water [Shi et al., 2009] illustrating the
importance of detailed studies of ncRNAs in metatranscriptomics.

Approximately 1,000 ncRNA tags were discovered with transfer-messenger RNA
(tmRNA, RF00023) [Ray and Apirion, 1979, Keiler, 2008], Ribonuclease P (RNase P,
RF00373, RF00010, RF00011) [Guerrier-Takada et al., 1983] and "ornate large extremo-
philic RNA” (OLE RNA, RF01071) [Puerta-Fernandez et al., 2006] assignments as the
most abundant characterized ncRNAs. In a metatranscriptome study of an ocean sam-
ple [Shi et al., 2009], transcripts for tmRNA and RNase P RNA were also among the
most abundant Rfam families, while no OLE RNAs were identified. Further ncRNAs
detected in the metatranscriptome analyzed within this work are signal recognition
particle RNAs [Bernstein and Hyndman, 2001, Zwieb and Eichler, 2002], which enable
the secretion of proteins with respect of the presence of signal peptides, riboswitches
[Tucker and Breaker, 2005] and 6S RNAs [Wassarman and Storz, 2000], which inhibit
the activity of the RNA polymerase. Non-coding RNAs perform important gene control
and protein sensing tasks, which are critical for the organisms. The existence of small,
non-coding RNAs implies that the biogas community is a suitable source for studying
fundamental regulation of cellular processes. The next sections briefly describe the
three most abundant Rfam families.

The transfer-messenger RNA

The molecule tmRNA is involved in the quality control pathway and is one of the most
abundant RNAs in bacteria [Keiler, 2008]. It is a component of the ribonucleoprotein
complex, which is responsible for resetting ribosomes in case an erroneously transcribed
mRNA stalls the translation at a ribosome. In total, 202 sequences were assigned to
tmRNAs using the metatranscriptomic MeTra pipeline introduced in chapter 5.3.

For taxonomic profiling, a lowest common ancestor (LCA) approach based on BLAST
hits against the NCBI nucleotide (nt) database was carried out. Only 63 sequences had
no BLAST hits against NCBI nt database (E-value cutoff of 10~°). An LCA approach
was performed for the remaining 139 sequences to elucidate the taxonomic assignments
for the putative tmRNA fragments. No archaeal tmRNAs were discovered proving
former suggestions that tmRINAs are absent in archaeal organisms [Keiler, 2008]. On
the rank phylum, 166 sequences were classified to Firmicutes, 3 to Thermotogae, 2
to Spirochaetes and Fusobacteria and 1 to Synergistetes. These phyla also occurred in
the taxonomic profile based on metatranscriptome mRNA tags. Moreover, 69 reads
could be assigned to the level genus with Desulfotomaculum (21 reads) and Clostridium
(10 reads) as the most abundant genera. Sequences affiliated to Desulfotomaculum
exist in the metatranscriptome mRNA tags. Species of the genus Desulfotomaculum
were recently identified in biogas plants and belong to the sulfate-reducing bacteria
[Deublein and Steinhauser, 2008]. As sulfate-reducing bacteria require hydrogen and
acetate, they compete with methane-producing bacteria.
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The ribonuclease P RNA

The ribonuclease (RNase) P complex cleaves RNA during the tRNA maturation pro-
cess in species across all kingdoms [Guerrier-Takada et al., 1983]. 293 sequences were
assigned to the Rfam accessions RF00373, RF00010, RF00011, which represent an RNA
chain of bacterial or archaeal RNase P. Of these, 261 reads had a BLAST hit to reference
sequences in the nt database. The LCA approach revealed 34 archaeal and 225 bacterial
sequences. In bacteria, the RNase P complex consists of the RNA subunit being 350-
400 bases in length and a protein subunit [Sidote et al., 2004]. The protein subunit is
represented by PF00825, which occurs in the metatranscriptome mRNA tags with one
EGT of unknown origin according to CARMAZ3 classifications. The archaeal RNase P
complex contains an RNA component with a length of 227 to 400 bases and at least four
protein subunits. Also one archaeal RNase P protein subunit (PF04032) was discovered
in the metatranscriptome mRINA tags.

In the Rfam database, RNase P RNA is annotated from the position 1,271,599 to
1,271,940 on the genome in Methanoculleus marisnigri JR1. In total, 34 reads were as-
signed to the species by the LCA approach. All reads overlapped with the RNase P
gene in the genome of M. marisnigri JR1. One metatranscriptome read of the length 83
bases matched the genome (1,271,856 - 1,271,938) with an identity of 98.8%. Because of
the high similarity of the reads to the genome of M. marisnigri, the archaeal sequences
were aligned to the corresponding RNase P alignment obtained from the Rfam database
using the HMMERS3 package. The 34 reads together covered the whole RNase P RNA
component of M. marisnigri (data not shown).

The ornate large extremophilic RNA

The non-coding RNA family OLE [Puerta-Fernandez et al., 2006] is a conserved molecule
occurring predominantly in extremophilic, anaerobic species of the phylum Firmicutes.
This ncRNA family was firstly identified in a comparative sequence analysis in 2005
[Corbino et al., 2005] and named ornate large extremophilic (OLE) RNA due to its
particularly ornate secondary structure, large size of approximately 650 bases and
occurrence in almost exclusively extremophilic species. In Bacillus halodurans C-125,
this RNA family was observed to be highly expressed [Block et al., 2011]. Still, the
function of OLE RNAs is unknown, but they are suggested to form a ribonucleo-
protein complex with proteins in microorganisms residing in extreme environments
[Puerta-Fernandez et al., 2006]. This ribonucleoprotein complex is likely localized near
the cell membranes, where OLE RNA might be catalytic, structural or required for
global regulation of gene expression [Block et al., 2011].

Species in the biogas plant are anaerobic, a characteristic of all known OLE RNA-
carrying organisms. As OLE RNA genes are found primarily in Firmicutes, a phyloge-
netic tree for the identified reads was generated. For this purpose, aligned reference
sequences representing OLE RNAs were firstly obtained from the Rfam database
(RF01071). Duplicated or highly similar sequences were manually discarded resulting
in 31 aligned reference sequences that were utilized as a basis for a phylogenetic tree
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reconstruction using the neighbor-joining method [Saitou and Nei, 1987] with genetic
distances corrected by Jukes and Cantor [Jukes and Cantor, 1969] and a bootstrap value
of 1,000 [Tamura et al., 2007]. Finally, RAXML [Berger and Stamatakis, 2011] was ap-
plied, which placed the reads assigned to OLE RNA into the neighbor-joining tree of
reference sequences. Similar metatranscriptome reads were joined together in order to
reduce the tree complexity. The phylogenetic tree indicates that OLE RNAs are widely
distributed among species of anaerobic Firmicutes encountered within the biogas plant
(Fig. 6.19).

Most of the OLE RNA tags clustered close to species of the order Clostridiales. Genera be-
longing to this order are Alkaliphilus and Clostridium. Representative sequences of these
genera are close to metatranscriptome reads in the phylogenetic tree. The genera are
among the 10 largest OTUs formed by 165 rDNA amplicons (Section 6.3.2). Moreover,
sequences are in close proximity to sulfate-reducing bacteria [Imachi et al., 2002] of the
family Peptococcaceae, which belongs to the order Clostridiales (Fig. 6.19, OLE08, OLE23,
OLE24, OLE25, OLE26, OLE27). Further 13 RNA tags are similar to a sequence of Syn-
trophomonas wolfei, which beta-oxidizes propionate to acetate and occurs in syntrophic
associations with H; oxidizing organisms [McInerney et al., 1981].

In particular, many sequences (Fig. 6.19, OLE04, OLE22, OLE31) are similar to species
related to the order Thermoanaerobacterales. The reference Thermoanaerobacter sp. X514
was not identified in the metatranscriptome-based profiles, but it was present in
the taxonomic profile of the metagenome of the same biogas plant. Several species
of the genus Thermoanaerobacter are of industrial interest due to their capability to
ferment sugars to ethanol or acetate under thermophilic conditions [Bao et al., 2002,
Onyenwoke et al., 2007, Feng et al., 2009].

Six metatranscriptome reads clustered within a Bacillus clade (Fig. 6.19). Species of
Bacillus were also observed in taxonomic profiles based on metatranscriptome mRNAs
and 165 rRNAs. Additionally, a read representing 7 OLE RNA tags (OLE20) is related
to a reference sequence of the order Natranaerobiales. This order is neither present
in the metagenome- nor in the metatranscriptome-based profiles. However, a clone
similar to an unknown Natranaerobius species is described in a lower-surface of a cattle
manure compost [Maeda et al., 2010]. Hence, a species related to Natranaerobiales might
be present in the biogas plant. Finally, some OLE RNA tags are similar to metagenome
fragments obtained from the human or mouse gut. Consequently, OLE RNAs encoded
by related species may play an important role in other habitats. Unfortunately, so far
no defined species are described for these OLE RNAs sequences.
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Figure 6.19: Unrooted tree for OLE RNA tags: Aligned reference sequences represent-
ing OLE RNAs were obtained from the Rfam database. A phylogenetic
tree was built based on selected reference sequences. The references are
annotated either according to their originating species name or source.
Metatranscriptome reads assigned to OLE RNA genes were placed in the
tree using the tool RAXML. Similar metatranscriptome reads were grouped
together and a representative sequence was selected for each group. The
representative sequences are denoted with the number of reads that were
joined together.
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6.5 Characterization and identification of laccases

6.5.1 Introduction to laccases

Laccases belong to the copper metalloenzymes and function as oxidoreductases in
all domains of life [Hoegger et al., 2006]. The substrate range for laccases is broad-
ened and includes dye pollutants [Singh Arora and Kumar Sharma, 2010], nonpheno-
lic compounds [Bourbonnais and Paice, 1990] and polycyclic aromatic hydrocarbons
[Pickard et al., 1999]. Because of their broad substrate specificity and wide reaction
capabilities, laccases possess a considerable industrial potential. Promising applications
of laccases are for example textile dye bleaching [Claus et al., 2002], pulp processing
[Murugesan, 2003] and bioremediation of soils as well as of water [Fang et al., 2011,
Palanisami et al., 2010].

Laccases are well known to degrade lignin, which comprises 10-30% of plant ligno-
cellulose [Sarkanen and H., 1972]. The process of lignin degradation is well studied in
fungi [Wesenberg et al., 2003]. So far, fungal laccases were used for industrial applica-
tions [Rodriguez Couto and Toca Herrera, 2006]. Unfortunately, most fungal laccases
lose their activities under alkaline conditions [Murugesan, 2003] and are sensitive to
chloride [Jimenez-Juarez et al., 2005]. There are several reports about laccases that have
been found widely distributed among Bacteria [Alexandre and Zhulin, 2000]. Bacterial
organisms are in particular important sources for the identification of laccases, as they
are well adapted to environments matching industrial conditions.

Two groups of laccases exist, which differ in their structure [Komori et al., 2009]. Three-
domain laccases are intensively studied, as they occur in fungi and most of the known
bacterial species. They consist of two conserved domains (domain 1 and 3), which
are dispersed by an additional domain (domain 2) (Fig. 6.20). The conserved domains
contain each two copper-binding regions (cbr), which are typical for laccase molecules.
A characteristic of each copper-binding region is the HXH motif, where H is an abbre-
viation for the amino acid residue histidine and X represents any amino acid residue.
Contrary to the three-domain laccases, the two-domain laccases lack the second domain.
Three subtypes of two-domain laccases are characterized with respect to the location
of the motif HCH, where C is the amino acid residue cysteine [Nakamura et al., 2003].
Type-A possesses the motif HCH in the first cbr of domain 1 (cbrl) and the second cbr
(cbr4) of domain 2. Type-B has only one HCH motif in cbrl, whereas the HCH motif
in type-C is present in the second cbr of domain 1 (cbr2). So far, two-domain laccases
have only been discovered in bacterial species [Komori et al., 2009].

