CHARACTERISATION OF DIVERSE
MICROBIAL COMMUNITIES AND
APPLICATION OF NOVEL DETECTION
TECHNIQUES

KAISA KOSKINEN

REPORTS FROM THE DEPARTMENT OF ENVIRONMENTAL SCIENCES, LAHTI
FACULTY OF BIOLOGICAL AND ENVIRONMENTAL SCIENCES
UNIVERSITY OF HELSINKI


https://core.ac.uk/display/17340391?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Characterisation of Diverse Microbial Communities and
Application of Novel Detection Techniques

Kaisa Koskinen

Institute of Biotechnology
and
Department of Environmental Sciences
Faculty of Biological and Environmental Sciences
University of Helsinki
Finland

ACADEMIC DISSERTATION

To be presented for public examination with the permission of the Faculty of Biological
and Environmental Sciences of the University of Helsinki in Auditorium 2 at Viikki
Infocenter Korona (Viikinkaari 11), on November 29" 2013, at 12 oclock noon.



Supervisors

Pre-examiners

Opponent

Custos

Docent Petri Auvinen
Institute of Biotechnology
University of Helsinki
Finland

Professor Martin Romantschuk

Department of Environmental Sciences

Faculty of Biological and Environmental Sciences
University of Helsinki

Finland

Professor Olivia U. Mason

Earth, Ocean and Atmospheric Science
Florida State University

USA

Dr Alban Ramette
MPI for Marine Microbiology
Germany

Professor Stefan Bertilsson
Department of Ecology and Genetics
Uppsala University

Sweden

Professor Rauni Strommer

Department of Environmental Sciences

Faculty of Biological and Environmental Sciences
University of Helsinki

Finland

Layout: Tinde Péivérinta
ISBN 978-952-10-9322-7 (paperback)
ISBN 978-952-10-9323-4 (PDF; http://ethesis.helsinki.fi)

ISSN 1799-0580
Unigrafia
Helsinki 2013



CONTENTS

Abstract
List of original articles

Author’s contribution

Abbreviations
1. INtrodUCHON ..cueiiiiiiiiiiiicntctcitctnc ettt sae bbbt s se b s b s b s 1
L1, Microbial diVErSIty ....c.ccoveiciiiiieieiiiiciciiiic e 1
1.1.1. Classification of organisms and concept of species.........ccccvuurueurerrirrreunnn. 2
1.1.1.1. Taxonomy of Bacteria and Archaea ...........cccccccoevvivincivciccicinininnne, 2
1.1.1.2. Taxonomy Of FUNG......cccveuiuiriiniiiicieiniccineseeiceineeeseesesenaenne 3
1.1.1.3. CONCEPL Of SPECIES ...uvuvvrruvireiirincirieieireieiseseseteiessese et ssesesenns 4
1.1.2. Measuring microbial diVersity..........ccooceeeuveeirieiriceirineiiiiericriceieeeenenes 5
1.1.3. Microbial communities in marine environment ..........c.c.coecceeveccurereureneeennenes 6
1.1.3.1. Baltic Sea bacterial communities.........ccocccuveveurnierriccrrneernecrnnennn. 7
1.1.4. Microbial communities in anaerobic digesters ..........cccoceuveeurivcrrincrerneennenes 8
1.2. Molecular methods in studying microbial diversity........c.ccocoeveeeurevereunecinecrnnncnnn. 10
1.2.1. DNA SEQUENCING ..ottt eaenns 11
1.2.1.1. 454 PYrOSEQUENCING......ceviriimimiiiiirciiiccisee e 12
1.2.1.2. 454 in environmental microbiology.........cccveeurencurinereinecrnircrnecannn. 13
1.2.1.3. 454 amplicOn SEQUENCING ....c.ccvmevrueueunircrnecreirereereaesneereeseseeseseeseenes 14
1.2.2. DINA MICTOQITAYS ...ttt seierenereeseseseeseeseeseses s esessesssesesesesesesene 15
1.2.2.1. Phylogenetic MiCrOAITays ........cccoceueuveuriurecureureeeeensiesieenesseeenaenenens 16
1.2.2.2. Sensitivity and specificity........ccccouvuiiiirininiiiiiniicccine 16
1.2.2.3. Universal MiCroarrays..........ccccocueueininimicinineisisisiisssnsessnssenns 17
1.2.2.4. Ligation detection reaction (LDR) .....ccceeeuniurrcrnernicncrnerencrnenneeens 17
1.2.2.5. Microarrays in environmental microbiology...........ccccecccuvuecuvunnee. 18
1.3. Microbial community data analysis........c..ccceeeenieinicnicenieieeeeeeenne 19
1.3.1. Amplicon sequence data analysis...........cccceeeuerrierricirinennicniceceeenenens 19
1.3.2. Microarray data analysis ..........cccceveeunieuninieinieiricneeeeneeeeeeesenseeens 24
2. AIms of the StUdY.....coccivvuiiiiiiiiiiniiiiin e 25
3. Materials and methods...........cueieeniiiiininiiieiecee e 26
4. Results and diSCUSSION .....cocvirruirruiiiiiriiiiiiiiiniinene sttt seessssssesane 27
4.1. Microbial diversity in environmental samples (I, II)......ccccoeoeuricirniiinicinivcininnnnn. 27
4.1.1. Bacterial diversity in the northern Baltic Sea (I) .....cccocoeuvveivvcinninnicnnnees 27
4.1.2. Microbial diversity in anaerobic reactor (II) .........ccoceuveeuricciniciriniciniennnnes 29
4.2. Ligation detection reaction microarray with padlock probes (II) ..........c.ccccuueece. 30
4.2.1. Specificity and sensitivity (II) .....c..cccvuveuemreeiricirieiriniecreeceieeeenseenenaes 31
4.2.2. Application of the microarray to anaerobic reactor samples (I) .............. 32
4.3. Data analysis bias (TI1) ......cccveeurieurmnieiniciicieeenecncece et sesenne 33
5. CONCIUSIONS ...uoviieiitiitiictiintcictceteteeneesese e sse s ssssesss s sessesnen 35
6.  ACKknOWIedgemEents ........ccoocveiiirninsinninniinnieninniicseeeest st sss et ssassssesssesees 36
7. REf@IeNCES....cueriiirietitiicictetctceteenee e sa e sae s 38



ABSTRACT

Microbes are essential for all life on Earth.
They are found in all viable habitats from
deep sea sediments and bedrock to high up
in the atmosphere with a variety that exceeds
by far the eukaryotic diversity. Ecosystem
services provided by microorganisms, such as
degradation of organic material and mediation
of biogeochemical cycles are fundamentally
important for the whole biosphere and its
inhabitants. Microbes also form symbiotic
relationships with multicellular organisms,
and play important roles in nutrition and
disease. Recent developments in molecular
techniques, especially the next generation
sequencing technologies and microarray
applications, have opened new possibilities in
studying diverse microbial communities.

In this thesis, the aim was to determine
the diversity and community structure
of environmental samples collected from
the northern Baltic Sea water column and
anaerobic digestion reactor, and to assess
how the prevailing abiotic factors affect
the microbial community structure. We
applied 16S rRNA and ITS gene amplicon
sequencing method with 454 sequencing
technology to form a detailed taxonomic
description of studied communities. The
produced sequence data was further utilised
in designing probes for a new padlock probe
based ligation detection reaction (LDR)
microarray that could be employed for specific
and sensitive taxonomic identification of
microbial groups in diverse communities.
The functionality, specificity and sensitivity
of the microarray were assessed using
artificial and real environmental samples.
Additionally, selected amplicon sequencing
data analysis methods were compared in
order to discover which algorithms work
most reliably. In this subproject, we aimed to
clarify how significantly the selected analysis
methods, specifically denoising and clustering
algorithms, affect the results and how

comparable the results derived from different
analysis pipelines are.

Amplicon sequencing revealed diverse
microbial communities in the northern Baltic
Sea water column and anaerobic digestion
reactor. The pelagic bacterial communities in
the northern Baltic Sea were strongly stratified,
with aerobic Bacteria such as Pseudomonas
and Flavobacterium dominating in the surface
layer and Oleispira and sulfate-reducing
bacteria in the anoxic deep waters. Based on
the sequence data the diversity was assessed
one order of magnitude less diverse compared
to Atlantic and Pacific ocean bacterial
communities. The anaerobic digestion reactor
communities were dominated by Bacteria
belonging to phyla Bacteroidetes, Firmicutes
and Thermotogae and methanogenic Archaea,
all essential and typical degraders in anaerobic
digestion. The process also supported a diverse
fungal community of phyla Ascomycota and
Basidiomycota, including several taxa capable
of degrading organic material in anaerobic
conditions.

The LDR microarray technology proved
sensitive, specific and semiquantitative
method for identifying microbes in diverse
communities. The proof of principle tests
and experiments with real environmental
samples showed that if the probes are designed
carefully, the detection is comparable to qPCR
and amplicon sequencing. The detection limit
was 0.01 fmol/pl/template.

Data analysis method comparisons
revealed prominent differences in observed
operational taxonomic units and relative
abundance of identified taxa. The majority of
tested methods assessed the species richness
too high. Using a functioning denoising
method evened out the differences in the
number of observed OTUs caused by various
clustering algorithms. The ability to filter out
the spurious taxa produced by amplification
and sequencing, but still retain all the real
diversity varied between methods.



This study shows both the potential
and the challenges in the use of amplicon
sequencing and microarray technologies in
studying diverse microbial communities.
The results indicate that the padlock based
LDR microarray can be designed for very
accurate and identification of
microbial groups of interest. The data suggest

sensitive

that amplicon sequencing is a powerful tool
in identifying microbes and assessing the
diversity but distinguishing between spurious
and true community members remain a
challenge. There is still work to be done in the
development and application of data analysis
tools.
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Introduction

1. INTRODUCTION

1.1.