Because of their relevance in biotechnological applications, laccases were exhaustively
investigated in this thesis. For this purpose, a method based on profile hidden Markov
models (HMMs) was applied that captures putative laccases in genome and metagen-
ome data. The aim of the analysis was to get a deeper knowledge into the diversity and
functions of laccases in bacteria.
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Figure 6.20: Structure of two-domain and three-domain laccases: In three-domain lac-
cases, domain 2 is embedded between domain 1 and domain 3, which
contain together four copper-binding regions (cbr). In two-domain laccases,
the middle domain is missing.

6.5.2 Database construction

A database containing 3,602,197 proteins from annotated draft genomes in the NCBI
database was obtained (September, 2010) to search for putative laccases. Altogether, the
proteins originated from 995 microbial genomes. Excluding one viral and six archaeal,
all sequences are of bacterial origin. Moreover, a database of proteins from complete
NCBI genomes was included into the analysis, which contains 3,819,638 proteins from
1,216 genomes (September, 2010). A joint database of the proteins from the draft and
complete genomes was constructed, which was used to examine the diversity of laccases
in bacterial genomes. Overall, the joint database stores proteins from 2,211 microbial
genomes.

6.5.3 Building of profile hidden Markov models representing laccase
proteins

A two-step approach was applied to build a profile HMM for the identification of
laccase-like proteins encoded in microbial genomes or metagenomes. In the first step,
an initial profile HMM was generated. For this purpose, a BLAST search was performed
against the NCBI non-redundant protein database (nr). Four characterized queries were
chosen for the search for two-domain laccases, namely the type-B laccases

¢ SLAC from Streptomyces coelicolor [Machczynski et al., 2004],
¢ EpoA from Streptomyces griseus [Endo et al., 2003]

as well as the type-C laccases from
* Nitrosomonas europaea [Lawton et al., 2009],

¢ a metagenome [Komori et al., 2009].
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For each query, the first 100 hits were selected. In total, 400 sequences were obtained by
the BLAST searches.

The same procedure was repeated with queries that represent three-domain laccases.
Known bacterial three-domain laccases are encoded by

* Bacillus licheniformis ATCC 14580 [Koschorreck et al., 2008],
Bacillus subtilis subsp. subtilis str. 168 [Martins et al., 2002],
Escherichia coli str. K-12 substr. MG1655 [Roberts et al., 2003],

Bacillus halodurans C-125 [Ruijssenaars and Hartmans, 2004],
Thermus thermophilus HB27 [Miyazaki, 2005],
 Streptomyces cyaneus strain CECT 3335 [Arias et al., 2003],

* Streptomyces lavendulae REN-7[Suzuki et al., 2003],
e Marinomonas mediterranea [Sanchez-Amat et al., 2001].

Similarly, the best 100 hits for each query were selected. Overall, 800 sequences were
collected.

Since the results of the BLAST searches for three-domain laccases contained sequences
representing two-domain laccases, criteria were defined to distinguish both groups.
Therefore, sequences obtained by all BLAST searches were joined. Moreover, duplicates
and sequences without the four conserved copper-binding regions were removed. An
analysis of the lengths of the whole proteins as well as of the region between the
copper-binding region 1 (cbrl) and copper-binding region 4 (cbr4) was carried out. The
length of the whole protein sequence of two-domain and three-domain laccases did not
separate both groups (Fig. 6.21a), but the distance between cbrl and cbr4 is surprisingly
constant within each group (Fig. 6.21b). The fragment between cbrl and cbr4, herein
noted as cbrl4, has in two-domain and three-domain laccases an average length of
approximately 200 and 390 amino acids, respectively. The Figure 6.21 indicates that the
two-domain and three-domain laccases can be distinguished on the basis of the length
of the cbr14 fragment rather than the complete length.

Based on this observation, 160 sequences representing putative two-domain laccases
remained, which were separated into three different types as proposed by Nakamura
[Nakamura et al., 2003]. Type-A has a conserved copper-binding domain including the
HCH motif in cbrl and cbr4, whereas type-B and type-C have a HCH structure in
cbrl and cbr2, respectively. Based on these characteristics, the sequences were grouped
into the three different types. In order to reduce a potential bias of the models, similar
sequences derived from related species were manually deleted. Each group was aligned
using MUSCLE [Edgar, 2004a, Edgar, 2004b] and the alignments were modified by
deleting all columns prior to cbrl and after cbr4. Based on the alignments, profile
HMMs were built for the type-B and type-C laccases. Since type-A laccases represent
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Figure 6.21: Length distributions of (a) the whole sequences of the laccase proteins
and (b) the fragment between copper-binding region 1 and copper-binding
region 4: It is not possible to separate two-domain and three-domain
laccases based on the whole protein sequence, but there is a clear difference
in the fragment size covering the four copper-binding regions (cbr) in
both groups. Based on this observation, two-domain and three-domain
sequences can be distinguished.
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archaeal sequences and the focus is on studying bacterial sequences, the sequences
of type-A laccases were excluded from further analysis. The initial profile HMM
representing type-B laccases is based on 97 sequences, while 19 sequences were used to
build the type-C initial profile HMM.

In case of three-domain laccases, 580 sequences were extracted. More difficulties arose
when addressing the categorization of three-domain laccases since many highly diverse
sequences were retrieved. Nevertheless, the length plot of the protein fragments covering
cbrl to cbr4 (Fig. 6.21b) indicates a dominance of sequences with a length below 450
amino acids, which are partly similar in sequence (data not shown). To avoid bias in the
model introduced by the short sequences, three models were generated. 324 sequences
have a cbrl4 length below 450 amino acids and are represented by the group "small3d".
The large sequences that reached a length of at least 450 were assigned to the group
"big3d". In addition, a third laccase model, termed "cotA", was established based on 41
sequences that differ in sequence from the previously described laccase sets.

The four initial profile HMMs were applied to specifically search for more laccase
sequences. For this purpose, the NCBI protein database based on annotated complete
genomes was utilized for the search. After filtering duplicates, separating the sequences
based on the length of cbr14 and locating the triplet HCH, 49 and 96 sequences were
extracted for the type-C and type-B two-domain laccases, respectively. For building
the final model for small3d and big3d, 324 and 215 laccase fragments were utilized,
respectively. The model cotA still represents 41 laccase sequences. In summary, five
profile HMMs were constructed based on laccase proteins available from the NCBI
database.

6.5.4 Distribution and functions of bacterial laccase-like proteins in NCBI
database entries

The five profile HMMs were applied for exhaustive searches for laccase-like proteins
in the database of proteins that were annotated in NCBI complete and draft genomes.
Overall, 221 two-domain laccases and 1,019 three-domain laccases were identified
with the corresponding models (Tab. 6.7). In total, 1,240 unique protein sequences for
laccase-like enzymes were discovered in 807 different microorganisms, which are 36%
of 2,211 organisms included in the study. 252 organisms encode more than one laccase
protein: 58 organisms have 3 proteins, 18 have 4 protein, 16 have 5 proteins and 7 harbor
more than 5 genes for laccase-like proteins. The species Xanthobacter autotrophicus Py2
contains with 10 genes the highest number of putative laccase genes. Both Sulfitobacter
sp. NAS-14.1 and Sorangium cellulosum So ce56 have eight proteins encoded on their
genomes.

Next, the genes in X. autotrophicus Py2 are examined in order to deduce the putative
functions of laccases. Therefore, annotations of the genes upstream and downstream of
the identified laccase genes were obtained from the NCBI database. In the genome of
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Figure 6.22: Genomic fragments of Xanthobacter autotrophicus Py2 encoding laccase-like

genes: A fragment of the length 5,528 (red bar on the scales) encoding a
laccase is identical on the (a) chromosome and (b) plasmid pXAUTO01 of X.
autotrophicus. (c) An operon encoding an outer membrane efflux protein,
laccase and copper domain-containing protein, which might be relevant
for mediating resistance for metals in X. autotrophicus Py2.
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Table 6.7: Summary of the identified laccase-like proteins identified in draft and com-
plete genomes

laccase type model total® unique entries? No (%) of signal
name peptides
. typeC2D 63 63 40 (63.5
two-domain tzgeBZD 158 158 127( (80.21)
small3D 822 355 303 (85.4)
three-domain big3D 308 159 118 (74.2)
cot3D 200 38 26 (68.4)
sum 12403 943 (76.0)

Total no. of proteins retrieved with the model

ZNo. of proteins not retrieved with any other model

3No. of unique protein entries identified with the five models. Additionally, 467 entries
are retrieved by more than one three-domain model.

X. autotrophicus Py2, four of the laccase-like genes are in close proximity to transposases.
Two genomic fragments each of the length 5,528 bases are completely identical and
carry genes for a putative laccase as well as a transposase. The copied fragments are
located on the plasmid pXAUTO1 (accession: CP000782, position: 93,391 - 98,918 bp)
and the chromosome of Xanthobacter autotrophicus Py2 (accession: CP000781, position:
2,524,546 - 2,530,073 bp) (Fig. 6.22). This example shows that a duplication of a fragment
carrying a putative laccase has occurred in X. autotrophicus.

The actual functions of laccases are not completely understood. Multicopper oxidases
were already reported to be involved in sporulation, utilization of plant phenolic com-
pounds and mediating resistance to copper and iodide [Arnesano et al., 2003]. Copper
functions as bactericides as a high copper concentration causes damages in molecules.
Therefore, a regulation of copper concentration in the cytoplasm of a cell is important.
In X. autotrophicus, the putative laccase gene (Xaut_4602) is located adjacent to a gene
encoding a blue copper domain-containing protein (Xaut_4603) (Fig. 6.22c). The latter
protein shows a high similarity to copper resistance proteins. A link between this protein
and a laccase was reported in mediating copper resistance [Grass and Rensing, 2001,
Arnesano et al., 2003]. In surveys, copper domain-containing proteins and multicopper
oxidases are described as periplasmic copper-binding proteins, which regulate cop-
per concentration in the cytoplasm [Grass and Rensing, 2001, Arnesano et al., 2003].
A further gene associated with copper resistance is an outer membrane efflux pro-
tein, which is likely involved in copper transportation through the outer membrane
[Espariz et al., 2007]. Upstream of the gene encoding the putative laccase (Xaut_4602)
is a gene representing an outer membrane efflux protein (Xaut_4601) in the genome of
X. autotrophicus (Fig. 6.22c). The genes are predicted to be co-regulated in an operon in
the OperonDB [Pertea et al., 2009], which stores potential operon structures in bacterial
genomes. Proteins encoded in the same operon typically have closely related biological

106



6.5 Characterization and identification of laccases

functions. This observation indicates that X. autotrophicus Py2 possesses a system
that contributes resistance to copper or a similar metal. Moreover, genes encoding
multicopper oxidases (Xaut_3196, Xaut_3408, Xaut_3971) are located closely to iron-
associated genes (Xaut_3197, Xaut_3198) or cobalt-zinc-cadium efflux genes (Xaut_3406,
Xaut_3972) in X. autotrophicus. As multicopper oxidases are linked with iron acquisition
[Huston et al., 2002] and cobalt, zinc, cadium resistance [Tamas and Martinoia, 2006],
the proteins may mediate iron and zinc homeostasis in X. autotrophicus. Overall, the
putative laccases in X. autotrophicus might mainly maintain resistance towards metals
or are duplicates by transposase-mediated gene transfers.

In Pseudomonas stutzeri A1501, a gene encoding CopRS (PST_2711, PST_2712), which is
a regulator for copper tolerance, was identified close to an operon containing genes
for a multicopper oxidase (PST_2715) and a copper resistance protein (PST_2717). The
gene copRS encodes a two-component signal transduction system, which is required for
sensing copper ion concentrations and induction of the expression of genes regulating
copper homeostasis [Hu et al., 2009, Schelder et al., 2011]. A further regulator involved
in copper stress is a member of the MerR family, which is broadly distributed in bacteria.
MerR belongs to the metal-responsive regulators and was characterized to regulate
the expression of a multicopper oxidase in E. coli [Rensing and Grass, 2003]. A gene
encoding MerR (Bcep1808_3973) was identified close to a gene for a multicopper oxidase
(Bcep1808_3977) on the chromosome of Burkholderia vietnamiensis G4. The latter gene is
additionally surrounded by genes encoding copper resistance proteins (Bcep1808_3974,
Bcep1808_3975) and an outer membrane efflux protein (Bcep1808_3978).

Moreover, the distribution of laccases in microbial genomes was studied. Several phyla
were represented with very few sequences, while in other groups many laccase genes
were retrieved (Fig. 6.23). As an example, 852 sequences belonged to Proteobacteria,
which is 69% of the total number of identified laccases. A reason for the unbalanced
coverage of the microbial organisms might be the bias of sequencing efforts towards
Proteobacteria. Within this phylum, 368 sequences belonged to Gammaproteobacteria with
only 14 of these encoding two-domain laccases. Alphaproteobacteria and Betaproteobacte-
ria are two further classes that carry 63 and 76 genes, respectively, encoding two-domain
laccases, which are completely absent in the classes Deltaproteobacteria and Epsilonpro-
teobacteria.

In total, 172 proteins were identified in the phylum Actinobacteria. Ten of these (6%) are
two-domain laccases, which are common among Streptomyces. The phyla Acidobacteria
and Bacteroidetes seem to lack two-domain laccases, whereas no three-domain laccases
were found in Planctomycetes. Finally, 34 laccases were discovered in Cyanobacteria.
Notably, all eight two-domain laccases within this class were assigned to type-C.

In the phylum Firmicutes, 98 laccase-like proteins were uncovered by the model. In
some Firmicutes species, including Streptomcyes and Bacillus, multicopper oxidases
were suggested to participate in the biosynthesis of a brown spore pigment during
sporulation [Hullo et al., 2001]. Indeed, a multicopper oxidase gene (Btus_1147) is
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Figure 6.23: Proportions of two-domain (dark green) and three-domain (light green)
laccases in phyla and classes of Proteobacteria: The relative amount of two-
domain laccases is shown for bacterial genomes in different phyla (left)
and classes of Proteobacteria (right). The numbers in brackets represent the
total number of laccase genes found in each taxon.

annotated next to a gene for a spore germination protein (Btus_1146) in Bacillus tusciae
DSM 2912.

In the next step, the location of the genes for laccases was examined on the genome. The
information whether a gene is located in a chromosome or plasmid is only provided
by the protein database based on complete genomes. Overall, 749 genes for putative
laccases were identified in the genomes, whereas 76 genes were encoded on plasmids
originating from 46 different microbes (Fig. 6.24). Some organisms, e.g. species of
Mycobacterium, Ralstonia and Leuconostoc carry laccase-like genes only on plasmids (Fig.
6.24). One third of these (34%) are associated with various Rhizobiales species, which
usually have multiple genes for laccases in their genomes. In the Rhizobiales species
Sinorhizobium fredii NGR234, a laccase-like gene (NGR_b14380) is annotated next to
a manganese transport regulator (NGR_b14390). Rhizobia establish symbiosis with
plants to fix nitrogen [Weidner et al., 2003]. Mutations in a gene for manganese uptake
caused a symbiotic defect [Davies and Walker, 2007]. It has been demonstrated that a
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high manganese level influenced the laccase production in fungi [Stajic et al., 2006].
Therefore, the putative laccase gene might be essential for manganese oxidation in
order to establish a functional symbiosis.

Deinococcus geothermalis DSM 11300
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Methylobacterium extorquens AM1
Cupriavidus metallidurans CH34
Xanthobacter autotrophicus Py2
Thermomicrobium roseum DSM 5159
Spirosoma linguale DSM 74
Sinorhizobium meliloti 1021
Sinorhizobium medicae WSM419
Ruegeria pomeroyi DSS-3

Rhodococcus opacus B4

Rhodococcus jostii RHA1

Rhodococcus erythropolis PR4
Rhizobium sp. NGR234

Rhizobium leguminosarum bv. trifolii WSM2304
Rhizobium etli CIAT 652

Rhizobium etli CFN 42

Ralstonia solanacearum GMI1000
Polaromonas naphthalenivorans CJ2
Phenylobacterium zucineum HLK1
Nocardia farcinica IFM 10152
Nitrobacter hamburgensis X14
Mycobacterium sp. KMS

Mycobacterium gilvum PYR-GCK
Methylobacterium nodulans ORS 2060
Mesorhizobium sp. BNC1

Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293
Leuconostoc citreum KM20

Lactococcus lactis subsp. cremoris SK11
Klebsiella pneumoniae subsp. pneumoniae MGH 78578
Klebsiella pneumoniae NTUH-K2044
Haloterrigena turkmenica DSM 5511
Haloferax volcanii DS2

Escherichia coli APEC O1

Enterobacter cloacae subsp. cloacae ATCC 13047
Dinoroseobacter shibae DFL 12
Cronobacter turicensis z3032
Burkholderia vietnamiensis G4
Burkholderia sp. CCGE1002
Burkholderia multivorans ATCC 17616
Bradyrhizobium sp. BTAi1

Azospirillum sp. B510

Arthrobacter sp. FB24

Arthrobacter aurescens TC1
Agrobacterium vitis S4

||||||||'|||'|||"'||"||||||||||||||||"|||"
I

o -
N -
s~ -
o -
© -
=
o

Figure 6.24: List of species that harbor laccases in their plasmids: The bars represent
the number of laccase genes in genomes (dark green) and the number of
laccase genes in plasmids (light grey). The length of the bar shows the total
number of genes identified in each organism.

The identified laccase-like proteins were further analyzed for the presence of signal pep-

tides using SignalP [Petersen et al., 2011]. Surprisingly, three quarters of the enzymes
contain putative signal peptides at the N-terminal end indicating that the majority of
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the bacterial laccases may be exported out of the cytoplasm. So far, this observation is
contrary to the current knowledge [Sharma et al., 2007].

6.5.5 Bacterial laccase-like sequences in metagenomic datasets

MetaSAMS stores 27,576 contigs assembled from metagenome reads that were obtained
from a biogas plant (Section 6.2). The annotated proteins on the contigs were compared
to the five laccase models in order to identify putative laccase genes. Therefore, the
HMM interface of MetaSAMS was utilized. Only one protein matched to the model of
the three-domain laccases (Fig. 6.25). A subsequent BLAST search against the NCBI
protein database using standard settings revealed that the identified laccase protein
exhibits a similarity of 59% to a spore coat protein from Clostridium sp. 7_2_43FAA
(accession: ZP05132033).
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Figure 6.25: Metatig view of a metatig encoding a laccase-like protein: Using the HMM-
interface, a putative three-domain laccase was identified on one metatig,
which was assembled from reads obtained from a biogas plant.

Recently, it has been reported that marine bacterial species have the potential to de-
grade lignin [Palanisami et al., 2010]. Laccases were identified in marine metagenomes
using functional screenings [Fang et al., 2011]. The discovered laccase has properties
of alkalescence-dependent activity, high chloride tolerance and the ability to decol-
orize several industrial dyes under alkalescent conditions. These characteristics are
interesting with respect to potential industrial applications. Because of this, the marine
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metagenome of the Global Ocean Survey [Venter et al., 2004] was used to search for
sequences matching the five laccase models. For this purpose, metagenome reads of the
Global Ocean Survey were obtained from CAMERA [Sun et al., 2011]. The metagenome
consists of approximately 12 million reads, which were translated into the six reading
frames.

The profile HMM-based search retrieved numerous hits for prokaryotic laccases. In
total, 277 and 847 translated sequences exhibit similarities to two-domain and three-
domain laccase-like sequences, respectively, which properly align to the copper-binding
regions. As the average length of the gene fragment encoding the cbr14 of laccases is
approximately 600 bases and 1,170 bases in two-domain and three-domain laccases,
respectively, the Sanger-reads may not cover all copper-binding regions. However, for
the two-domain laccases, some of the translated reads included all four copper-binding
regions (Appendix, Fig. A.1).

Finally, a taxonomic profile of the matching 1,124 reads was generated by executing
CARMAS3 [Gerlach and Stoye, 2011]. In total, 1,045 (93%) sequences could be affiliated
to a superkingdom (Fig. 6.26). With 89% of the reads encoding laccases, Bacteria are
the largest superkingdom. Archaea and Eukaryota are represented each with 2% of the
sequences, and only 7% of the sequences are unknown.

Two of the 22 identified archaeal sequences were assigned to the family Nitrosopumi-
laceae. Both sequences encode three-domain laccases. Nitrosopumilus maritimus SCM1
belongs to the same family and is identified in the previous genome-based study with
both two- and three-domain laccases. The remaining 20 archaeal sequences are of
unknown origin. Surprisingly, 22 sequences were assigned to the eukaryotic superk-
ingdom indicating that the profile HMMs are capable to capture not only laccase-like
proteins of bacterial but also of eukaryotic and archaeal origin. Six reads encoding
only one or two conserved copper-binding regions were further classified to belong
to the green algae from the phylum Chlorophyta. Soil algae were recently reported
to encode laccase genes [Otto et al., 2010]. Only one of the six sequences was affili-
ated to an order, namely Mamiellales, which contains several widespread marine taxa
[McDonald et al., 2010]. In addition, one read was assigned to the class Dothideomycetes,
which belongs to the Fungi kingdom. Laccases were previously described in species of
the class Dothideomycetes [Luis et al., 2004].

The majority of the metagenome sequences encoding laccases were assigned to the
superkingdom Bacteria (89%). Only, 5 of the bacterial sequences were not classified on
rank phylum. The most abundant phyla belonging to Bacteria are Proteobacteria (86%)
and Cyanobacteria (2%). Similar to the previously described genome-based analysis,
many laccases were identified among species of Alphaproteobacteria, Betaproteobacteria
and Gammaproteobacteria, whereas Deltaproteobacteria are with 5 reads encoding only
three-domain laccases less common. Within the phylum Alphaproteobacteria, the genera
Citromicrobium, Sphingomonas, Roseobacter and Erythrobacter were identified with more
than two EGTs encoding laccases. These genera were also present in the laccase database

111



6 Application examples
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Figure 6.26: Taxonomic tree of metagenome reads encoding putative laccases: Meta-

assigned using CARMAZ3. The classification was visualized by means of an

genome reads that were matching the laccase models were taxonomically
unpublished in-house tool.
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obtained from bacterial genomes. Proteobacteria is represented by the genera Ralstonia,
Limnobacter and Burkholderia. The latter is the most abundant genus that carries laccases-
like genes. The most abundant genera belonging to the phylum Gammaproteobacteria are
Shewanella, Pseudomonas, Alteromonas and Pseudoalteromonas. Except of Glaciecola and
Rheinheimera, all genera of Betaproteobacteria and Gammaproteobacteria are represented
by species in the laccase database obtained from bacterial genomes. Two reads with
taxonomic assignments to Glaciecola and Rheinheimera were identified in the metagen-
ome encoding putative laccases. A detailed analysis of the composition of the NCBI
protein databases revealed that the two genera were missing in the genome database
in September 2010. 10 of the 21 cyanobacterial sequences were further classified to
the genus Synechococcus, which is present in the genome-based profile. Only 8 laccase
genes (0.8%) were assigned to the phylum Actinobacteria with Actinomycetales as the
only order.

The phylum Bacteroidetes was identified with five reads, which were deeper classified to
the order Flavobacteriales. The phylum Verrucomicrobia is present with five reads. Both
phyla were identified in the taxonomic profile based on genomic laccases (Fig. 6.23).
Finally, Spirochaetes and Nitrospirae were predicted each with one read encoding a two-
domain and three-domain laccase, respectively. One read of the phylum Spirochaetes
was classified to the family Leptospiraceae. In the genome database, species of this family
possess three-domain laccases. Similarly, Candidatus Nitrospira defluvii, the only species
of the phylum Nitrospirae, is detected to encode laccases in the complete genomes
database.