Biodiversity on Earth is composed of three
domains of life. All cellular living organisms
belong to either Archaea, Bacteria or Eukarya
(Madigan et al, 2003). Microbes are a large
and diverse group of microscopic organisms
that can live as single cells or in cell clusters.
All Bacteria and Archaea are microbes, but
domain Eukarya contains microbes as well:
Fungi, Protozoa and microscopic Algae
(Torsvik & @Qvreds, 2011). Before the discovery
of Archaea in the 1970s (Woese & Fox, 1977),
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both Bacteria and Archaea were classified as
Prokaryotes, indicating these organisms lack
a nucleus unlike Eukaryotes. Prokaryotes are
thought to be the first organisms on Earth and
they represent the majority of life’s genetic
diversity (Whitman et al, 1998). It has been
estimated that biosphere, the place on Earth’s
surface occupied by living organisms, carries
approximately 10*° to 10*' microbes, which
is two to three orders of magnitude more
than the number of animal and plant cells
combined (Whitman et al, 1998). Figure 1
illustrates the current knowledge in the three
domains of life.
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Figure 1. A simplified tree of life based on ribosomal RNA sequence comparisons. The grey
circles represent the time points of unresolved branching order, and the scale bar indicates rRNA
sequence change. Figure modified from Pace, 2009.
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The first living organism appeared on
Earth about 3.8 billion years ago and since
then evolutionary processes have molded the
bacterial and archaeal communities (Torsvik
& Qvreas, 2011). In comparison, Eukaryotes
have been around only for 1.6-2.1 billion years
(Knoll, 1992). Bacteria and Archaea are found
everywhere: in soil, marine and fresh water, air
and deep in sediment of the oceans (Torsvik
& Qvreas, 2011; Liu & Jansson, 2010). They
provide essential ecosystem services and are
crucial for all life forms on Earth. Microbes are
critical in central biogeochemical processes,
including carbon, nitrogen, sulphur, iron
and manganese cycles, nutrient recycling
as well as decomposing organic matter, and
consequently influence the composition of the
atmosphere and affect the climate (Madigan
et al, 2003; Nagata, 2008). Their metabolic
flexibility, possibility to short generation
time and the capability to change genetic
material even with distant relatives, make
these organisms very adaptable, which has
enabled them to occupy nearly every niche on
Earth (Torsvik & @vreas, 2011). Prokaryotes
also form symbiotic relationships with
multicellular organisms, such as plants and
animals, and play important roles in nutrition
and disease (Whitman et al, 1998).

1.1.1. Classification of organisms and
concept of species

Taxonomy is a field of science that classifies
living organisms into groups based on their
shared characteristics and provides names to
the created groups. The hierarchical system
of taxonomic classification and binomial
nomenclature was originally developed by Carl
von Linné, a Swedish scientist, and the basic
idea of his invention is still in use (Linné, 1758-
59; Hjelt, 1907). However, the methodology
and the determinative characteristics have
changed over the centuries, as molecular
techniques have gained ground in taxonomy
and species identification (Rossello-Mora &
Amann, 2001).

1.1.1.1 Taxonomy of Bacteria and Archaea

Bacterial taxonomy as a discipline is new and
dynamic compared to classification of higher
organisms. Upon their discovery in the 17th
century, Bacteria were described as “infusion
animalcules” and no taxonomic classification
was attempted (Rossello-Mora & Amann,
2001). Bacteria were seen as a single species
that can occur in variety of sizes and shapes.
Later scientists developed the classification
based on morphology: a Danish scientist,
Otto Friedrich Miiller (1730-1784), was the
first person to classify micro-organisms at
the end of the 18th century. He proposed two
genera, Monas and Vibrio, based on round and
oblong form. A few decades later Christian
Gottfried Ehrenberg (1795-1876) described
five helical bacterial genera: Bacterium,
Vibrio, Spirochaeta, Spirillum and Spirodiscus.
The ability to isolate micro-organisms and
grow them in pure cultures was a major
advancement in microbiology and bacterial
taxonomy in the late 19th century. Bacteria
were easy to study in pure cultures and many
tests for distinguishing bacteria by their
phenotypic characteristics, such as cytological
features, antibiotic susceptibility, chemical
analysis, nutrition as well as metabolic,
enzymic and reproductive features, were
developed (Rossello-Mora & Amann, 2001).
In the 1960s, as the awareness of DNA as the
genetic material of living organisms increased,
the idea of classifying bacteria based on their
genomes became a viable option. At first, the
base composition of genomes was compared
and when mol% G+C values differed
significantly, the two bacteria were classified
in two different species. The resolution
power of base composition comparison
was not very effectual and more accurate
methods were needed. Brenner and colleagues
(1969) developed DNA-DNA hybridisation
methodology which soon became a standard
in bacterial taxonomy (Rossello-Mora &
Amann, 2001; Rossello-Mora, 2006).
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A significant breakthrough in taxonomy
and molecular microbiology took place in
the late 1970s and 1980s when the potential
of ribosomal RNA sequences in determining
the relationships between organisms was
first discovered and applied (Rossello-Mora
& Amann, 2001; Ludwig & Schleifer, 1994;
Stackebrandt et al, 1985). Woese and Fox
published a groundbreaking study in 1977
(Woese & Fox, 1977) describing the three
domains of life. They discovered, based on
16S and 18S ribosomal RNA gene data,
that all living organisms do not classify
in the two domains, as generally accepted
before the era of molecular phylogeny, but
there is a third group of organisms which
doesn’t resemble Eukaryotes or prokaryotic
Bacteria either in terms of ribosomal RNA
sequence similarity or phenotypic features.
This group of relatively unknown anaerobes
had the expertise of reducing carbon dioxide
into methane and was tentatively named
Archaebacteria, later changed to Archaea
to emphasise the distinction between
Archaea and Bacteria (Woese & Fox, 1977).
Currently Archaea comprises of four phyla:
Euryarchaeota, Crenarchaeota, Nanoarchaeota
and Korarchaeota. Euryarchaeota is the most
diverse, encompassing all the methanogens
and halophiles and Crenarchaeota includes
Archaea thriving in extreme temperature
conditions. Nanoarchaeota and Korarchaeota
are small groups separate from other two phyla,
but still little is known about their phylogeny
and ecology. It has been even proposed that
Nanoarchaeota and Korarchaeota do not
exist as distinct phyla but belong within
Euryarchaeota and Crenarchaeota, respectively
(Barns et al, 1996; Huber et al, 2002; Swan &
Valentine, 2009).

The species concept and the bases for
classification have developed in parallel with
advances in laboratory methods that have
enabled the acquisition of more exact and
reliable taxonomic information on Bacteria
and Archaea. In the late 1980s, the Committee
on Reconciliation of Approaches to Bacterial

Systematics published a report about bacterial
species classification (Wayne et al, 1987). They
recommended that phylogenetic, descriptive,
diagnostic and associative perspectives should
be taken into account when proposing a new
taxon. It means that a single characteristic
can't be used alone for describing a new
species, but a set of features that together
clearly indicate that a new taxon has been
discovered. These different features include
information gathered using for example SDS-
PAGE method, different chemotaxonomical
markers, DNA-DNA similarities and 16S
rRNA data (Rossello-Mora & Amann, 2001).
The development of sequencing technologies
and application of 16 rRNA gene information
have not replaced the DNA reassociation
that is especially invaluable in differentiating
between closely related taxa. Still today, the
“polyphasic approach” by combining as many
techniques as possible is recommended
(Rossello-Mora & Amann, 2001).

1.1.1.2 Taxonomy of Fungi

Taxonomic classification of Fungi has always
been complicated. Very little is known about
fungal evolution and even separating an
individual fungus from a population may
pose a challenge (Carlile et al, 2001). The
phylogeny, especially at higher taxonomic
levels, is largely unknown. Traditionally Fungi
have been classified based on differences in
morphological characteristics, and knowledge
on ecology, breeding and the ability to infect
have been essential in taxonomic classification
(Guarro etal, 1999). The developments in DNA
techniques have greatly influenced the fungal
phylogeny, as ribosomal RNA based studies
have seriously questioned the accuracy of
conventional biology-based phylogeny. DNA
sequence data reveals that Fungi developed as
a part of terminal radiation of great eukaryotic
groups and it has been suggested that Fungi
may actually be more closely related to animals
than plants. The main fungal lineages are
called Ascomycota, Basidiomycota, Zygomycota
and Chytridiomycota (Guarro et al, 1999).
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1.1.1.3. Concept of species

The concept of microbial species is difficult,
if not impossible, to define (Riley, 2011; Cole
et al, 2010). Sexually reproducing higher
organisms belong to the same species if they
are able to produce fertile progeny together
(Mayr, 1982, 2001). Due to the asexual
reproduction strategy in Bacteria, Archaea and
many Fungi this rule does not apply (Madigan
et al, 2003). Traditionally a microbial species
has been characterised based on extensive
set of distinct phenotypic traits (Rossello-
Mora & Amann, 2001). Today, we know
that using merely phenotypic characteristics
for identification can be misleading, not
only underestimating the diversity, but also
misplacing organisms in the phylogenetic
tree. Currently, when a new species is
proposed, phenotypic characteristics, 16S
rRNA sequence comparisons as well as DNA-
DNA hybridisations are required (Rossello-
Mora & Amann, 2001). These prerequisites
hold the presumption that there is a pure
culture of interest that could be subjected
to various tests. However, the discovery rate
of 16S rRNA sequences from uncultured
organisms in natural environments using
modern molecular techniques exceeds by far
the cultured organisms, which may complicate
reliable identification and correct taxonomic
placement of sequences in the phylogenetic
tree (Prosser et al, 2010). These challenges with
species concept, taxonomy and nomenclature
make the use of operational taxonomic units
(OTUs) for binning sequences into microbial
populations very attractive option. OTUs
are defined based only on the similarity
of sequence reads within a certain dataset
(Wooley et al, 2010). An identity threshold
is selected, most typically 97%, and all the
sequences clustered into a certain OTU are
handled as one “species” OTU based methods
presume the same rate of evolution in 16S
ribosomal RNA gene throughout all living
organisms (Kunin et al, 2010; Ward et al,
2011).

1.1.2. Measuring microbial diversity

Microbial diversity can be defined by the
number of species or different groups
(e.g. OTUs) of microbes living in a certain
environment, as well as the evenness of the
species abundance distribution (Magurran,
2004). In natural environments microbial
communities are typically complex and the
diversity is difficult to assess and compare. In
order to quantify the diversity as objectively
as possible, a variety of diversity indices and
richness estimates have been developed and
applied (Magurran, 2004). These estimators
present the diversity data as a single number
that takes various aspects, depending of the
indices used, of diversity into consideration.
The diversity within individual samples
or locations can be assessed using alpha
diversity measurements whereas comparing
the community membership and structure
between samples or habitats is accomplished
by applying beta diversity calculators
(Magurran, 2004; Whittaker, 1960, 1972).

One aspect of alpha diversity is
community richness, which describes the
number of species present in a certain
community (Magurran, 2004). The simplest
way of representing the community richness
is observed richness, i.e. how many species
were observed using a given sampling effort.
Regardless of sampled environment and
organisms of interest, the observed richness
is often far lower than the true richness,
indicating that more extensive sampling
would yield higher number of observed
taxa. Therefore different richness estimate
calculators, such as Chaol (Chao, 1984), ACE
(Chao & Lee, 1992), jackknife (Burnham &
Overton, 1979; Heltshe & Forrester, 1983) and
bootstrap (Smith & van Belle, 1984) estimators
are applied in measuring the community
richness. These nonparametric estimators
use the species abundance and occurrence
information and nonparametric model to
estimate the total number of species present
(Hortal et al, 2006).
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In addition to species richness, another
important aspect of alpha diversity is
community evenness, which is a measure of
the evenness in the distribution of species in
a sample or environment (Magurran, 2004).
The evenness in environmental sample can
be represented by Pielou’s evenness index
which compares the maximum diversity and
estimated diversity derived from Shannon
index, and Heips index of evenness which
aims to measure evenness independently on
species richness, working more reliably with
communities carrying very low evenness
(Magurran, 2004). The concept of community
diversity ~retains both species richness
and evenness. A more evenly distributed
community is more diverse than a community
with few dominant species but the same
species richness. Community diversity can
be assessed employing a variety of diversity
indices including Shannon index and non-
parametric Shannon index, Simpson index
and inverse Simpson index (1/D) (Magurran,
2004).