CARMAZ3 could assign 386 sequences (34%) to a genus. Approximately 66% of the
classifiable EGTs encoding laccases were affiliated to Burkholderia followed by Shewanella
and Pseudomonas with 11% and 4%, respectively. Finally, 29 sequences were classified
on species level. Burkholderia sp. TJI49 is represented by 7 reads, whereas Shewanella sp.
ANA-3 was assigned to 8 EGTs. The latter species was identified in the laccase genome
database. The translated metagenome sequences, which were affiliated to Shewanella sp.
ANA-3, are identical to the proteins encoded by the respective genome.

Overall, the identified bacterial taxa are also abundant in the database of complete and
draft genomes carrying laccase genes, except for the organisms that were absent in the
NCBI database. This analysis indicates that the HMM-based search is a powerful tool
for the identification of bacterial laccase proteins in translated metagenome sequences.
Moreover, 34% of the laccase-like sequences were affiliated to a genus indicating the
presence of so far unknown taxonomic groups and novel laccase.
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CHAPTER [

Discussion

This chapter highlights and discusses the novelties and major outcomes of the de-
signed and implemented methods for the analysis of whole-shotgun metagenome,
16S rDNA amplicon and metatranscriptome data. Moreover, new insights into the
biogas-producing community are emphasized. In this regard, main aspects of the
whole-shotgun metagenome, 165 rDNA amplicon and metatranscriptome approach are
critically examined. Finally, this chapter focuses on the interpretation of the outcomes
of the search for laccase-like genes in genomes and metagenomes.

7.1 MetaSAMS - Advantages and limitations

MetaSAMS is a web-based system for performing automated taxonomic and functional
analysis of metagenome data. It complements the existing genomics, transcriptomics,
proteomics and metabolomics software platforms at Bielefeld University. The system
proved to be a useful platform for exploring metagenome datasets of a complex biogas-
producing microbial community as presented in Chapter 6. Apart from this, MetaSAMS
has been applied in several collaborations to describe the taxonomic and functional
characteristics of metagenomes obtained from various habitats, such as watt sediments,
silage and biogas batch systems [Rademacher et al., 2012]. Moreover, results generated
by MetaSAMS have been recently published [Rademacher et al., 2012]. This illustrates
that the requirements for the storage and interpretation of metagenome data have been
successfully addressed.
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In this thesis, MetaSAMS has been applied to a metagenome obtained from a bio-
gas plant. The results calculated by MetaSAMS are in accordance to previously de-
scribed observations of the same biogas plant [Schliiter et al., 2008, Krause et al., 2008a,
Jaenicke et al., 2011]. Moreover, the results are similar to the outcomes obtained by
other analysis methods such as 16S rRNA clone libraries and polymerase chain reac-
tion single strand conformation polymorphism (PCR-SSCP), though the samples were
obtained from different biogas plants [Chachkhiani et al., 2004, Klocke et al., 2007].

The application case within this thesis demonstrated that MetaSAMS is capable of per-
forming various tasks encountered in the metagenomics field. MetaSAMS accomplishes
taxonomic profiling, functional assignment, a mapping of reads and various searches
for genes of interest. The platform offers parameterized tools that can be submitted
to a compute cluster allowing for performing the required analysis in an appropriate
time. Moreover, MetaSAMS provides flexible parameter settings for the visualization
of the results, for instance, the confidence value obtained from the RDP Classifier is
adjustable over the web-interface. Such flexible settings are often not provided in the
most commonly used metagenome platforms.

A further advantage of MetaSAMS is the availability of different taxonomic classifiers.
The profiles can easily be compared to each other. A comparative analysis of taxo-
nomic analysis is not facilitated in existing metagenome analysis platforms, where
the taxonomic analysis relies on the classifications based on best BLAST hits or LCA
assignments [Meyer et al., 2008, Huson et al., 2011]. The MetaSAMS system applies
state-of-the-art methods and supports the possibility for a rapid integration of novel
analysis algorithms. This is in particular an advantage, as taxonomic classification
methods are constantly published.

However, the results of the taxonomic tools still have a significant degree of un-
certainty. Therefore, the generated profiles should be interpreted with caution. The
taxonomic classification relies on the content of used databases, which are often biased
towards cultivable organisms. Hence, many so far unknown species remain unas-
signed or are not classified on lower ranks. To illustrate this point, in MetaSAMS,
only 11% of metagenome reads obtained from a biogas-producing community have an
assignment on lower ranks using the EGT-based approach implemented in CARMA3
[Gerlach and Stoye, 2011].

In particular, the Metatig pipeline, a full-featured gene calling and annotation pipeline,
is a valuable tool for functional analysis. For regional annotation, heterogeneous gene
prediction tools are performed. Due to the modular design of MetaSAMS, additional
gene prediction tools can easily be integrated into the system. Similarly, functional tools
for the annotation of potential coding regions can be added rapidly. The advantage
of the Metatig pipeline is that it reduces the number of sequences that have to be
functionally analyzed. Instead of comparing each read against entries in databases,
genes are annotated. Consequently, the computing time is decreased. The BLAST- and
HMM interfaces can be used to search for reads that were not used for the assembly of
the contigs. Thereby, MetaSAMS ensures that genes of interest, which are not annotated
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on contigs, can still be identified in metagenome reads.

More importantly, the Metatig pipeline enables the discovery of full-length or parts of
genes with functions of interest by using targeted searches. This feature is unique for
MetaSAMS, as methods for the identification of specific genes are missing in existing
metagenome platforms.

Similar to taxonomic assignments, the functional annotation depends on the use of
databases, which contain DNA and protein sequences of known organisms. Moreover,
the predicted functions should be considered carefully. The identification of a closely
homologous gene encoding a specific enzyme does not necessarily imply that the
metabolic pathway is present in the metagenome, since some enzymes can occur in
multiple pathways, where they catalyze different reactions. A further drawback of the
Metatig pipeline is the presence of potential chimeric contigs in the data. Hence, the
identified genes might originate from different species. In addition, the abundances of
the genes should be critically examined, as highly conserved genes might consist of a
high number of reads originating from different organisms.

A bottleneck of MetaSAMS is the storage of the results for large metagenomic datasets,
for example, obtained by the Illumina technique. A solution for this problem would be a
data reduction step prior to the import of the results to the MetaSAMS platform. More-
over, a proper normalization is required for the interpretation of the results. MetaSAMS
estimates the relative abundances in relation to the total number of sequenced reads
in an analyzed dataset. However, species with a large genome or long genes are more
likely sampled and sequenced. Hence, species and functions will be overrepresented in
a taxonomic and functional profile, respectively. Therefore, normalization towards the
genome size of the closest known relative would improve the community analysis.

In addition, there are some intrinsic biases that might influence the taxonomic and
functional profiling. Metagenomics has still drawbacks regarding the biological pro-
cedure. Different extraction methods might influence the genomic material and con-
sequently shift the taxonomic abundances. The variation of taxonomic abundances
in relation to DNA isolation methods are well described in metagenomic studies
[Delmont et al., 2011]. Despite these disadvantages, metagenomic surveys give valuable
and considerable insights into the taxonomic structure and functional characteristics of
a microbial community. As illustrated in the application case in this thesis, MetaSAMS
is suitable to acquire knowledge about a microbial community of interest and to identify
specific genes of potential biotechnological relevance.

7.2 Challenges in 16S rDNA amplicon sequencing

The pipeline AMPLA has been designed that uses scripts of existing pipelines and
state-of-the-art methods for the analysis of 16S rDNA amplicon data obtained by
high-throughput sequencing. AMPLA includes a quality control step using QIIME
[Caporaso et al., 2010], SLP [Huse et al., 2010] and UCHIME [Edgar et al., 2011]. More-

117



7 Discussion

over, OTU clustering is performed using UCLUST [Edgar, 2010] and taxonomic profiling
by means of the RDP Classifier [Wang et al., 2007].

An advantage of using high-throughput amplicon sequencing for taxonomic profiling
is the higher amount of classifiable reads. In the analyzed biogas sample, 6% of the
16S rDNA amplicon sequences were not assigned to a phylum, whereas 64% and 55%
of metagenome 16S rRNA genes and mRNA tags were not classified on this rank,
demonstrating that the hypervariable regions covered by the amplicons improve the
classification compared to the whole shotgun metagenome sequencing strategy. The
amplicon analysis reveals that Methanoculleus is among the most abundant genera in
the biogas-producing community. In addition, the analysis of the ten most abundant
OTUs indicates that for some of the OTUs no corresponding reference sequence to
known, well-characterized species are available suggesting that still many species resid-
ing in the biogas plant are unknown. However, the sequences are representatives of
valid species, as identical sequences are found in digestion systems fed with other sub-
strates [Riviére et al., 2009]. The distribution of identical sequences in further habitats
highlights the relevance of the species in the anaerobic digestion process. The deeper
resolution of high-throughput sequences became noticeable when comparing the repre-
sentative sequences for some dominant OTUs in 16S rRNA clone libraries of the same
biogas sample [Krober et al., 2009]. The amplicon survey detected highly represented
OTUs that were missing in 165 rRNA clone libraries of the analyzed fermentation
sample of the same biogas plant [Krober et al., 2009].

The subsequent phylogenetic analysis of archaeal sequences confirms previous results
that species of the genus Methanoculleus are highly represented within the methanogenic
archaeal community [Krober et al., 2009]. The identification of phylogenetic clusters
without known species references highlights that the archaeal community is so far in-
completely described. Identical 165 rDNA amplicon sequences occur in other anaerobic
habitats suggesting the importance of these archaeal species. Notably, archaeal OTUs
were detected that are similar to sequences obtained from other habitats. The phyloge-
netic analysis affiliates the representative sequence of an unknown Archaea to a species
related to Methanomassiliicoccus luminyensis B10 [Dridi et al., 2012]. Although this OTU
is common in other samples obtained from Italian rice field soil [Liu and Conrad, 2011]
or the human gut, a taxonomic characterization for this OTU on species level is until
now not available.

Still, the processing of 165 rDNA amplicon sequences is a challenging procedure, which
became obvious during the interpretation of the data. The analysis deals with chimeric
sequences and pyrosequencing errors that may overestimate the number of OTUs in a
sample. The existing tools identify such artifacts not accurately. Some representative
archaeal 16S rDNA sequences are likely chimeric, since a manual BLAST search for
selected 16S rDNA amplicon sequences produced hits to different organisms for each
end of the reads. Because of this problem, researchers have suggested to remove sin-
gletons from the post-processing analysis [Reeder and Knight, 2009]. This step would
eliminate rare species such as a related Aminobacterium species, which is represented
with one read in the 16S rDNA amplicon dataset.
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MeTra

Further issues in 16S rDNA analysis occur in steps prior to the sequencing. The usage
of primers for the amplification may induce a bias towards the replicated fragments.
Comparing the taxonomic classifications of 165 rDNA amplicon sequences with the
profile of the metatranscriptome 16S rRNA fragments shows the absence of Methanobac-
terium. So far, the reason for the absence of sequences in the amplicon dataset is not
clear. A missing taxon may shift the relative abundances. Another issue is the phylo-
genetic marker itself that may influence the relative abundances. In some microbes,
multiple 16S rRNA genes occur. Thus, the amplicon sequences would overestimate
the abundances of these species. A normalization of the taxonomic results would be
necessary to obtain reliable abundances of the corresponding species. Although there
are several pipelines and tools available, manual inspections were required during the
performed analysis, as the tools have missed artifact sequences in the quality control
step. Nevertheless, 165 rDNA amplicon sequencing is a valuable and cheap method to
get a global view of the microbes that reside in a habitat of interest.

7.3 Analysis of a metatranscriptome of a biogas-producing
community by means of MeTra

The results of the first metatranscriptome approach of a biogas-producing community
have been demonstrated in this thesis. In this respect, the pipeline MeTra has been de-
signed that allows the annotation of different RNA types including rRNA, mRNA and
non-coding RNA. Most of these were assigned to the phyla Firmicutes and Euryarchaeota.
This tendency was confirmed by a profile based on expressed mRNA tags indicating
that these phyla contribute most of the transcripts in the biogas plant. Transcripts for
enzymes functioning in methanogenesis are among the most abundant mRNA tags
indicating that the corresponding pathway is very active in the methanogenic sub-
community. As the metatranscriptome was not enriched for mRNA tags, the number
of sequences encoding proteins is very low. Nevertheless, genes for enzymes partici-
pating in major steps of anaerobic digestion were identified among the mRNA tags.
To obtain a deeper functional profile, mRNA enrichment or rRNA depletion would be
required. Recently, techniques for removal of ribosomal RNA in a metatranscriptome
RNA preparation were outlined [He et al., 2010a].

In addition, a detailed study of non-coding RNA was carried out. The identification
of non-coding RNAs enables to broaden the research field of metatranscriptomics.
Studies of non-coding RNAs in metatranscriptomes are very rare [Shi et al., 2009,
Gosalbes et al., 2011]. However, the most abundant non-coding RNA families are
also highly abundant in the transcriptome of microbial communities from differ-
ent habitats [Shi et al., 2009, Gosalbes et al., 2011] as well as of single microorganisms
[Block et al., 2011] indicating that the pipeline produces valuable results. Unfortunately,
functional, non-coding RNAs are so far not well described making it challenging to
decipher the regulation process based on non-coding RNAs. The taxonomic analysis
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based on non-coding RNAs showed that they are highly transcribed by species par-
ticipating in the anaerobic digestion process. Therefore, understanding the functions
and regulations of non-coding RNAs in the biogas plant might help to reconstruct the
biogas formation process and control the methane yield.

Several factors have to be considered as intrinsic biases during the metatranscriptome
analysis implicating that the data might not represent the whole complexity of tran-
scripts synthesized by a microbial community [Velculescu et al., 1995]. Transcript-based
analysis may be influenced by the instability, rapid turnover and short cellular half-life
of the RNA [Poretsky et al., 2005]. In addition, biases may be introduced during RNA
extraction and enzymatic conversion of RNA into cDNA. As a consequence, functional
and taxonomic information might remain unexplored in the data analysis. Similarly to
the metagenome-based analysis, the taxonomic and functional profiles are dependent
on existing databases, which are likely biased towards cultured species. Despite these
pitfalls, metatranscriptomics is a potential approach to address questions regarding
active organisms and functions of the biogas-producing community.

Overall, three approaches, namely whole metagenome shotgun, 165 rDNA amplicon
and metatranscriptomics, were performed to study a biogas-producing community.
Each of these approaches has advantages and disadvantages. However, a combination
of the outcomes gives a comprehensive understanding of the organisms residing in a
biogas plant and their metabolic functions.

7.4 ldentification of laccases using hidden Markov models

Nature has invented a variety of enzymes, which are potentially useful for biotechno-
logical applications. Instead of engineering industrially optimal enzymes, it is possible
to search for genes of interest encoded by microorganisms that live in environments
matching industrial conditions. Herein, a method based on profile hidden Markov
models (HMM) [Eddy, 2011] has been designed and applied to identify genes en-
coding laccases-like enzymes in metagenomes obtained from the biogas-producing
community as well as an ocean sampling project. Such probabilistic models of pro-
tein families are commonly used in the analysis of high-throughput sequencing data
[Krause et al., 2008a, Pope et al., 2010]. The main advantage of a profile HMM-based
approach is the high accuracy in detecting conserved domains compared to other
methods such as BLAST. As laccase proteins are conserved in the four copper binding
regions, the usage of profile HMMs is suitable for a sequence-based search.

Since salt- and pH-tolerant laccases are desired for industrial applications, marine
metagenomes are promising to identify laccases with desired characteristics. Using in
silico screenings, novel putative laccase genes were discovered that might be relevant
for industrial applications. Moreover, reads were identified that covered all central
regions of the small bacterial laccases (two-domain laccase). In the metagenome from
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a biogas plant only one gene has been found. A probable reason for the low number
of laccase-like genes is the anaerobic environment in the biogas plant. For activity,
laccases require aerobic conditions. However, it is likely that the organisms residing
in the biogas fermenter use other enzymes, such as peroxidases, for breakdown of
phenolic plant material.

The method presented in this thesis allows the identification of sequences matching
a specific model. Hence, still it is not known that such proteins function as laccases
in biotechnological applications. However, it was already demonstrated that reads
identified in a metagenome by sequence-based screenings harbored in vitro the function
of interest [Warnecke et al., 2007, Pope et al., 2010, Hess et al., 2011].

The generated models were applied to gain detailed knowledge about the diversity and
functions of bacterial laccases. So far, not so much has been described about bacterial
laccases, as their discovery is relatively new [Alexandre and Zhulin, 2000]. Because
of this, the models were used to capture laccase-like proteins encoded in published
bacterial genomes. This study clearly illustrated a broad distribution of laccases in
the bacterial world. Laccase-like genes are also diverse within a single species. An
explanation for numerous laccases in a single species is that the enzymes function
in different pathways such as pigment formation and stress resistance. The analysis
provides evidence that multiple laccases are results of duplication events mediated
by transposases. Notably, signal peptides are identified in approximately 76% of the
putative proteins suggesting that they may be secreted from the cytoplasm. As laccase-
like enzymes with signal peptides are present in anaerobic organisms, they might be
active in a more aerobic environment away from the cytoplasm.
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CHAPTER 8

Conclusion and outlook

Researchers examine the microbial life from different angles using whole metagenome
shotgun, gene-centric, metatranscriptome and metaproteome approaches. The work
in this thesis contributes analysis methods for the emerging fields of whole metagen-
omics, 165 rDNA amplicon research and metatranscriptomics. The methods have been
successfully applied on respective data obtained from a biogas fermenter. Finally, a
method has been proposed for the discovery of genes for industrially relevant enzymes.
Based thereon, novel laccase genes could be identified in metagenomes and genomes.
Hence, all objectives introduced in Chapter 4 are realized within this thesis.

New sequencing technologies enable the accomplishment of metagenomics and meta-
transcriptomics projects at affordable costs and appropriate time. Simultaneously, they
have boosted the number and size of sequencing projects. Because of this, methods and
concepts for the analysis of metagenome and metatranscriptome data are continuously
evolving. In the context of this work, MetaSAMS has been developed that tackles
the large data volumes and characterizes the short reads in terms of their origin and
function. MetaSAMS performs taxonomic characterizations based on three different
classifiers, but the modular design allows the integration of novel taxonomic tools. To
illustrate the features of MetaSAMS, it has been applied for the automated analysis
of 454 pyrosequencing reads. Recently, a metagenome obtained by sequencing using
Ion Torrent Technology with the chip 316 has been imported and analyzed in the
system for an external collaboration partner. Metagenome projects are increasingly
carried out by means of Illumina sequencing. The platform needs to be extended by
further functionalities in order to ensure the analysis of the large data volumes. For the
analysis of Illumina reads, a data reduction step would be required in the first place,
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e.g., by clustering similar sequences using UCLUST. Another possibility to manage the
high-throughput data is to explore the metagenome based on contigs assembled from
[Nlumina reads by means of the Metatig pipeline implemented in MetaSAMS.

The next milestone that will influence the microbial research field is the third-generation
sequencing technology. The novel sequencing methods claim to produce longer reads,
which reach sizes of current assembled contigs. Hence, some short-read tools may
be outdated. MetaSAMS attempts to functionally analyze the long reads using the
Metatig pipeline. Moreover, due to the modular design of MetaSAMS, contig-based
taxonomic classifiers such as the intrinsic tools TACOA [Diaz et al., 2009] and PhyloPy-
thia [McHardy et al., 2007], can be integrated into MetaSAMS.

To ease the functional annotations, it is important to unveil the functions of so far
unknown genes. For this purpose, traditional genomics will still have to complement
metagenomics that can directly characterize a specific microbe. In particular, the novel
single cell genome sequencing [Yilmaz and Singh, 2011] approach is promising, as it
uncovers the genomes of uncultivable species within a community.

The 16S rDNA amplicon analysis in this work unveils major problems that complicate
the final interpretation of the data. Chimeric sequences produced during PCR ampli-
fication inflate the number of estimated OTUs. A manual analysis of the processed
sequences indicated that still some potential chimeric sequences remain undetected.
Chimera formation might be likely when two hypervariable regions are amplified, as
the conserved regions between the hypervariable ones from different tags might attach
together during PCR. Therefore, an analysis of 165 rDNA amplicon sequences covering
one hypervariable region would be desired. Based thereon, also bias introduced by
primer sequences during the PCR can be studied.

Herein, the metatranscriptome of the biogas plant has been exhaustively examined.
Approximately, 90% of the metatranscriptome sequences were identified as rRNA tags,
which enabled analysis of the diversity of metabolically active microorganisms. Unfor-
tunately, only 2.6% of the metatranscriptome reads represent mRNA tags. Therefore, an
efficient mRNA enrichment method is needed to deepen the functional analysis derived
from mRNA tags. Further sequencing efforts of cDNA obtained from mRNA-enriched
RNA preparations would be required for a more precise picture of the active functional
transcripts of the biogas-producing community.

In this work all methods have been applied on data obtained from a biogas commu-
nity. Together, they provide a comprehensive view of the heterogeneous community
and the biogas-formation process. Still, much remains to be learned regarding the
microorganisms and their roles in the biogas plant.

The fields of metagenomics and metatranscriptomics give the potential for discovering
novel enzymes. More and more projects arise that aim to identify enzymes using
sequence- and functional-based methods. Therefore, an HMM-based method has been
realized for the identification of laccases. The same method will be repeated for the
detection of chitinases and chitin-binding proteins in order to get knowledge about
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the sequence and species diversity. Finally, the sequence information will support the
design of oligonucleotide primers for screenings of chitinase genes in metagenomic
libraries. The current primers for chitinase genes do not cover the whole diversity of
chitinases. Instead they are biased to known species, e.g., of the genus Streptomyces. A
collection of chitinases from soil or marine metagenomes would supplement the current
sequence diversity. This knowledge could be elaborated to construct novel primers for
screening of clone libraries.
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APPENDIX A

Appendix: Laccases in microbial genomes and metagenomes

Table A.1: Overview of identified laccases encoded in draft and complete genomes

laccase tye location on
Species 2D 3D chro- plas- un-
mosome mid known

Acetobacter pasteurianus IFO 3283-01 1 1

Achromobacter piechaudii ATCC 43553 2 2
Acidiphilium cryptum JE-5 1 1

Acidobacterium capsulatum ATCC 51196 2 2

Acidobacterium sp. MP5ACTX8 6 6
Acidobacterium sp. MPSACTX9 2 2
Acidovorax avenae subsp. avenae ATCC 19860 1 1 2
Acidovorax avenae subsp. citrulli AAC00-1 1 1

Acidovorax delafieldii 2AN 2 2
Acidovorax ebreus TPSY 2 2

Acidovorax sp. JS42 3 1 4

Acinetobacter baumannii AB900 2 2
Acinetobacter baumannii ACICU 1 1

Acinetobacter baumannii ATCC 17978 2 2

Acinetobacter haemolyticus ATCC 19194 2 2
Acinetobacter radioresistens SK82 2 2
Acinetobacter sp. 6013113 1 1
Acinetobacter sp. 6013150 1 1
Acinetobacter sp. 6014059 1 1
Acinetobacter sp. ADP1 1 1

Acinetobacter sp. ATCC 27244 1 1
Actinobacillus minor 202 1 1
Actinobacillus minor NM305 1 1
Actinomyces viscosus C505 1 1
Afipia sp. INLS2 3 2 5
Agrobacterium radiobacter K84 1 1 2