Given that these richness estimates and
diversity indices, as well as the whole ecological
theory, were originally developed for studying
macrobiota and not microbes using sequence
data and OTUs, it is often challenging to assess
the suitability of a certain estimate or index
for a given dataset and research question, and
draw the right conclusions. The relevance of
singleton and doubleton OTUs in sequence
dataset can easily be overestimated since
they may be products of sequencing or PCR
errors (Kunin et al, 2010; Huse et al, 2010;
Quince et al, 2011). A more reliable approach
for comparing alpha diversity between
samples is rarefaction analysis combined with
community diversity metrics. The rarefaction
analysis compares the samples at a certain
sequencing depth which eliminates the impact
of sampling effort. It has been estimated that
the Shannon index applied for rarefied data is
a fairly reliable measure (Gihring et al, 2012).

A major goal in ecological research is
recognising the processes causing spatial
variation  between  communities.  This
variation is called beta diversity (Whittaker,
1960), which compares the membership
and of multiple communities
and quantifies differences in both taxon
composition and relative abundance. As with
alpha diversity, beta diversity can be presented
using a range of indices. The main measures
of PB-diversity include Whittaker’s measure
B,, (Whittaker, 1960, 1972), Cody’s measure
B. (Cody & Diamond, 1975), Routledge’s
measures 3, B, and 8, (Routledge, 1977, 1984)
and Wilson & Shmida’s measure 3. (Wilson
& Shmida, 1984). With modern sequencing
technologies and large sequence datasets,
programs such as LIBHUFF (Singleton et al,
2001), TreeClimber (Schloss & Handelsman,
2006) and UniFrac (Lozupone & Knight,
2005) have been applied in describing beta
diversity. Various practical applications are
also implemented in popular data analysis
pipelines: in Mothur (Schloss et al, 2009) it
is possible to compare the membership and
structure of multiple communities by creating
heatmaps, venn digrams, calculating the
share of overlapping community members as
well as drawing dendrograms and calculating
the statistical significance of the clustering.
Qiime (Caporaso et al, 2010) package contains
many similar components. These tools are
commonly used in visualising beta diversity
(Magurran, 2004).

The fundamental goal in microbial
ecology is to characterise the structure and
function of all microbial communities, and to
explain how abiotic and biotic environmental
factors and interactions impact these
communities (Gentry et al, 2006). This thesis
concentrated on microbes in two distinct
habitats, marine Bacteria in the northern
Baltic Sea water column, and Bacteria,
Archaea and Fungi in anaerobic digestion
reactor and application and development of
modern molecular detection techniques.

structure
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1.1.3. Microbial communities in marine
environment

Microbes are ubiquitously distributed in
marine and freshwater habitats on Earth
(Liu & Jansson, 2010). It has been estimated
that the cellular density for continental shelf
and the upper 200 metres in the open ocean
is approximately 5 x 10° cells/ml of sea water
(Kirchman, 2008). Marine bacteria have
traditionally been difficult to culture (Joint
et al, 2010), and consequently molecular
techniques have been used to characterise
the microbial community structure and their
functional roles in the marine ecosystem.

Marine bacteria can be divided in
eleven major lineages based on their small
subunit ribosomal RNA (SSU rRNA)
gene: Cyanobacteria, various classes of
Proteobacteria  (a,p,y,0),  Actinobacteria,
Lentisphaerae,  Bacteroidetes,  Fibrobacter,
Planctobacteria and Chloroflexi (Miller &
Wheeker, 2012). Cyanobacteria are probably
the most well known marine bacteria,
several members of which have a ubiquitous
distribution in the marine environment, and
are able to fix both nitrogen and carbon. A
significant share of marine bacteria is affiliated
to Prochlorococcus and Symnechococcus, two
major groups of Cyanobacteria (Kirchman,
2008). Autotrophic Cyanobacteria obtain their
energy via photosynthesis: in the presence of
carbon dioxide and water they convert the
light energy from sun into chemical energy,
i.e. sugar and oxygen. In oligotrophic oceans
Cyanobacteria may account for nearly 90 per
cent of the ecosystem’s primary production
(Kirchman, 2008). Some lineages of
Cyanobacteria are also capable of producing
harmful toxins which hinders the usage
and especially the recreation possibilities of
affected waters (Chorus et al, 2000; Halinen et
al, 2007; Koskenniemi et al, 2007).

Another important group of marine
bacteria is so called heterotrophic bacteria,
containing taxa from all above mentioned
major lineages. Heterotrophic bacteria are
the most abundant cellular organisms in the

entire biosphere (Kirchman, 2008). They
are ubiquitous and abundant in all depths
of the ocean and constitute a considerable
proportion of microbial genetic diversity
in marine habitats (Robinson, 2008).
Heterotrophic bacteria need organic carbon-
containing compounds as a source of energy
and they are responsible for using most of the
ocean’s dissolved organic matter (Kirchman,
2008).

Ocean as a habitat contains numerous
niches of different types for microbes. The
water column that often looks uniform
environment by naked eye is not static, but
modified by various short and long term
factors. Short term effects, such as weather,
can change the environment rapidly, while
longer term effects such as seasonal change
affects environmental conditions especially in
and near the polar regions, and cause temporal
variation (Fuhrman & Hagstrom, 2008). The
response of marine microbial communities to
these temporal variations have been studied
for decades and the results show that in some
environments the community structure can
stay very constant for a long time whereas in
another habitat rather large daily fluctuations
are detected (Acinas et al, 1997; Gilbert et
al, 2009, 2012; Hewson et al, 2006a; Lee &
Fuhrman, 1991; Riemann & Middelboe,
2002). Another aspect of variation in marine
microbial communities at a global scale is
spatial variation. It has been established that
at the phylum level bacterial communities
are rather similar in all localities, but there
are only few cosmopolitan taxa at lower
taxonomic level. Individual strains of classes
Alphaproteobacteria, ~ Gammaproteobacteria,
Deltaproteobacteria and phylum Bacteroidetes
have been found in all studied marine
locations but none of the phylum Firmicutes
(Fuhrman & Hagstrom, 2008). Probably the
best known ubiquitously distributed bacterial
species is Pelagibacter ubique which belongs
to SARI1 clade and class Alphaproteobacteria.
Pelagibacter ubique has been assessed as
the most abundant organism on the planet
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and was first discovered by Giovannoni and
colleagues (1990) in Sargasso Sea by cloning
and sequencing the 16S rRNA genes of an
unculturable marine community. Using
molecular techniques it has been found in
almost every seawater sample surveyed since
(Joint et al, 2010; Morris et al, 2002). SAR11
cluster is a diverse group of bacteria inhabiting
different depths and latitudes (Fuhrman &
Hagstrom, 2008), yet much of what we know
about this extensive clade is based on analysis
of P. ubique’s physiology and genome content
(Joint et al, 2010).

Although there are several ubiquitous
clades in the marine environment, there is
always spatial variation in marine bacterial
communities. Marine bacteria are largely
affected by environmental parameters,
such as temperature and salinity as well
as abundance of other microbial groups
(Winter et al, 2013). Patchiness may also be
caused for example by ocean currents and
mixing (Fuhrman & Hagstrém, 2008), and in
coastal areas by rainfall and river discharge
(Bouvier & del Giorgio, 2002). Community
structure differences according to a certain
pattern, for instance decreasing similarity
with increasing geographic distance, have
been observed in locations were the mixing
occurs within geographical constraints, such
as in straits, where environmental conditions
form a gradient (Riemann & Middelboe, 2002;
Hewson et al, 2006b). Differences in water
density, strongly influenced by temperature
and salinity, form a stratified water column
where surface and bottom waters do not mix
without vigorous turbulence (Eerola, 1993),
and this affect bacterial communities at
different depths. Consequently, in locations
where vertical and horizontal gradients
are present, patchiness and stratification
in bacterial communities can be expected
(Holmfeldt et al, 2009; Brown et al, 2009;
Herlemann et al, 2011; Peura, 2012).

Marine Archaea were discovered in the
1990s, and information on their abundance
and function has been received only recently

(Ingalls et al, 2006; Karner et al, 2001).
Archaea are found everywhere in the water
column, but particularly abundantly in deep
ocean and extreme environmental conditions,
such as exceptionally high temperature and
salinity, and low water availability (Kirchman,
2008; Fuhrman & Hagstrom, 2008). The most
abundant planktonic marine Archaea include
the first two groups found, Crenarchaeota
and Euryarchaeota. Below 100 m in the
ocean water column, Crenarchaeota biomass
exceeds the total bacterial biomass. Marine
Crenarchaeota are known to possess both
heterotrophic and autotrophic capabilities
and studies suggest that marine Archaea have
a significant role in ammonia oxidation. Still,
very little is known about these microscopic
organisms and the processes they mediate in
the deep ocean (Kirchman, 2008; Fuhrman &
Hagstrom, 2008).

Marine microbes are by large responsible
for biogeochemical cycles of carbon and
nitrogen on Earth and the diversity and
community structure of marine microbial
communities is of great interest. The
International Census of Marine Microbes
(ICoMM: http://icomm.mbl.edu/) has initiated
a world-wide effort to catalogue all known
marine single-cell organisms including
Bacteria, Archaea, Protista and associated
viruses, study the wunknown microbial
diversity and explore the collected information
in appropriate ecological and evolutionary
context.

1.1.3.1. Baltic Sea bacterial communities

The Baltic Sea is the second largest brackish
water basin in the world. Eutrophication,
continuous oxygen deficiency and strong
stratification of the water column are typical
features of the Baltic Sea (Eerola, 1993).
Thermocline and halocline prevent the
mixing of oxygen-rich surface water and
anoxic water from the bottom. Additionally,
the presence of toxic hydrogen sulphide in
deep waters has adverse effects on the benthic
and demersal communities. Phosphate
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emissions from land-based sources, internal
loading of phosphorus and the abundance
of nitrogen intensify the primary production
and massive cyanobacterial blooms leading
to sedimentation and decomposition, further
contributing to anoxia and deterioration of
benthic communities (Eerola, 1993). Various
anthropogenic pollutants affect the Baltic Sea
environment, including industrial chemicals
and oil originating from various sources (NAS,
2003). These features make the Baltic Sea a
unique environment for a sparse selection of
freshwater and marine organisms, migratory
species, and glacial relicts (Ojaveer et al, 2010).

Cyanobacterial communities in the area,
including toxic and problematic blooms, have
been studied for a long time and information
on the abundance and dynamics of small-sized
picocyanobacteria Synechococcus and larger
groups such as Nodularia, Aphanizomenon and
Anabaena is presented in many publications
(Koskenniemi et al, 2007; Andersson et al,
2010; Sivonen et al, 1989a, 1989b; Stal et al,
2003). Some information is also available
on the heterotrophic bacterial abundance
and activity. It has been detected that the
structure of bacterial communities in water
column changes according to the seasons.
Rather limited data suggest that Cytophaga-
Flexibacter-Bacteroides group and different
classes of Proteobacteria dominate the Baltic
Sea brackish water bacterial communities,
and members of genera Sphingomonas,
Pseudomonas and Shewanella have been
detected as strikingly common (Riemann
et al, 2008; Hagstrom et al, 2000). Typical
freshwater taxa within classes Actinobacteria,
Verrucomicrobia, and Betaproteobacteria are
also common and detected in the Baltic Sea
water column (Holmfeldt et al, 2009; Riemann
et al, 2008). However, characteristic marine
genera within Gammaproteobacteria, such as
Vibrio, Pseudoalteromonas, and Alteromonas,
and Roseobacter within Alphaproteobacteria
have been conspicuous by their absence
(Hagstrom et al, 2000). Additionally, bacterial
diversity in certain special environments such

as chemical weapons dumping sites and littoral
sediments has also been described in research
papers. The methodology in these studies,
focused both on water column and sediments,
(Holmfeldt et al, 2009; Riemann et al, 2008;
Hagstrom et al, 2000; Edlund et al, 2006,
2008; Edlund & Jansson, 2008; Medvedeva
et al, 2009) relies mostly on culturing,
fingerprinting, and cloning and sequencing
relatively small datasets. These approaches are
likely to limit the observations to abundant
Bacteria or a certain bacterial groups of special
interest leaving unknown, unculturable, rare
and seemingly insignificant bacterial groups
overlooked. Only since the development of
next generation sequencing technologies, has
there been a growing interest towards the
whole bacterial community, including both
rare and abundant community members.
Andersson and colleagues (2010) published
the first description of the Baltic Sea bacterial
communities using pyrosequencing. They
found that the samples were dominated, to
some extent, by the same lineages as the ocean,
for example Actinobacteria, Bacteroidetes,
Cyanobacteria and  Proteobacteria, but
also a substantial share of the sequence
reads was affiliated to phylogenetic groups
characteristic for freshwater ecosystems
(Andersson et al, 2010). They also detected
annually reoccurring succession patterns
within the bacterial communities, the same
phenomenon that had been observed in
several other marine and freshwater habitats
using fingerprinting methods, thus focusing
merely on the abundant taxa. Although the
short read length of 454 GS-20 technology
they used allowed only high taxonomic level
identification, it was the first attempt for a
highly detailed description of the Baltic Sea
bacterial communities (Andersson et al, 2010).

1.1.4. Microbial communities in anaerobic
digesters

Anaerobic digestion is a decomposition
process where organic material is degraded in
the absence of oxygen by numerous different
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groups of microorganisms (Hobson &
Wheatley, 1993). The process can be divided
into four key biological and chemical stages:
hydrolysis, acidogenesis, acetogenesis and
methanogenesis (Bitton, 2010). At each stage,
the process is driven by a specialised group
of microbes. In hydrolysis fermentative
heterotrophic bacteria break the complex
organic molecules down into simple sugars,
amino acids and fatty acids. In acidogenesis
heterotrophic syntrophic bacteria degrade
the simple sugars, amino acids and fatty acids
to form carbonic acids, alcohols, hydrogen,
carbon dioxide and ammonia. In acetogenesis
the simple molecules created in acidogenesis
are further digested by acetogenic bacteria
to produce acetic acid, carbon dioxide and
hydrogen (Bitton, 2010; Okabe & Kamagata,
2010). In methanogenesis Archaea use the
products of the preceding stages and convert
them into methane, carbon dioxide, and
water, which together make up the majority
of the biogas emitted from the system
(Okabe & Kamagata, 2010; Zehnder, 1978).
Consequently, the diversity and community
structure of microbes in the process have a
major impact on the process efficiency and
functionality.

The microbial community composition
in anaerobic reactor is greatly influenced
by the substrate composition (Hobson &
Wheatley, 1993), reactor design as well as
operating conditions (McHugh et al, 2003).
Temperature seems to affect the microbial
community: in mesophilic (temperature about
35 °C) conditions the species richness appears
higher and the species composition different
compared to thermophilic (temperature about
55 - 60 °C) reactor conditions (Levén et al,
2007). However, the process performance
is somewhat equally effective in both
temperatures, apart from the more efficient
degradation of a few specific compounds
and the elimination of pathogens at higher
temperatures (Bagge et al, 2005; Levén et al,
2012).

The abundance and distribution of Bac-
teria and Archaea in anaerobic digestion pro-
cesses have been studied by several research
groups (e.g. McHugh et al, 2003; Levén et al,
2007; Pycke et al, 2011; Riviere et al, 2009;
Ros et al, 2013; Sasaki et al, 2011; Schliiter
et al, 2008; Shin et al, 2010) and the process
is known to carry a diverse community of
heterotrophic and syntrophic Bacteria and
methanogenic Archaea: the bacterial phyla
Bacteroidetes, Chloroflexi, Thermotogae, Fir-
micutes, Proteobacteria, Spirochaetes, Actino-
bacteria, Synmergistes, Planctomycetes, Verru-
comicrobia, Acidobacteria and Nitrospira as
well as candidate divisions OD1, PO10, OP9,
OP8, OP3, TM6, TM7, EM3 and BA024 have
been detected in samples taken from anaero-
bic digestors (e.g. Okabe & Kamagata, 2010;
Levén et al, 2007; Riviere et al, 2009; Levén,
2006). The Archaea present in anaerobic
digestion are mainly affiliated to phylum Eur-
yarchaeota, but also Crenarchaeota have been
detected. The often observed archaeal genera
in anaerobic reactors include methanogenic
Methanospirillum, Methanosarcina, Methano-
culleus, Methanomethylovorans, Methanosaeta,
Methanobrevibacter and Methanothermobacter
(e.g. Okabe & Kamagata, 2010; Riviere et al,
2009; Ros et al, 2013; Shin et al, 2010; Levén,
2006).

The analysis of Fungi in anaerobic
reactors has typically been limited to
pathogenic Fungi and their survival during
the digestion (Schniirer & Schniirer, 2006). It
has been reported that the quantity of colony
forming fungal cells is not reduced during the
anaerobic digestion process but the diversity
is decreased (Schniirer & Schniirer, 2006).
However, a wide variety of fungal lineages can
be introduced to the reactor along with the
substrate, and since there are fungal groups
capable of degrading organic material in
anoxic environment, it is surprising that Fungi
has attracted so little attention as a functional
part of anaerobic digestion (Hobson &
Wheatley, 1993; Dumitru et al, 2004; Jennings,
1995; Kinsey et al, 2003).
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1.2. Molecular methods in

studying microbial diversity

Biological study has always been technology
driven, and microbial ecology is no exception.
Major advances in the field have followed
revolutionary instrument innovations, such
as the microscope, the discovery of DNA,
PCR and most recently the advent of next
generation sequencing technology (Margulies
et al, 2005; Shendure et al, 2005; Xu, 2011). The
current range of molecular methods available
is extensive, covering all the techniques relying
on extracted community DNA, RNA and
proteins, but not requiring cultivation of pure
microbial cultures (Prosser et al, 2010). Today,
molecular methods are applied to determine
the identities and functions of microbes in
diverse communities, with a focus on the
whole community and its interactions. This is
in contrast to traditional methods that typically
separated the microbe of interest from its
natural physical and biological environment
(Prosser et al, 2010). Before the advent of next
generation sequencing technologies the term
“molecular methods” typically meant either
fingerprinting or cloning and sequencing
based techniques (Oros-Sichler et al, 2007).
Fingerprinting methods are PCR based
techniques that in most cases detect differences
in the marker gene among diverse community
by electrophoretic separation of produced
DNA fragments (Oros-Sichler et al, 2007). The
resolution power and identification precision
of community members are often relatively
constricted. The number of microbial groups,
OTUs, detected by fingerprinting methods is
usually far lower than the actual richness of
natural communities with long-tailed rank
abundance distribution and the diversity
indices calculated based on fingerprints do
not provide reliable information on the true
diversity (Bent et al, 2007). Consequently,
these methods work best as a rapid and
comparative analysis of multiple samples,
for comparing the diversity and community
structure of samples with fairly considerable
differences along environmental gradients
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or experimental factors, or for characterising
rather simple and well-studied communities
(e.g. Juottonen et al, 2008; Nieminen et al,
2012b). With diverse environments, such as
sea water and soil with potentially thousands
species per gram of sample and potentially
billions of microorganisms (Kirchman, 2008;
Daniel, 2011) the resolution power is typically
not sufficient. To unravel this great diversity,
modern and more powerful estimation
methods, such as next generation sequencing
and microarray technologies (Margulies et
al, 2005; Bentley, 2006; Bentley et al, 2008;
Rothberg et al, 2011; Andersen et al, 2010), are
applied.

Various molecular methods utilise
ribosomal RNA genes or the intergenic
transcribed spacer (ITS) regions between
ribosomal RNA genes and their special
characteristics when studying microbial
diversity and phylogeny (Cole et al, 2010;
Prosser et al, 2010). Ribosomes are complex
molecular devices found in all cells of living
organisms, and fundamentally important as
primary sites of mRNA translation and thereby,
protein synthesis. In Bacteria and Archaea
ribosomes consist of a large 50S subunit and
a small 30S subunit (Pei et al, 2011). These
subunits are complexes with ribosomal RNAs
and a set of essential ribosomal proteins. The
large subunit contains 23S and 5S rRNA genes
and the small subunit includes 16S rRNA
which has been widely used in phylogeny
(Pei et al, 2011). Eukaryotic ribosomes are
composed of 18S (small subunit), 5S, 5.8S and
28S (large subunit) genes (Verschoor et al,
1996) (Figure 2).

The 16S rRNA gene contains nine variable
regions and conserved regions in between
(Van de Peer et al, 1996). The conserved
regions can be used in classifying very distant
relatives and the variable regions are used in
classifying more closely related groups of
organisms, and reliable phylogenetic trees
have been constructed based on 16S rRNA
gene (Pei et al, 2011; Noller, 1984). Employing
rRNA genes in microbial diversity assessment
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Figure 2. A schematic illustration of canonical prokaryotic and eukaryotic rRNA operons.

studies in natural environments was first
applied in early 1980s by Norman Pace and
colleagues (Stahl et al, 1985), when they
used 5S rRNA to characterise the microbial
community of a Yellowstone hot spring.