Agrobacterium tumefaciens str. C58 1 1

Continued on next page
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Alcanivorax borkumensis SK2
Alicycliphilus denitrificans BC
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446
Alkalilimnicola ehrlichii MLHE-1
Alteromonas macleodii ‘Deep ecotype’
Amycolatopsis mediterranei U32
Anabaena variabilis ATCC 29413
Anaeromyxobacter dehalogenans 2CP-1
Anaeromyxobacter dehalogenans 2CP-C
Anaeromyxobacter sp. Fw109-5
Anaeromyxobacter sp. K

Aquifex aeolicus VF5

Arthrobacter aurescens TC1
Arthrobacter chlorophenolicus A6
Arthrobacter sp. FB24

Asticcacaulis excentricus CB 48
Aurantimonas manganoxydans SI85-9A1
Azoarcus sp. BH72

Azorhizobium caulinodans ORS 571
Azospirillum sp. B510

Azotobacter vinelandii DJ

Bacillus amyloliquefaciens FZB42
Bacillus cereus AH1272

Bacillus cereus AH1273

Bacillus cereus AH603

Bacillus cereus AH621

Bacillus cereus Rock3-44

Bacillus clausii KSM-K16

Bacillus coagulans 36D1

Bacillus licheniformis ATCC 14580
Bacillus mycoides Rock1-4

Bacillus mycoides Rock3-17

Bacillus pseudomycoides DSM 12442
Bacillus pumilus ATCC 7061

Bacillus pumilus SAFR-032

Bacillus sp. B14905

Bacillus subtilis subsp. spizizenii ATCC 6633
Bacillus subtilis subsp. subtilis str. 168
Bacillus subtilis subsp. subtilis str. JH642
Bacillus subtilis subsp. subtilis str. NCIB 3610
Bacillus subtilis subsp. subtilis str. SMY
Bacillus tusciae DSM 2912

Beijerinckia indica subsp. indica ATCC 9039
Beutenbergia cavernae DSM 12333
Blastopirellula marina DSM 3645
Bordetella bronchiseptica RB50
Bordetella parapertussis 12822
Bordetella pertussis Tohama I

Bordetella petrii DSM 12804
Bradyrhizobium japonicum USDA 110
Bradyrhizobium sp. BTAil
Bradyrhizobium sp. ORS278
Brevundimonas subvibrioides ATCC 15264
Brucella abortus S19

Brucella abortus bv. 1 str. 9-941

Brucella abortus str. 2308 A

Brucella canis ATCC 23365

Brucella ceti str. Cudo

Brucella melitensis ATCC 23457
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Brucella melitensis biovar Abortus 2308
Brucella melitensis bv. 1 str. 16 M
Brucella melitensis bv. 2 str. 63/9
Brucella microti CCM 4915

Brucella ovis ATCC 25840

Brucella suis 1330

Brucella suis ATCC 23445
Burkholderia ambifaria AMMD
Burkholderia ambifaria IOP40-10
Burkholderia ambifaria MC40-6
Burkholderia ambifaria MEX-5
Burkholderia cenocepacia AU 1054
Burkholderia cenocepacia HI2424
Burkholderia cenocepacia J2315
Burkholderia cenocepacia MC0-3
Burkholderia glumae BGR1
Burkholderia graminis C4D1M
Burkholderia mallei ATCC 23344
Burkholderia mallei GB8 horse 4
Burkholderia mallei NCTC 10229
Burkholderia mallei NCTC 10247
Burkholderia mallei PRL-20
Burkholderia mallei SAVP1
Burkholderia multivorans ATCC 17616
Burkholderia multivorans CGD1
Burkholderia multivorans CGD2
Burkholderia multivorans CGD2M
Burkholderia oklahomensis C6786
Burkholderia oklahomensis EO147
Burkholderia phymatum STM815
Burkholderia phytofirmans PsJN
Burkholderia pseudomallei 1106a
Burkholderia pseudomallei 112
Burkholderia pseudomallei 14
Burkholderia pseudomallei 1710b
Burkholderia pseudomallei 305
Burkholderia pseudomallei 576
Burkholderia pseudomallei 668
Burkholderia pseudomallei 7894
Burkholderia pseudomallei 9
Burkholderia pseudomallei 91
Burkholderia pseudomallei B7210
Burkholderia pseudomallei BCC215
Burkholderia pseudomallei DM98
Burkholderia pseudomallei K96243
Burkholderia pseudomallei MSHR346
Burkholderia pseudomallei NCTC 13177
Burkholderia pseudomallei Pakistan 9
Burkholderia sp. 383

Burkholderia sp. CCGE1001
Burkholderia sp. CCGE1002
Burkholderia sp. CCGE1003
Burkholderia sp. Ch1-1
Burkholderia sp. H160

Burkholderia thailandensis Bt4
Burkholderia thailandensis E264
Burkholderia thailandensis MSMB43
Burkholderia thailandensis TXDOH
Burkholderia ubonensis Bu
Burkholderia vietnamiensis G4
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Burkholderia xenovorans LB400
Campylobacter coli JV20

Campylobacter coli RM2228

Campylobacter fetus subsp. fetus 82-40
Campylobacter fetus subsp. venerealis str. Azul-94
Campylobacter jejuni RM1221

Campylobacter jejuni subsp. jejuni 1336
Campylobacter jejuni subsp. jejuni 260.94
Campylobacter jejuni subsp. jejuni 414
Campylobacter jejuni subsp. jejuni 81-176
Campylobacter jejuni subsp. jejuni 81116
Campylobacter jejuni subsp. jejuni 84-25
Campylobacter jejuni subsp. jejuni CF93-6
Campylobacter jejuni subsp. jejuni CG8421
Campylobacter jejuni subsp. jejuni HB93-13
Campylobacter jejuni subsp. jejuni NCTC 11168
Campylobacter lari RM2100

Campylobacter upsaliensis RM3195
Candidatus Koribacter versatilis Ellin345
Candidatus Methanosphaerula palustris E1-9¢
Candidatus Nitrospira defluvii

Candidatus Poribacteria sp. WGA-A3
Candidatus Ruthia magnifica str. Cm (Calyptogena magnifica)
Candidatus Vesicomyosocius okutanii HA
Carnobacterium sp. AT7

Catenulispora acidiphila DSM 44928
Caulobacter crescentus CB15

Caulobacter crescentus NA1000

Caulobacter segnis ATCC 21756

Caulobacter sp. K31

Cellvibrio japonicus Uedal07

Chitinophaga pinensis DSM 2588
Chloroflexus aurantiacus J-10-fl

Chloroflexus sp. Y-400-f1

Chromobacterium violaceum ATCC 12472
Chryseobacterium gleum ATCC 35910
Chthoniobacter flavus Ellin428

Citrobacter koseri ATCC BAA-895

Citrobacter rodentium ICC168

Citrobacter youngae ATCC 29220
Citromicrobium bathyomarinum JL354
Clostridium beijerinckii NCIMB 8052
Clostridium botulinum A str. ATCC 19397
Clostridium botulinum A str. ATCC 3502
Clostridium botulinum A str. Hall
Clostridium botulinum D str. 1873
Clostridium carboxidivorans P7

Clostridium sporogenes ATCC 15579
Comamonas testosteroni CNB-2

Comamonas testosteroni KF-1

Comamonas testosteroni 544

Conexibacter woesei DSM 14684
Congregibacter litoralis KT71
Corynebacterium accolens ATCC 49725
Corynebacterium ammoniagenes DSM 20306
Corynebacterium aurimucosum ATCC 700975
Corynebacterium diphtheriae NCTC 13129
Corynebacterium efficiens YS-314
Corynebacterium genitalium ATCC 33030
Corynebacterium glucuronolyticum ATCC 51866
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Corynebacterium glucuronolyticum ATCC 51867
Corynebacterium glutamicum ATCC 13032
Corynebacterium glutamicum R
Corynebacterium jeikeium ATCC 43734
Corynebacterium jeikeium K411
Corynebacterium kroppenstedtii DSM 44385
Corynebacterium lipophiloflavum DSM 44291
Corynebacterium matruchotii ATCC 14266
Corynebacterium matruchotii ATCC 33806
Corynebacterium pseudogenitalium ATCC 33035
Corynebacterium pseudotuberculosis FRC41
Corynebacterium striatum ATCC 6940
Corynebacterium tuberculostearicum SK141
Coxiella burnetii Dugway 5J108-111
Croceibacter atlanticus HTCC2559
Cronobacter sakazakii ATCC BAA-894
Cronobacter turicensis

Cronobacter turicensis z3032

Cupriavidus metallidurans CH34
Cupriavidus taiwanensis

Cyanothece sp. ATCC 51142

Cyanothece sp. CCY0110

Cyanothece sp. PCC 7424

Cyanothece sp. PCC 7425

Cyanothece sp. PCC 7822

Cyanothece sp. PCC 8801

Cyanothece sp. PCC 8802
Cylindrospermopsis raciborskii CS-505
Deferribacter desulfuricans SSM1
Deinococcus deserti VCD115

Deinococcus geothermalis DSM 11300
Delftia acidovorans SPH-1

Desulfococcus oleovorans Hxd3
Desulfohalobium retbaense DSM 5692
Desulfomicrobium baculatum DSM 4028
Desulfovibrio sp. FW1012B

Desulfovibrio vulgaris str. "Miyazaki F’
Desulfuromonas acetoxidans DSM 684
Dickeya dadantii Ech586

Dickeya dadantii Ech703

Dickeya zeae Ech1591

Dinoroseobacter shibae DFL 12
Enhydrobacter aerosaccus SK60
Enterobacter cancerogenus ATCC 35316
Enterobacter cloacae subsp. cloacae ATCC 13047
Enterobacter sp. 638

Enterococcus faecalis TUSoD Ef11
Enterococcus faecalis TX1322

Enterococcus faecium E1071

Enterococcus faecium PC4.1

Enterococcus faecium TX1330

Erwinia amylovora ATCC 49946

Erwinia amylovora CFBP1430

Erwinia billingiae Eb661

Erwinia pyrifoliae Ep1/96

Erwinia tasmaniensis Et1/99

Erythrobacter litoralis HTCC2594
Erythrobacter sp. NAP1

Erythrobacter sp. SD-21

Escherichia albertii TW07627
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Escherichia coli 101-1

Escherichia coli 536

Escherichia coli 53638

Escherichia coli 55989

Escherichia coli 83972

Escherichia coli APEC O1
Escherichia coli ATCC 8739
Escherichia coli B str. REL606
Escherichia coli B171

Escherichia coli B7A

Escherichia coli BL21-Gold(DE3)pLysS AG
Escherichia coli BW2952

Escherichia coli CFT073

Escherichia coli E110019

Escherichia coli E22

Escherichia coli E24377A

Escherichia coli ED1a

Escherichia coli F11

Escherichia coli HS

Escherichia coli TAI1

Escherichia coli TAI39

Escherichia coli MS 107-1

Escherichia coli MS 115-1

Escherichia coli MS 116-1

Escherichia coli MS 119-7

Escherichia coli MS 124-1

Escherichia coli MS 146-1

Escherichia coli MS 175-1

Escherichia coli MS 182-1

Escherichia coli MS 185-1

Escherichia coli MS 187-1

Escherichia coli MS 196-1

Escherichia coli MS 198-1

Escherichia coli MS 200-1

Escherichia coli MS 21-1

Escherichia coli MS 69-1

Escherichia coli MS 78-1

Escherichia coli MS 84-1

Escherichia coli O103 H2 str. 12009
Escherichia coli O111 H- str. 11128
Escherichia coli O127 Hé6 str. E2348/69
Escherichia coli O157 H7 EDL933
Escherichia coli 0157 H7 str. EC4024
Escherichia coli O157 H7 str. EC4042
Escherichia coli 0157 H7 str. EC4045
Escherichia coli O157 H7 str. EC4076
Escherichia coli O157 H7 str. EC4113
Escherichia coli O157 H7 str. EC4115
Escherichia coli O157 H7 str. EC4196
Escherichia coli O157 H7 str. EC4206
Escherichia coli O157 H7 str. EC4401
Escherichia coli 0157 H7 str. EC4486
Escherichia coli O157 H7 str. EC4501
Escherichia coli O157 H7 str. EC508
Escherichia coli O157 H7 str. EC869
Escherichia coli 0157 H7 str. FRIK2000
Escherichia coli O157 H7 str. FRIK966
Escherichia coli O157 H7 str. Sakai
Escherichia coli 0157 H7 str. TW14359
Escherichia coli O157 H7 str. TW14588
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Escherichia coli O26 H11 str. 11368
Escherichia coli O55 H7 str. CB9615
Escherichia coli S88