There are several reasons why the
small subunit ribosomal RNA gene is ideal
for studying evolutionary relationships:
ribosomal RNA genes are found in all
organisms, major changes in ribosomal
RNA gene due to horizontal gene transfer
are unlikely since it would disrupt the gene
function, and consequently the evolutionary
history of organisms can be reconstructed
fairly reliably from rRNA gene sequence (Pei
et al, 2011). Additionally, a vast amount of
rRNA gene sequence data is publicly available
in sequence databases, such as Ribosomal
Database Project (RDP, rdp.cme.msu.edu)
(Cole et al, 2009), Max Planck Institute for
Marine Microbiology’s Silva database (www.
arb-silva.de) (Quast et al, 2013), Lawrence
Berkeley National Laboratory’s Greengenes
(greengenes.lbl.gov) (DeSantis et al, 2006a)
and National Institute of Health’s NCBI (www.
ncbi.nlm.nih.gov) (Benson et al, 2009). There
are also established broad range primers
targeting the conserved regions in 16S rRNA
gene that amplify most of the known bacterial
and archaeal community members, as well
as primers targeting specific groups or rare
taxa (Prosser et al, 2010). However, there

are also pitfalls that need to be taken into
account when applying 16S rRNA gene based
approaches: First, the number of ribosomal
operons may vary between 1 and 15 in a
single genome (Klappenbach et al, 2001)
and the intra-genomic variability between
the copies can be up to several percentages.
This may complicate the identification of
microbes of interest and lead to the spurious
classification of one organism into more than
one taxon (von Wintzingerode et al, 1997).
Second, even if major horizontal gene transfer
is categorised as unlikely (Pei et al, 2011),
it has been suggested that the functioning
of the ribosome is largely dependent on its
secondary structure and not on the 16S rRNA
gene nucleotide sequence itself (Kitahara et al,
2012), indicating that a functioning ribosome
may have received genomic material through
horizontal gene transfer which could lead to
misleading phylogenetic signal. Additionally,
the rather conserved nature of the gene
hinders the reliable discrimination between
closely related species or strains, and thus
fine ecological adaptations and speciation
generally cannot be detected (Cole et al, 2010).

1.2.1. DNA sequencing

DNA sequencing is a process of determining
the order of nucleotides in a stretch of DNA.
The first sequencing methods were published
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in the 1970s when first Sanger and colleagues
and then Maxam and Gilbert published their
sequencing methods (Sanger & Coulson,
1975; Maxam & Gilbert, 1977). At first upon
its publication in 1977, the Maxam-Gilbert
sequencing system became more popular
because of the ease to use compared to the
first Sanger method. However, later the same
year Sanger and colleagues published a new
sequencing strategy relying on sequencing
by synthesis and natural 2’-deoxynucleotides
(ANTP) and chain terminating
2}3’-dideoxynucleotides (ddNTPs) (Sanger
et al, 1977). This new Sanger sequencing
method soon became the most popular way
of determining the nucleotide sequence
and later improvements with automation in
laboratory work and electrophoresis allowed
parallelisation and more throughput (Metzker,
2005). The Sanger method dominated the field
for several decades.

Sanger sequencing method was the first
sequencing technique applied in metagenomic
studies of natural environments (Hugenholtz
& Tyson, 2008). Despite the automation in
methodology, the list of required steps in
protocol is long and the stages laborious:
the gene of interest needs to be amplified or
the environmental DNA fragmented. Then
the clone libraries are constructed of the
resulting amplicons or DNA fragments and
these fragments are sequenced individually
(Metzker, 2005). However, Sanger sequencing
method has been widely applied with
functional genes and community structure
and diversity studies using 16S rRNA gene
(Rastogi & Sani, 2011), and it is still in use
in many laboratories. Yet, it is not feasible
to sequence tens of thousands or millions
sequences per project using Sanger sequencing
and therefore the rare microbial groups in
studied environment are easily overlooked
(Rastogi & Sani, 2011). Consequently, the
limiting factors such as cost and laboriousness
and the significant PCR and cloning bias
related to the method led to a need for new and
more powerful technologies for sequencing.
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Over the last few years the next
generation sequencing (NGS) technologies
have revolutionised the field of genome and
community sequencing, and consequently
microbial ecology (Metzker, 2010). NGS
technologies typically pursue high throughput by
parallelising the sequencing process, producing
thousands to millions of sequences concurrently.
The major advance in NGS is indeed the huge
amount of data produced at considerably low
cost compared to Sanger method (Rastogi &
Sani, 2011; Metzker, 2010). Projects that took
years or months to finish with Sanger sequencing
can now be carried out in days, at a fraction of
the cost. Divergent features of different NGS
technologies, such as read length, throughput
and differing types (homopolymer,
insertion/deletion,  substitution,

error
random)
facilitates the coexisting of multiple platforms in
the market (Stahl & Lundeberg, 2012). Decisions
as to which NGS platform to use depends on
various factors, and beyond cost considerations,
the most important of which is study setup and
objectives, along with what kind of error schema
is the least harmful for the research problem in
question. The drawback of most of these new
technologies is their short read length (Table 1)
(Stahl & Lundeberg, 2012; Mardis, 2008).

Currently DNA sequencing is one of
the most rapidly developing technology
fields of biology. Future advances promise
single-molecule  sensitivity, uninterrupted
real-time sequencing and low cost, but these
innovations depend upon the development of
advanced micro- and nanostructures (Stahl &
Lundeberg, 2012).

1.2.1.1. 454 pyrosequencing

The first next generation sequencing platform
and commercial alternative to Sanger
sequencing was Genome Sequencer GS20 by
the company 454 Life Sciences, later bought by
Roche. The method bases on pyrosequencing
that was invented and developed by Nyrén and
colleagues (Nyrén, 2001; Ronaghi et al, 1996,
1998). The first automated pyrosequencing
system was published and sold already in
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Table 1. Overview of next generation sequencing technologies

DNA sequencing M sequences | throughput | throughput | typical error

GS FLX Titanium,

454/Roche 0,7 1 0,45 0,45 homopolymer l\{larguhes et
GS FLX+, 454/Roche 700 1 0,7 0,7 homopolymer al, 2005
HiSeq 2000, Illumina 2 x 100 6000 54 600 substitutions

HiSeq 2500, Tllumina 2 x 150 1200 45 600  substitutions ggggey2006
MiSeq, Illumina 2x250 16 455 7,5 8,5 substitutions

SOLiD 5500xl, Life 75+ 35/ o Shendure et al,
Technologies 2% 60 2800 20 30 180 substitutions 2005

PGM, Ion Torrent/

Life Technologies 400 45,5 36 12 homopolymer gglthberg et al,
Ion Proton 200 60 80 60 120 10 homopolymer !

PacBio RS, Pacific 5000 0,5 2,5 1,5 indels  FEid et al, 2009
Biosciences

Oxford Nanopore % . Clarke et al,
Technologies 10 000 ND ND ND indels 2009

* estimated values for the sake of comparison (Stahl & Lundeberg 2012)

ND=not determined

1999 but this first instrument was restricted
to sequence only one sample at a time.
Parallelisation was improved and later version
was capable of handling 96 samples in one
run (Nyrén, 2007). The significant step was
taken in year 2005 when Rothberg and
colleagues (Margulies et al, 2005) published
a new technique of pyrosequencing, a highly
parallel sequencing system with substantially
larger throughput compared to previous
pyrosequencing or capillary electrophoresis
sequencing instruments (Margulies et al,
2005).

454-pyrosequencing is  based on
sequencing by synthesis and the process is
monitored by charge-coupled device (CCD)
camera (Metzker, 2010). Adapters are attached
to fragments of correct size which are captured
on micron-scale beads and amplified in water
in oil emulsion, a process called emulsion
PCR (Dressman et al, 2003). Next, the beads
containing the copied fragments are deposited
in picoliter-scale wells on a picotiter plate.
The reaction mixture in wells also contains
enzymes DNA polymerase, ATP sulfurylase,
luciferase, apyrase  and  adenosine5’-

phosphosulfate and luciferin as substrates.
At each of 1779 cycles (current FLX+ pattern
B) one of the four nucleotides is introduced
and  resulting  incorporation  releases
pyrophosphate inducing a burst of light
via ATP sulfurylase and luciferin. Apyrase
degrades the unincorporated nucleotides
and ATP before the next nucleotide is added
(Margulies et al, 2005). The pattern of detected
incorporation events reveals the nucleotide
sequence of individual templates. The raw data
is a series of images which are quantised and
normalised, and converted into flowgrams.
Flowgram data is the starting point for
sequence analysis (Shendure & Ji, 2008).

1.2.1.2. 454 in environmental microbiology

454-pyrosequencing is highly advantageous
in many fields of science: de novo sequencing
and assembly of genomes and metagenomes,
targeted resequencing, transcriptome
sequencing of cells, tissues and entire
organisms (RNA-seq), gene discovery and
studying diverse microbial communities
by metagenomics and metatranscriptomics
(http://454.com/). All these approaches
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are applicable in medical, biological and
environmental research as well, but especially
in environmental microbiology metagenomics
has become a very popular tool in studying
diverse microbial communities (Nelson et al,
2010). 454-pyrosequencing has been applied
in studying the community structure and
function in countless habitats on land and sea,
including natural grassland soil metagenome
(Delmont et al, 2012), both freshwater
and marine communities (e.g. Dinsdale
et al, 2008; Biddle et al, 2008; Nakai et al,
2011), as well as assessing the feasibility of
metatranscriptome sequencing in studying the
active marine microbe community and gene
expression by combining metatranscriptomic
and metagenomic approaches (Gilbert et
al, 2008; Frias-Lopez et al, 2008). The term
metagenomics was first used by Handelsman
and colleagues (1998) and it stands for
studying the whole microbial community
structure and function based on sequence
data derived from genetic material extracted
directly from samples. Consequently, the
sample may contain a variety of organisms
such as bacteria, archaea, viruses, fungi, plants
and animals, and the produced sequence
data is a fragmented puzzle of all the genes
and intergenic regions from all organisms
in the sample (Xu, 2011). Therefore, the
data includes large amount of information
on the whole community structure and
function. Currently however, the most widely
applied next generation sequencing method
in environmental microbiology is called
amplicon sequencing.

1.2.1.3. 454 amplicon sequencing

In amplicon sequencing, a specific genetic
region shared by the members of the microbial
community, is amplified using universal
primers to produce fragments of similar
length suitable for sequencing. Amplification
success is expected to be unbiased across
taxa, and thus each sequence read represents
arandom sample of the genetic diversity in the
sample DNA. Often the amplified fragment
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is a region in 16S ribosomal RNA gene or
other marker gene (Cole et al, 2010; Huber et
al, 2007; Sogin et al, 2006). With current 454
sequencing technology, usually two or three
variable regions in 16S rRNA gene are selected
for amplification.

The amplicon sequencing method
with 454 for studying diverse microbial
communities was first applied by Sogin and
colleagues (2006) when they published a study
of bacterial diversity in North Atlantic Deep
Water and Axial Seamount in the northeast
Pacific Ocean. They designed universal
primers flanking the V6 region of bacterial
16S rRNA gene and included 454 Life Science’s
A and B sequencing adapters to the 5" end of
the primers. They amplified the sample DNA,
prepared the libraries and ran the eight samples
in 16 separate lanes recovering almost 120 000
sequence reads representing the forward and
reverse reads of the samples (Sogin et al, 2006).
The rarefaction analysis and the abundance-
based coverage estimator ACE and the Chaol
estimator of species diversity indicated at
least an order of magnitude greater bacterial
diversity in studied samples than in any
published article about microbial community
diversity at the time. The results suggested that
additional sampling would result in significant
increase in observed operational taxonomic
units (Sogin et al, 2006).

One year later, the same group of
scientists published a new study about the
bacterial and archaeal diversity of deep sea
hydrothermal vents in northeast Pacific
Ocean - with improved methodology (Huber
et al, 2007). They designed a set of unique 5
nucleotides long sequence tags between the
454 Life Sciences A sequence adapter and the
forward primer (Figure 3). Every sample was
amplified with a forward primer carrying
a different tag sequence and the resulting
sequence data could be sorted to samples using
bioinformatics tools and the tag sequence
information. This way, they were able to run
16 samples in one sequencing run without
reducing the area at disposal on the picotiter
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ATTGAACGCTGGCGGCAGGCCTAACACATGCAAG
TCGAGCGGATGAGAGGAGCTTGCTCCTCGATTCAG
CGGCGGACGGGTGAGTAATGCCTAGGAATCTGCC

TAGTA

Figure 3. A schematic picture of amplicon sequencing method.

plate by partitioning gaskets, thus increasing
the number of wells available for sequencing
(Huber et al, 2007).

Since the revolutionary publication by
Huber and colleagues (2007) 454 amplicon
sequencing has been applied to almost all
imaginable environments from deep sea and
deep biosphere (Nyyssonen et al, in press)
to upper troposphere (DeLeon-Rodriguez
et al, 2013). There are publications about
microbial diversity in domestic showerheads
(Vornhagen et al, 2013), human body parts
such as belly buttons (Hulcr et al, 2012), skin
(Hanski et al, 2012) and mouth (Huang et al,
2011), cow rumen (Fouts et al, 2012; Mao et al,
2012), intestines of various animals (Le Roy et
al, 2012; Su et al, 2013), food products (Nam et
al, 2012; Nieminen et al, 2012a) as well as soil,
water and sediment (e.g. Comeau et al, 2012;
Deng et al, 2012; Siam et al, 2012; Zhang et al,
2012).

1.2.2. DNA microarrays

DNA microarrays are a parallel detection
tool that consists of multiple microscopic
spots containing oligonucleotide probes that
hybridise to their specific complementary
targets (Andersen et al, 2010), and a solid
platform on which the probes are immobilised
(Blalock, 2003). The presence of sequence
of interest in studied sample is indicated
by fluorescent signal detected by a special
microarray scanner (Andersen et al, 2010;
Blalock, 2003). DNA microarrays were
originally developed for whole genome gene
expression study purposes (Schena et al, 1995)
but the method has become a popular tool with
a lot of potential in microbiological research
as well. Microbial diagnostic microarrays are
of great value in environmental microbiology
especially in  characterising  microbial
community structure and function of diverse
samples. As a high throughput method,
microarrays allow parallel identification of
microbes and genes from several samples
simultaneously which makes them an efficient
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and rapid tool for monitoring changes in
diverse microbial communities (Andersen et
al, 2010; Bodrossy & Sessitsch, 2004).

There are several commercial microarrays
readily available, such as PhyloChip (Brodie
et al, 2006) for phylogenetic identification
of most known Bacteria and Archaea based
on their 16S rRNA genes, and GeoChip
(He et al, 2007) targeting various functional
genes responsible for instance carbon,
nitrogen, sulfur, and phosphorus cycling,
metal resistance and reduction, as well as
organic contaminant degradation (Andersen
et al, 2010). The advantages of microarray
technology include the rapidness and detection
of rare taxa. In theory, microarrays are not
as affected by abundant microbial groups as
standard amplicon sequencing because every
hybridisation between the probe and target
is an independent process (Brodie, 2011).
However, as PhyloChip contains hundreds of
thousands of ~25mer oligonucleotide probes
and GeoChip more than twenty four thousand
50mers, potential cross-hybridisation between
nearly identical sequences and probes may
skew the results, even though this problem
has been considered carefully in probe
design (Andersen et al, 2010). A possible
disadvantage is that only targeted microbial
groups can be detected and no new groups are
found (Andersen et al, 2010).

1.2.2.1. Phylogenetic microarrays

Phylogenetic microarrays are used as a high
throughput tool for identifying microbes in
diverse samples (Andersen et al, 2010). There
are several different types of phylogenetic
microarrays to meet the differing demands
(Brodie, 2011). The probes can be in situ
hybridised or spotted, and depending on the
probe density one can study the presence and
absence of tens to thousands of microbial
taxa in a sample with one single experiment.
The probes can be designed to target a
phylogenetically broad group of microbes,
such as class, or very strictly target one
single strain of interest (Brodie, 2011). If
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the commercially available microarrays are
not applicable in the project in question it is
possible design a phylogenetic microarray
for a specific environment, as long as certain
matters have been taken into account: The
oligonucleotide probes must be designed with
great care. The melting temperature must be
nearly the same, for example by designing
probes with similar length, using directed
modification of spacer lengths and adding
tertiary amine salts to the hybridisation buffer.
Still, often there are considerable differences in
maximal hybridisation capacity between the
probes (Blalock, 2003; Loy et al, 2002; Peplies
et al, 2003).

1.2.2.2. Sensitivity and specificity

Albeit the phylogenetic microarrays hold a lot
of promise there are certain limitations and
problems, such as sensitivity and specificity
that may restrict their use (Wagner et al, 2007).
Sensitivity refers to the quantities of target
DNA that can be detected, and various factors
may affect: long probes allow better affinity to
the target molecule and consequently higher
sensitivity, but unspecific hybridising may
occur (Lomakin & Frank-Kamenetskii, 1998;
Ohrmalm et al, 2010). Several studies have
shown that a microbial group or species can
only be detected by a microarray method if its
copy number in studied environment is large
enough and its relative abundance more than
0.04-5% of the whole community (Loy et al,
2002; Wagner et al, 2007; Franke-Whittle et
al, 2005; Hultman et al, 2008; Palmer et al,
2006). Consequently, choosing a phylogenetic
microarray for a research method is
reasonable when the species/populations of
interest are not among the rarest in studied
environment. Fortunately, the sensitivity can
be improved, within limits, by taking a good
notice of the quality and sensitivity of probes
and detection appliances and optimising the
laboratory protocols (Wagner et al, 2007).
The other possibility is to amplify selectively
the target gene fragments prior to microarray
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analysis using primers specific for species or
population of interest (Loy et al, 2005).
Specificity denotes how well the probe
hybridises to its fully matching target
sequence. Short probes result in better target
specificity and even one nucleotide mismatch
can be discriminated, but lower affinity may
cause false negative observations (Lomakin
& Frank-Kamenetskii, 1998; Ohrmalm et
al, 2010). Especially, in natural microbial
communities that often harbour closely
related taxa that differ only by one nucleotide
within the probe’s target region the specificity
is of primary importance (Andersen et
al, 2010). Since the optimal hybridisation
conditions (hybridisation and washing buffer
compositions and temperature) typically vary
between oligonucleotide probes, the employed
conditions are not working equally and
some probes will not produce a signal in the
presence of a perfect match target (Wagner et
al, 2007). However, there are ways to minimise
the effect of differing hybridisation capacities
and to discriminate between two targets with
only one nucleotide difference. The imperfect
specificity can be circumvented for example
by applying multiple probes per one target:
The set of probes may possess hierarchical
or parallel specificity, or a probe containing
a single-base mismatch, providing a negative
control for each probe on the array. The
presence of target organism is then confirmed
by positive signal in sufficiently many or
all matching probes or with control probes
(Brodie et al, 2006; Loy et al, 2002; DeSantis
et al, 2005; Liu et al, 2001). Another approach
to increase the specificity with multiple probes
is so called ligation detection reaction (Baner
et al, 2003; Busti et al, 2002; Castiglioni et al,
2004). Furthermore, using distinct control
probes have been proven to reduce the
problems caused by noise, and true positive
signals are easier to distinguish with improved
statistical significance (Ritari et al, 2009).

1.2.2.3. Universal microarrays

The above mentioned problems with
oligonucleotide probes displaying different
maximal hybridisation capacities can be
avoided by wusing universal microarrays.
Universal microarrays do not have
oligonucleotide probes targeting the microbial
groups of interest in samples but a selection of
artificial sequences called Zip-codes (Gerry
et al, 1999). These Zip-code sequences are
designed to have similar thermodynamic
properties and the hybridisation can be
performed at a certain temperature leading to a
more stringent and rapid hybridisation (Gerry
et al, 1999). The Zip-codes target molecules
containing a complement piece of sequence in
studied sample, and consequently the method
needs to be linked with e.g. ligation detection
reaction approach. A universal microarray can
be used for any microbe community, given
the selected probe set is designed to target the
microbial groups of interest in studied samples
(Gerry et al, 1999; Favis et al, 2000).

1.2.2.4. Ligation detection reaction (LDR)

Ligation detection reaction microarray
approach was first applied for detecting
low abundance point mutations and small
insertions and deletions in cancer cells (Gerry
et al, 1999; Favis et al, 2000). The method
is based on two probes, one discriminative
and one common probe. The discriminating
probe carries a fluorescent label on its 5 end
and the 5 phosphorylated common probe
contains a Zip-code on its 3’ end (Busti et
al, 2002). These two probes are designed to
hybridise adjacently to their target sequence
in the sample. The target sequence is typically
an amplified fragment from a marker gene:
in environmental microbiology 16S rRNA
or ITS gene is often amplified with universal
primers in order to characterise the microbial
community structure of samples (Wagner et
al, 2007; Hultman et al, 2008). If the probes’
target is present and hybridisation occurs
to the perfectly matching template, the 3’
end of the discriminating probe and 5 end

17



Introduction

of the common probe are ligated together
by DNA ligase (Busti et al, 2002). Even one
nucleotide mismatch at 3’ terminal position
of the discriminating probe can prevent the
ligation (Khanna et al, 1999). The ligated
products, now carrying fluorescent label on
their 5" end and the Zip-code on their 3’ end,
are hybridised on a universal microarray
containing the complementary Zip-code
sequences (Gerry et al, 1999). The positions on
microarray containing the hybridised ligation
product can be detected by laser scanning and
identifying the locations (Gerry et al, 1999;
Favis et al, 2000). The basic idea of the ligation
detection reaction microarray is presented in
Figure 4.