Escherichia coli SE11

Escherichia coli SMS-3-5

Escherichia coli UMNO026

Escherichia coli UTI89

Escherichia coli str. K-12 substr. DH10B
Escherichia coli str. K-12 substr. MG1655
Escherichia coli str. K-12 substr. W3110
Escherichia fergusonii ATCC 35469
Escherichia sp. 4_1_40B
Exiguobacterium sp. AT1b
Flavobacterium johnsoniae UW101
Francisella philomiragia subsp. philomiragia ATCC 25017
Frankia alni ACN14a

Frankia sp. CcI3

Frankia sp. EAN1pec

Frankia sp. EUN1f

Fulvimarina pelagi HTCC2506
Gemmatimonas aurantiaca T-27
Geobacillus kaustophilus HTA426
Geobacillus sp. C56-T3

Geobacillus sp. G11IMC16

Geobacillus sp. Y412MC52

Geobacillus sp. Y412MC61

Geobacillus thermodenitrificans NG80-2
Geobacter bemidjiensis Bem

Geobacter lovleyi SZ

Geobacter metallireducens GS-15
Geobacter sp. FRC-32

Geobacter sp. M18

Geobacter sp. M21

Geobacter sulfurreducens PCA
Geobacter uraniireducens Rf4
Geodermatophilus obscurus DSM 43160
Gloeobacter violaceus PCC 7421
Gluconacetobacter diazotrophicus PAl 5
Gluconacetobacter hansenii ATCC 23769
Gluconobacter oxydans 621H

Gordonia bronchialis DSM 43247
Gramella forsetii KT0803

Granulibacter bethesdensis CGDNIH1
Granulicatella adiacens ATCC 49175
Haemophilus somnus 2336

Hahella chejuensis KCTC 2396
Haliangium ochraceum DSM 14365
Haloferax volcanii DS2

Halorubrum lacusprofundi ATCC 49239
Haloterrigena turkmenica DSM 5511
Halothiobacillus neapolitanus c2
Herbaspirillum seropedicae SmR1
Herminiimonas arsenicoxydans
Herpetosiphon aurantiacus ATCC 23779
Hirschia baltica ATCC 49814
Hydrogenivirga sp. 128-5-R1-1
Hyphomicrobium denitrificans ATCC 51888
Hyphomonas neptunium ATCC 15444
Idiomarina baltica OS145

Idiomarina loihiensis L2TR
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Janibacter sp. HTCC2649

Janthinobacterium sp. Marseille

Kangiella koreensis DSM 16069

Klebsiella pneumoniae 342

Klebsiella pneumoniae NTUH-K2044

Klebsiella pneumoniae subsp. pneumoniae MGH 78578
Klebsiella pneumoniae subsp. rhinoscleromatis ATCC 13884
Klebsiella variicola At-22

Kribbella flavida DSM 17836

Kytococcus sedentarius DSM 20547

Lactobacillus brevis ATCC 367

Lactobacillus brevis subsp. gravesensis ATCC 27305
Lactobacillus buchneri ATCC 11577

Lactobacillus casei ATCC 334

Lactobacillus casei BL23

Lactobacillus casei str. Zhang

Lactobacillus crispatus 214-1

Lactobacillus crispatus JV-V01

Lactobacillus crispatus ST1

Lactobacillus delbrueckii subsp. bulgaricus PB2003/044-T3-4
Lactobacillus fermentum ATCC 14931

Lactobacillus fermentum IFO 3956

Lactobacillus hilgardii ATCC 8290

Lactobacillus jensenii 208-1

Lactobacillus jensenii 269-3

Lactobacillus jensenii JV-V16

Lactobacillus paracasei subsp. paracasei ATCC 25302
Lactobacillus plantarum JDM1

Lactobacillus plantarum WCFS1

Lactobacillus plantarum subsp. plantarum ATCC 14917
Lactobacillus rhamnosus GG

Lactobacillus rhamnosus HN001

Lactobacillus rhamnosus LMS2-1

Lactobacillus rhamnosus Lc 705

Lactobacillus vaginalis ATCC 49540

Lactococcus lactis subsp. cremoris SK11

Laribacter hongkongensis HLHK9

Leeuwenhoekiella blandensis MED217

Legionella drancourtii LLAP12

Legionella longbeachae NSW150

Legionella pneumophila 2300/99 Alcoy

Legionella pneumophila str. Corby

Legionella pneumophila str. Lens

Legionella pneumophila str. Paris

Legionella pneumophila subsp. pneumophila str. Philadelphia 1
Leptospira biflexa serovar Patoc strain "Patoc 1 (Ames)’
Leptospira biflexa serovar Patoc strain ‘Patoc 1 (Paris)’
Leptospira borgpetersenii serovar Hardjo-bovis JB197
Leptospira borgpetersenii serovar Hardjo-bovis L550
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Leptospira interrogans serovar Lai str. 56601

Leptothrix cholodnii SP-6

Leuconostoc citreum KM20

Leuconostoc mesenteroides subsp. cremoris ATCC 19254
Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293
Limnobacter sp. MED105

Lutiella nitroferrum 2002

Lyngbya sp. PCC 8106

Lysinibacillus fusiformis ZC1

Lysinibacillus sphaericus C3-41
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Magnetospirillum magnetotacticum MS-1
Maricaulis maris MCS10

Marinobacter algicola DG893

Marinobacter aquaeolei VT8

Marinobacter sp. ELB17

Marinomonas sp. MED121

Meiothermus ruber DSM 1279
Meiothermus silvanus DSM 9946
Mesorhizobium loti MAFF303099
Mesorhizobium opportunistum WSM2075
Mesorhizobium sp. BNC1
Methylacidiphilum infernorum V4
Methylibium petroleiphilum PM1
Methylobacillus flagellatus KT
Methylobacterium chloromethanicum CM4
Methylobacterium extorquens AM1
Methylobacterium extorquens DM4
Methylobacterium nodulans ORS 2060
Methylobacterium populi BJ001
Methylobacterium sp. 4-46

Methylocella silvestris BL2

Methylococcus capsulatus str. Bath
Methylotenera sp. 301

Methylovorus sp. SIP3-4

Micrococcus luteus NCTC 2665
Micrococcus luteus SK58

Micromonospora sp. L5

Moritella sp. PE36

Mycobacterium abscessus ATCC 19977
Mycobacterium avium 104

Mycobacterium avium subsp. avium ATCC 25291
Mycobacterium avium subsp. paratuberculosis K-10
Mycobacterium bovis AF2122/97
Mycobacterium bovis BCG str. Pasteur 1173P2
Mycobacterium bovis BCG str. Tokyo 172
Mycobacterium gilvum PYR-GCK
Mycobacterium intracellulare ATCC 13950
Mycobacterium kansasii ATCC 12478
Mycobacterium marinum M
Mycobacterium parascrofulaceum ATCC BAA-614
Mycobacterium sp. JLS

Mycobacterium sp. KMS

Mycobacterium tuberculosis "98-R604 INH-RIF-EM’
Mycobacterium tuberculosis 210
Mycobacterium tuberculosis CDC1551
Mycobacterium tuberculosis F11
Mycobacterium tuberculosis H37Ra
Mycobacterium tuberculosis H37Rv
Mycobacterium tuberculosis KZN 1435
Mycobacterium tuberculosis KZN 4207
Mycobacterium tuberculosis KZN R506
Mycobacterium tuberculosis KZN V2475
Mycobacterium ulcerans Agy99
Mycobacterium vanbaalenii PYR-1
Myxococcus xanthus DK 1622
Nakamurella multipartita DSM 44233
Nitratiruptor sp. SB155-2

Nitrobacter hamburgensis X14

Nitrobacter sp. Nb-311A

Nitrobacter winogradskyi Nb-255
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Nitrosococcus halophilus Nc4
Nitrosococcus oceani ATCC 19707
Nitrosococcus watsoni C-113
Nitrosomonas europaea ATCC 19718
Nitrosomonas eutropha C91
Nitrosomonas sp. AL212
Nitrosopumilus maritimus SCM1
Nitrosospira multiformis ATCC 25196
Nocardia farcinica IFM 10152
Nocardioides sp. ]S614

Nodularia spumigena CCY9414

Nostoc azollae 0708

Nostoc sp. PCC 7120

Novosphingobium aromaticivorans DSM 12444
Oceanibulbus indolifex HEL-45
Oceanicaulis alexandrii HTCC2633
Oceanicola batsensis HTCC2597
Oceanicola granulosus HTCC2516
Oceanobacillus iheyensis HTE831
Ochrobactrum anthropi ATCC 49188
Oenococcus oeni ATCC BAA-1163
Oenococcus oeni AWRIB429

Oenococcus oeni PSU-1

Oligotropha carboxidovorans OM5
Opitutus terrae PB90-1

Oscillatoria sp. PCC 6506

Paenibacillus curdlanolyticus YK9
Pantoea ananatis LMG 20103

Pantoea sp. At-9b

Pantoea sp. aB

Parachlamydia acanthamoebae str. Halls coccus
Parvibaculum lavamentivorans DS-1
Parvularcula bermudensis HTCC2503
Pasteurella multocida subsp. multocida str. Pm70
Pectobacterium wasabiae WPP163
Pediococcus acidilactici DSM 20284
Pediococcus pentosaceus ATCC 25745
Pedobacter sp. BAL39

Persephonella marina EX-H1
Phaeobacter gallaeciensis 2.10
Phaeobacter gallaeciensis BS107
Phenylobacterium zucineum HLK1
Photobacterium profundum 3TCK
Photobacterium profundum SS9
Photorhabdus asymbiotica
Photorhabdus luminescens subsp. laumondii TTO1
Planctomyces maris DSM 8797
Plesiocystis pacifica SIR-1

Polaromonas naphthalenivorans CJ2
Polaromonas sp. JS666
Propionibacterium freudenreichii subsp. shermanii CIRM-BIA1
Proteus mirabilis ATCC 29906

Proteus mirabilis HI4320

Providencia alcalifaciens DSM 30120
Providencia rettgeri DSM 1131
Providencia rustigianii DSM 4541
Providencia stuartii ATCC 25827
Pseudoalteromonas haloplanktis TAC125
Pseudomonas aeruginosa LESB58
Pseudomonas aeruginosa PA7

N = NN W

N

_ PR PR RNRRPRRARRL,RPLN NN R =W

—_

e e T N S T e e S WS O RS

e e e Tl e N = SRR

N W O

'S

—_

_—= N =

—_

IR

_ e e

Continued on next page

163



A Appendix: Laccases in microbial genomes and metagenomes

Pseudomonas aeruginosa PACS2
Pseudomonas aeruginosa PAO1
Pseudomonas aeruginosa PAb1l