As with any microarray technology,
probe design is crucial with LDR. The probes
need to target the sequence or microbial group
of interest, but no other groups (Andersen et
al, 2010). The difficulty with environmental
samples is the huge amount of unknown
organisms in the samples for analysis,
particularly the rare taxa, and the great amount
of organisms that have not been sequenced,
and thus can’t be found in sequence databases.
These challenges may result in selection

* probe 1

probe 2 zip sequence

T
target DNA

\d

S S

T

Ligation

Detection

of wrong microbes of interest in terms of
community structure or the probes may cross-
hybridise to similar sequences from related or
unrelated organisms (Gentry et al, 2006).

1.2.2.5. Microarrays in environmental
microbiology

Microarrays have been employed to study
microbial diversity in several research
projects. The microbial community structure
of natural habitats including water column
(Castiglioni et al, 2004; Rudi et al, 2000),
sediment (El Fantroussi et al, 2003) and soil
as well as man-made environments such as
anaerobic digester (Franke-Whittle et al, 2009)
and compost (Hultman et al, 2008) have been
characterised using phylogenetic microarrays.
Microarrays provide a practical analysis
method for complex microbial communities
with relatively low cost and easiness (Andersen
et al, 2010). However, it’s been speculated that
new next generation sequencing methods with
lower costs and improved sequence length
and quality may reduce the interest towards
microarray technologies which may evolve
into preparative tools (Brodie, 2011).

Amplification in
thermal cycling

1l

ﬁ control probe
EEEEERER

Hybridisation

Figure 4. The principle of ligation detection reaction (LDR) microarray: a schematic picture
presenting the ligation detection reaction and hybridisation on microarray. Figure modified

from Hultman et al, 2008.
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1.3. Microbial community data
analysis

Bioinformatics is a multidisciplinary field
of science that develops computational
data processing methods for applications
in biology (Lesk, 2002). The development
and application of NGS sequencing and
microarray technologies in microbial ecology
has shifted the bottleneck from producing
data to analysing vast amounts of complicated
information. This shift has put pressure on
the development of new data analysis tools,
and the increasing need for computational
power and methodology has become the new
challenge (Teeling & Gléckner, 2012). The
whole field of microbial ecology, especially
when working with sequence data, has become
very computer assisted and today’s microbial
ecologist must learn to use several data
analysis tools, and even write their own scripts
and programs if suitable applications are not
available. Fortunately, there are a growing
number of publicly available programs that
can be utilised in data analysis, and the
recently published algorithms are designed to
handle large datasets.

1.3.1. Amplicon sequence data analysis

The purpose of sequence data analysis is to
extract all the relevant information hidden in
the nucleotide sequence data and translate it
into meaningful knowledge. To identify and
eliminate the errors in the data originating
from laboratory procedures and sequencing
technologies is vitally important (Quince
et al, 2011). The selection of methods, from
sampling and DNA extraction to PCR
conditions and sequencing method may all
bias the resulting data. These biases and
errors influence the downstream analyses and
possibly results and conclusions if not tackled
by proper experimental design and sequence
data analysis (Schloss et al, 2011).

For the last few years several research
groups around the world have developed
computer programs specifically designed for

amplicon sequence data analysis. A restricted
list of the methods is presented in Table 2.

Mothur (Schloss et al, 2009), RDP
Pyrosequencing Pipeline and other Ribosomal
Database Project tools (Cole et al, 2009), as
well as Qiime (Caporaso et al, 2010) represent
the most applied complete amplicon sequence
data analysis pipelines, at least in the sense
of being most cited (www.scopus.com). The
data analysis pipeline programs can typically
be utilised from initial processing of the raw
data to hypothesis testing and visualising the
results. There are also a countless number of
programs designed to compute a certain step
in data analysis (Table 2). As a rule, the data
analysis workflow, regardless of the programs
applied, follows the same routine, possibly
with small differences in the order of certain
tasks (Figure 5).

Generally, the data analysis initiates with
preprocessing. The first step is denoising
the flowgram (or fasta formatted) data.
Denoising refers to the correcting of the raw
data and translating it to human readable
DNA sequence. Denoising is accomplished
by clustering the flowgrams using frequency
based heuristics or approximate likelihood
with empirically derived error distributions
(Quince et al, 2011; Reeder & Knight, 2010).
Another option is to use the fasta files in
alignment based error correction (Bragg et al,
2012). AmpliconNoise (PyroNoise) (Quince
et al, 2011) and DeNoiser (Reeder & Knight,
2010), as well as Mothur shhh.flows (Schloss
et al, 2011), Patrick Schlosss translation of
PyroNoise algorithm, use the flowgram data.
AmpliconNoise is highly effective in noise
removal but it requires a lot of memory and
CPU time (Bragg et al, 2012) and therefore
it is not operable for most researchers with
large datasets. DeNoiser algorithm is much
faster and the maximum memory requirement
is only a small fraction of AmpliconNoise’s
but the performance is rather poor (Quince
et al, 2011). Acacia (Bragg et al, 2012) uses
fasta files and requires even less memory
and CPU time than DeNoiser. According to
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Table 2. Sequence data analysis methods

method

CANGS DB

CLOTU

CloVR-ITS

Mothur

Pangea

PlutoF

PyroTagger

Qiime

RDP Pyrosequencing Pipeline
SCATA

SEED

W.A.TER.S

ITSx

ITSxtractor

PyroTrimmer

SEQTRIM

V-Xtractor

Acacia

AmpliconNoise

DADA

DeNoiser

Mothur shhh.flows
PyroNoise

Single-linkage preclustering
(SLP)

ESPRIT

Greengenes NAST aligner
Infernal

MAFFT

Muscle

SILVA Incremental Aligner
(SINA)

BEBaC

CD-HIT

CLUSTOM

CrunchClust

ESPRITTree

Mothur average neighbor
Two-Stage Clustering (TSC)
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function
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pipeline
pre-processing
pre-processing
pre-processing
pre-processing
pre-processing
denoising
denoising
denoising
denoising
denoising

denoising
denoising

aligning
aligning
aligning
aligning

aligning
aligning

clustering
clustering
clustering
clustering
clustering
clustering

clustering

references

Pandey et al, 2011

Kumar et al, 2011

White et al, 2013

Schloss et al, 2009

Giongo et al, 2010
Abarenkov et al, 2010
Kunin & Hugenholtz, 2010
Caporaso et al, 2010

Cole et al, 2009
Brandstrom Durling et al, submitted
Vétrovsky & Baldrian, 2013
Hartman et al, 2010
Bengtsson-Palme et al, 2013
Nilsson et al, 2010

Oh et al, 2012

Falgueras et al, 2010
Hartmann et al, 2010
Bragg et al, 2012

Quince et al, 2011

Rosen et al, 2012

Reeder & Knight, 2010
Schloss et al, 2011

Quince et al, 2009

Huse et al, 2010

Sun et al, 2009
DeSantis et al, 2006b
Nawrocki et al, 2009
Katoh & Standley, 2013
Edgar, 2004

Quast et al, 2013

Cheng et al, 2012

Liet al, 2001; Niu et al, 2010
Hwang et al, 2013
Hartmann et al, 2012

Cai & Sun, 2011

Schloss et al, 2009

Jiang et al, 2012
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Table 2 continuing

method function

USEARCH algorithms: UBlast,  database search and

USearch, UClust clustering
Bellerophon chimera removal
CCODE chimera removal

Chimera_check

ChimeraSlayer chimera removal
Mallard chimera removal
Perseus chimera removal
Pintail chimera removal
Uchime chimera removal
BLAST taxonomy
GAST taxonomy
Megan taxonomy
pplacer taxonomy
RDP Classifier taxonomy
SeqMatch taxonomy
SimRank taxonomy
VITCOMIC taxonomy and
visualisation
Libshuft statistical method
Metastats statistical method
STAMP statistical method
Unifrac statistical method
Flowsim data simulation
Grinder data simulation
MetaSim data simulation

chimera removal

references
Edgar, 2010

Huber et al, 2004
Gonzalez et al, 2005
Maidak et al, 2001
Haas et al, 2011
Ashelford et al, 2006
Quince et al, 2011
Ashelford et al, 2005
Edgar et al, 2011
Altschul et al, 1997
Huse et al, 2008
Huson et al, 2007
Matsen et al, 2010
Wang et al, 2007
Wang et al, 2007
DeSantis et al, 2011

Mori et al, 2010

Singleton et al, 2001
White et al, 2009

Parks & Beiko, 2010
Lozupone & Knight, 2005
Balzer et al, 2010

Angly et al, 2012

Richter et al, 2008

Bragg and colleagues (2012), the developers
of the program, Acacias error correction is
comparable to AmpliconNoise.

Preprocessing of sequence data may
also include extracting the targeted 16S
rRNA and ITS sequences, because the raw
data sometimes contain contaminants
and sequences derived from other genes.
Programs, such as V-Xtractor (Hartmann
et al, 2010) and ITSxtractor (Nilsson et al,
2010), are developed for extracting 16S rRNA
and ITS sequences, respectively, from the raw
data. This function is important when working

with fungal ITS sequences, since fungal ITS
primers often amplify plant derived material
as well.

After preprocessing and denoising,
the sequences are in most cases aligned.
Aligning methods can be divided into
two categories: unsupervised alignment
methods and alignment to a reference
database (Schloss, 2010): Multiple sequence
alignment algorithms such as muscle (Edgar,
2004) and ESPRIT (Sun et al, 2009) work
without a reference and the idea is to align
“all against all” With large next generation
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Preprocess
e denoising
e trimming
Statistical
Alignment analyses
* pairwise alignment
* multiple sequence
alignment (MSA)
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A

Figure 5. A schematic picture of a typical data analysis workflow.

sequencing datasets this approach is often
unfeasible and reference based alignment
algorithms have been developed (Schloss
et al, 2009; Caporaso et al, 2010; Cole et al,
2009; DeSantis et al, 2006b). These methods
employ a reference database of thousands of
manually-curated good quality sequences
and the same regions are aligned to the same
positions every time allowing unchanging
annotation of position-dependent features
such as primer annealing locations and
secondary structures (DeSantis et al, 2006b).
Additionally, it is not necessary to align
the sequences against each other, but every
sequence against the database, diminishing
the memory and CPU requirements (Schloss,
2010). The distances can be calculated using
different criteria: ignoring gaps in alignment,
treating a gap of any length as one mutation,
or interpreting a gap of “n” nucleotides long as
“n” mutations (Lesk, 2002). The choices made
with alignment parameters and alignment
quality considerably affects the distances
between sequences and consequently the all
downstream analyses (Schloss, 2010).
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Yet another source of bias can, and should
be identified and removed in the aligned
sequence data. Chimeric sequences are hybrid
products of multiple parent sequences that are
formed during PCR amplification (Kopczynski
et al, 1994; Liesack et al, 1991). The abundance
of chimeric sequences in a dataset may vary
greatly from only a few sequence reads to
almost half of the entire dataset (Quince et al,
2009; Huber et al, 2004; Ashelford et al, 2006).
Several factors may influence the chimera
formation, including pairwise sequence
identity between the target genes, relative
abundance of PCR templates in the sample and
the number of PCR cycles (Acinas et al, 2005;
Lahr & Katz, 2009; Thompson et al, 2002;
Wang & Wang, 1996, 1997). Consequently,
the frequency of chimera formation can be
influenced to some extent by checking the
laboratory procedures, for example using
low number of cycles in PCR amplification
(Lahr & Katz, 2009), but there are always
factors that are beyond control. There are two
different approaches that can be applied: the
sequence data can be checked by comparing
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it against a curated reference database with
good quality sequences. If the two ends of
the query sequence form best alignments
with unrelated reference sequences, the query
sequence is potentially chimeric (e.g. Haas
et al, 2011). Possible chimeras can also be
checked by comparing against the abundant
sequences in the same dataset or sample under
scrutiny. The basic idea is that the chimeric
sequences should be more infrequent than
the parent sequences (e.g. Quince et al, 2011).
There are various chimera checking programs
available, such as Perseus (Quince et al, 2011)
that uses sequence abundance information to
identify the chimeras, Chimera Slayer (Haas
et al, 2011) that searches against chimera-free
database and Uchime (Edgar et al, 2011) that
can be run both with a reference database and
in de novo mode.