Pseudomonas aeruginosa UCBPP-PA14
Pseudomonas entomophila [48

Pseudomonas fluorescens Pf-5

Pseudomonas fluorescens Pf0-1

Pseudomonas fluorescens SBW25
Pseudomonas mendocina ymp

Pseudomonas putida F1

Pseudomonas putida GB-1

Pseudomonas putida KT2440

Pseudomonas putida W619

Pseudomonas stutzeri A1501

Pseudomonas syringae pv. aesculi str. 2250
Pseudomonas syringae pv. aesculi str. NCPPB3681
Pseudomonas syringae pv. oryzae str. 1_6
Pseudomonas syringae pv. phaseolicola 1448A
Pseudomonas syringae pv. syringae 642
Pseudomonas syringae pv. syringae B728a
Pseudomonas syringae pv. syringae FF5
Pseudomonas syringae pv. tabaci ATCC 11528
Pseudomonas syringae pv. tomato K40
Pseudomonas syringae pv. tomato Max13
Pseudomonas syringae pv. tomato NCPPB 1108
Pseudomonas syringae pv. tomato T1
Pseudomonas syringae pv. tomato str. DC3000
Psychrobacter arcticus 273-4

Psychrobacter cryohalolentis K5
Psychrobacter sp. PRwf-1

Pyrobaculum aerophilum str. IM2

Ralstonia eutropha H16

Ralstonia eutropha JMP134

Ralstonia pickettii 12D

Ralstonia pickettii 12]

Ralstonia solanacearum GMI1000

Ralstonia solanacearum PSI07

Ralstonia solanacearum UW551

Raphidiopsis brookii D9

Rhizobium etli Brasil 5

Rhizobium etli CEN 42

Rhizobium etli CIAT 652

Rhizobium leguminosarum bv. trifolii WSM1325
Rhizobium leguminosarum bv. trifolii WSM2304
Rhizobium leguminosarum bv. viciae 3841
Rhizobium sp. NGR234

Rhodobacter capsulatus SB 1003
Rhodobacterales bacterium HTCC2150
Rhodobacterales bacterium HTCC2654
Rhodococcus equi ATCC 33707

Rhodococcus erythropolis PR4

Rhodococcus erythropolis SK121
Rhodococcus jostii RHA1

Rhodococcus opacus B4

Rhodopseudomonas palustris BisB5
Rhodopseudomonas palustris TIE-1
Rhodothermus marinus DSM 4252
Rickettsiella grylli

Robiginitalea biformata HTCC2501
Roseobacter denitrificans OCh 114
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Roseobacter litoralis Och 149

Roseobacter sp. AzwK-3b

Roseobacter sp. MED193

Roseomonas cervicalis ATCC 49957

Roseovarius nubinhibens ISM

Roseovarius sp. 217

Roseovarius sp. HTCC2601

Roseovarius sp. TM1035

Rubrobacter xylanophilus DSM 9941

Ruegeria pomeroyi DSS-3

Ruegeria sp. TM1040

Saccharophagus degradans 2-40

Saccharopolyspora erythraea NRRL 2338

Salinispora arenicola CNS-205

Salinispora tropica CNB-440

Salmonella enterica subsp. arizonae serovar 62 z4,z23

S. enterica subsp. enterica serovar 4,[5],12 - str. CVM23701
Salmonella enterica subsp. enterica serovar Agona str. SL483

L LUV nnnonunonn

. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.
. enterica subsp.

enterica serovar Choleraesuis str. SC-B67
enterica serovar Dublin str. CT_02021853
enterica serovar Enteritidis str. P125109
enterica serovar Gallinarum str. 287/91
enterica serovar Hadar str. RI_05P066
enterica serovar Heidelberg str. SL476
enterica serovar Heidelberg str. SL486
enterica serovar Javiana str. GA_MM04042433
enterica serovar Kentucky str. CDC 191
enterica serovar Kentucky str. CVM29188
enterica serovar Newport str. SL254

enterica serovar Newport str. SL317

enterica serovar Paratyphi A str. AKU_12601
enterica serovar Paratyphi A str. ATCC 9150
enterica serovar Paratyphi B str. SPB7
enterica serovar Paratyphi C strain RKS4594
enterica serovar Saintpaul str. SARA23
enterica serovar Saintpaul str. SARA29
enterica serovar Schwarzengrund str. CVM19633
enterica serovar Schwarzengrund str. SL480
enterica serovar Tennessee str. CDC07-0191

Salmonella enterica subsp. enterica serovar Typhi str. CT18
S. enterica subsp. enterica serovar Typhi str. E02-1180

S. enterica subsp. enterica serovar Typhi str. E98-3139
Salmonella enterica subsp. enterica serovar Typhi str. Ty2
S. enterica subsp. enterica serovar Typhimurium str. LT2
S. enterica subsp. enterica serovar Virchow str. SL491

S. enterica subsp. enterica serovar Weltevreden str. HI_N05-537
Serratia odorifera 4Rx13

Serratia odorifera DSM 4582

Serratia proteamaculans 568

Shewanella benthica KT99

Shewanella denitrificans 05217

Shewanella frigidimarina NCIMB 400

Shewanella loihica PV-4

Shewanella putrefaciens CN-32

Shewanella sp. ANA-3

Shewanella woodyi ATCC 51908

Shigella boydii CDC 3083-94

Shigella boydii Sb227

Shigella dysenteriae 1012

Shigella dysenteriae Sd197
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Shigella flexneri 2a str. 2457T

Shigella flexneri 2a str. 301

Shigella flexneri 5 str. 8401

Shigella sonnei Ss046

Shigella sp. D9

Sinorhizobium medicae WSM419
Sinorhizobium meliloti 1021

Solibacter usitatus Ellin6076

Sorangium cellulosum ‘So ce 56’
Sphaerobacter thermophilus DSM 20745
Sphingobacterium spiritivorum ATCC 33300
Sphingobacterium spiritivorum ATCC 33861
Sphingobium japonicum UT26S
Sphingomonas sp. SKA58
Sphingomonas wittichii RW1
Sphingopyxis alaskensis RB2256
Spirosoma linguale DSM 74
Stackebrandtia nassauensis DSM 44728
Stappia aggregata IAM 12614

Starkeya novella DSM 506
Stenotrophomonas maltophilia K279a
Stenotrophomonas maltophilia R551-3
Stigmatella aurantiaca DW4/3-1
Streptomyces avermitilis MA-4680
Streptomyces flavogriseus ATCC 33331
Streptomyces griseus subsp. griseus NBRC 13350
Streptomyces roseosporus NRRL 11379
Streptomyces scabiei 87.22

Streptomyces sp. ACT-1

Streptomyces sp. ACTE
Streptosporangium roseum DSM 43021
Sulfitobacter sp. EE-36

Sulfitobacter sp. NAS-14.1
Sulfurihydrogenibium sp. YO3AOP1
Sulfurovum sp. NBC37-1

Synechococcus sp. CC9311
Synechococcus sp. PCC 7002
Synechococcus sp. RCC307
Synechococcus sp. R59917
Synechococcus sp. WH 5701
Synechococcus sp. WH 7803
Syntrophobacter fumaroxidans MPOB
Thauera sp. MZ1T

Thermincola sp. JR

Thermobaculum terrenum ATCC BAA-798
Thermobispora bispora DSM 43833
Thermocrinis albus DSM 14484
Thermomicrobium roseum DSM 5159
Thermosediminibacter oceani DSM 16646
Thermus thermophilus HB27
Thioalkalivibrio sp. HL-EbGR7
Thioalkalivibrio sp. K90mix

Thiobacillus denitrificans ATCC 25259
Thiomicrospira crunogena XCL-2
Thiomonas intermedia K12

Tolumonas auensis DSM 9187
Trichodesmium erythraeum IMS101
Tsukamurella paurometabola DSM 20162
Turicibacter sp. PC909

Variovorax paradoxus 5110
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Veillonella parvula ATCC 17745
Verrucomicrobium spinosum DSM 4136

Vibrio furnissii CIP 102972

Vibrio splendidus LGP32

Weissella paramesenteroides ATCC 33313
Xanthobacter autotrophicus Py2

Xanthomonas axonopodis pv. citri str. 306
Xanthomonas campestris pv. campestris str. 8004

Xanthomonas campestris pv. campestris str. ATCC 33913

Xanthomonas campestris pv. campestris str. B100

Xanthomonas campestris pv. musacearum NCPPB4381
Xanthomonas campestris pv. vasculorum NCPPB702

Xanthomonas campestris pv. vesicatoria str. 85-10

Xanthomonas fuscans subsp. aurantifolii str. ICPB 10535
Xanthomonas fuscans subsp. aurantifolii str. ICPB 11122

Xanthomonas oryzae pv. oryzae KACC10331
Xanthomonas oryzae pv. oryzae MAFF 311018
Xanthomonas oryzae pv. oryzae PXO99A
Xylella fastidiosa 9a5¢

Xylella fastidiosa Ann-1

Xylella fastidiosa Dixon

Xylella fastidiosa M12

Xylella fastidiosa M23

Xylella fastidiosa Temeculal

Yersinia aldovae ATCC 35236

Yersinia bercovieri ATCC 43970

Yersinia enterocolitica subsp. enterocolitica 8081
Yersinia frederiksenii ATCC 33641

Yersinia intermedia ATCC 29909

Yersinia kristensenii ATCC 33638

Yersinia mollaretii ATCC 43969

Yersinia pestis Angola

Yersinia pestis Antiqua

Yersinia pestis CA88-4125

Yersinia pestis CO92

Yersinia pestis FV-1

Yersinia pestis KIM 10

Yersinia pestis KIM D27

Yersinia pestis Nepal516

Yersinia pestis Pestoides A

Yersinia pestis Pestoides F

Yersinia pestis 2176003

Yersinia pestis biovar Antiqua str. B42003004
Yersinia pestis biovar Mediaevalis str. K1973002
Yersinia pestis biovar Microtus str. 91001
Yersinia pestis biovar Orientalis str. F1991016
Yersinia pestis biovar Orientalis str. IP275
Yersinia pestis biovar Orientalis str. India 195
Yersinia pestis biovar Orientalis str. MG05-1020
Yersinia pestis biovar Orientalis str. PEXU2
Yersinia pseudotuberculosis IP 31758
Yersinia pseudotuberculosis IP 32953
Yersinia pseudotuberculosis PB1/+

Yersinia pseudotuberculosis YPIII

Yersinia rohdei ATCC 43380

Yersinia ruckeri ATCC 29473

Zunongwangia profunda SM-A87

alpha proteobacterium BAL199

bacterium Ellin514

marine actinobacterium
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Figure A.1: Alignment of translated reads encoding type-B two-domain laccases: Translated reads obtained from a marine

metagenome were compared to the profile HMM representing the type-B two-domain laccase enzyme using
the HMMERS3 [Eddy, 2011] software. The identified reads carrying genes for putative laccases were aligned to
the same profile HMM. The alignment was manually adjusted. Only a subset of the identified translated reads
are shown in the alignments. The black bars above the alignment indicate the four cbr. The alignment presents
clearly that the complete region between cbrl and cbr4 was covered by the translated metagenome reads.
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Nomenclature

AJAX asynchronous JavaScript and XML
API  application programming interface
BLAST basic local alignment search tool
bp  base pair

cbr  copper binding region

CD  coding sequence

cDNA copy DNA

CDS coding sequence

COG C(lusters of Orthologous Groups
DNA deoxyribose nucleic acid

EC  Enzyme Commission

EGT environmental gene tag

EST expressed sequence tag

GS  Genome Sequencer

HMM hidden Markov model
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KEGG Enzyme Commission

LSU large subunit

mcr  methyl-coenzyme M reductase

mRNA messenger RNA

NBC Naive Bayesian Classifier

NCBI National Center for Biotechnology Information
ncRNA non-coding RNA

NGS next generation sequencing

nr non-redundant NCBI protein sequence database
OLE ornate large extremophilic RNA

OTU operational taxonomic unit

PCR polymerase chain reaction

PFAM protein family

RDP Ribosomal Database Project

RNA ribonucleic acid

RNase P Ribonuclease P

rRNA ribosomal RNA

SAMS Sequence Analysis and Management System
SLP  single-linkage preclustering

SSU  small subunit

tmRNA transfer-messenger RNA

tRNA transfer RNA
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