Clustering sequences into OTUs is the
first step in assessing community diversity.
Whether two sequences are clustered into
same OTU depends both on their similarity
and the other sequences in the same dataset,
as well as the clustering algorithms used
(Schloss & Westcott, 2011). There are four
classic hierarchical clustering algorithms: the
nearest (single-linkage), furthest (complete
linkage), weighted and average (Unweighted
Pair Group Method with Arithmetic Mean)
neighbour algorithms (Legendre & Legendre,
1998). These classic algorithms were written
before the era of massively parallel sequencing
and colossal datasets, and consequently they
are computationally Therefore,
scientists have developed and employed
heuristics to cluster the sequence reads
into OTUs, for example ESPRITTree (Cai
& Sun, 2011), CD-HIT (Niu et al, 2010),
Uclust (Edgar, 2010), to allow analysis of
large datasets without the access to efficient
computer facilities. Unfortunately, these
algorithms do not work as accurately as the
best of the classic hierarchical clustering
methods and the average neighbour
algorithm is still recommended method
based on empirical observations (Schloss &
Westcott, 2011). The clustered OTUs can be

intensive.

subjected to various alpha and beta diversity
measurements, such as diversity index and
richness estimate assessments and similarity
calculations between communities (Table 2.).
As the fundamental goal in microbial
ecology is to characterise the structure
and function of all microbial communities
(Gentry et al, 2006), the identification of
microbes present in studied environment
is of great interest. Taxonomic assignment
is performed by querying the sequence
reads or a representative sequence of each
OTU against a reference sequence database
using a search algorithm, such as BLAST
(Altschul et al, 1997), naive bayesian classifier
(Wang et al, 2007) or USEARCH (Edgar,

2010). There are three major sequence
data repositories, National Center for
Biotechnology Information (NCBI), the

European Bioinformatics Institute (EBI) at
the European Molecular Biology Laboratory
(EMBL) and DNA Databank of Japan (DDB]),
and data submitted to one of the repositories
will be shared daily across all three, and data
releases are made frequently (Benson et
al, 2009). These repositories include all the
submitted genome and gene sequences of all
organisms sequenced. There are also databases
concentrating only on 16S rRNA sequences.
These include SILVA (Quast et al, 2013), a
quality checked and aligned ribosomal RNA
sequence database, Ribosomal Database
Project database (Cole et al, 2009) with good
quality bacterial and archaeal sequences, and
Greengenes (DeSantis et al, 2006a) with a
good quality and chimera checked 16S rRNA
sequences.

When the organisms are identified
and the diversity assessed in the studied
environment, the other major interest in
ecological research is to study the variation
between membership and structure of
multiple communities by quantifying the
differences in both taxon composition
and relative abundance, ie. beta diversity
(Whittaker, 1960). Differences in taxonomic
assignment and OTU-based diversity can be
examined using statistical analyses. Typically
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the aim of the study is to discover if there is a
statistically significant difference in the overall
diversity or in the abundance distribution or
diversity of a certain microbial group between
treatment and control. Metastats (White
et al, 2009) can be employed in search of
differentially abundant features, i.e. taxonomic
groups or OTUs, in treatment and control
samples. Unifrac (Lozupone & Knight, 2005)
and Libshuft (Singleton et al, 2001) methods
describe whether two or more studied
communities have the same community
structure. The diversity between samples
or treatments can also be visualised using
ordination plots (Magurran, 2004).

Amplicon sequence data analysis,
including all the steps described above,
has developed substantially since the first
publication by Sogin and colleagues in 2006
(Sogin et al, 2006). Lots have been learned
about the possibilities of the method and the
problems concerning data inaccuracy (Quince
et al, 2011; Schloss et al, 2011). Research
groups are developing even better algorithms
to fix the biases and sequencing errors, but at
the same time a new problem has emerged:
using different methods/parameters for the
various steps of the data analysis may lead to
amazingly dissimilar error rates. The choices
in methods will affect which sequences
reads are accepted in analysis and which
are discarded (Schloss et al, 2011), and the
differences may show in the final results.
Especially the number of observed OTUs and
various diversity estimates are sensitive to the
number of sequence reads (sampling effort)
(Gihring et al, 2012), but also the abundance
of different taxa in samples may be skewed.
This causes problems particularly if the results
of different studies are compared but the data
analysis is not redone with one single data
analysis protocol.

1.3.2. Microarray data analysis

Microarray raw data is composed of scanned
microarray images that need to be extracted
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and normalised prior to the actual analysis
(Quackenbush, 2002). Data normalisation
strives for elimination or standardisation of
variation caused by all other factors except the
studied variability, and still maintaining the
real biological variation. These factors include
variation between and within microarrays
caused by technical issues, such as nucleic acid
quantity and quality in samples, differences
in labelling and probe concentrations as
well as hybridisation efficiency and washing
(Blalock, 2003; Quackenbush, 2002). The
variance of the feature of interest may be
of similar size as the variation caused by
experimental design, and consequently
without successful normalisation and analysis
the result would not be seen (Blalock, 2003).
There are number of data normalisation
methods available for microarray data,
including global intensity normalisation,
intensity-dependent  linear normalisation,
variance stabilising normalisation and spiked
control normalisation that can be applied
singly or in conjunction (Quackenbush,
2002; Huber et al, 2002; Polanski & Kimmel,
2007). Unfortunately, these normalisation
methods are not optimised for phylogenetic
microarrays that usually employ mismatch
probes as an indicator for differentiating
between background hybridisation and real
positive signals (DeSantis et al, 2005). Even
though the microarray technology has been
widely used in medical and biological research,
there are still unknown or poorly understood
mechanisms causing bias and variation within
and between microarrays causing difficulties
in data analysis and interpretation (Steger et al,
2011). A promising method for phylogenetic
microarray data normalisation bases on the
application of per-spot hybridisation control
oligonucleotide probes (Ritari et al, 2009).
After eliminating all removable bias from the
data, the analysis can be run using for instance
R statistical environment and marray package
(Yang et al, 2007) from the Bioconductor
project (Gentleman et al, 2004).
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2. AIMS OF THE STUDY

We aimed to characterise diverse microbial
communities in environmental samples
using amplicon sequencing. The goal was to
determine the microbial community structure
and diversity in the northern Baltic Sea water
column and anaerobic digestion reactor
operating at different temperatures and
organic loads, and to assess how the prevailing
abiotic factors affect the studied communities.
We also strived to develop and assess ligation
detection reaction microarray method in
identifying microbes in environmental

samples. The objective was to design a fast,
specific and sensitive microarray method
that could be applied in monitoring changes
in microbial community structure during
anaerobic digestion process. Additionally,
we assessed existing sequence data analysis
methods. The main goal was to evaluate
magnitude and direction of bias of widely
applied amplicon sequence data denoising and
clustering tools, and identify the algorithms
that work most reliably.
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3. MATERIALS AND METHODS

The materials and key methods are summarised in Table 3 and described in detail in indicated
articles.

Table 3. Materials and key methods used in the study.

materials | article

biological samples

sea water bacteria samples I
anaerobic reactor microbe samples I
data sets

Quince Titanium 111
modified atmosihere iackaked ioultri 111
DNA extractions

FastDNA Spin Kit for Soil L1II
padlock probes

protocol for circular padlock probe ligation reaction II
probe design II
primers and protocol for amplification of padlock ligation reactions I
microarray

fabrication and testing I
hybridisation protocols II
pyrosequencing

description of amplicon sequencing laboratory protocols LI
data analysis

Acacia 111
BEBaC 11
CD-HIT III
DeNoiser III
ESPRIT Tree III
Mothur L, 1L, 11T
Qiime 111
UCLUST III




Results and Discussion

4. RESULTS AND DISCUSSION

4.1. Microbial diversity in
environmental samples (I, Il)

We studied diverse microbial communities in
environmental samples using 454 amplicon
sequencing method.

4.1.1. Bacterial diversity in the northern
Baltic Sea (1)

Bacterial communities in the northern Baltic
Sea were characterised. The goal was to
determine the community structure and assess
the diversity of the bacterial communities in
different locations and depths, as well as to
study how the abiotic factors, such as oxygen
concentration, pH, temperature, salinity and
nutrient concentrations affect the bacterial
communities. The samples were taken in
2008 from three HELCOM-COMBINE
monitoring stations (LL7, LL12 and TPDEEP)
from three depths in the water column and
Kruunuvuorenselkd near Helsinki from two
depths. Based on the special features of the
Baltic Sea region and previous publications we
hypothesised to find limited bacterial species
diversity in our samples (Hallfors et al, 1981)
compared to oceanic habitats and highest
diversity in the surface water samples (Hofle &
Brettar, 1995). We also expected to observe the
measured environmental factors affecting the
community structure.

Taxonomic affiliations were defined
using Ribosomal Database Project Classifier
(Wang et al, 2007). The results show that
the northern Baltic Sea carries a diverse
and patchy bacterial community, a mixture
of salt- and freshwater bacterial taxa, with
many potentially novel phylotypes: A total
of 23 bacterial classes were identified, and
as previously found in many locations in
the worlds oceans and seas (Gilbert et al,
2009, 2012; DeLong et al, 2006; Ghiglione &
Murray, 2012; Krause et al, 2012; Venter et al,
2004), phylum Proteobacteria constituted the

majority of the sequences in studied dataset.
Classes Gammaproteobacteria, Flavobacteria,
Betaproteobacteria, Alphaproteobacteria and
Actinobacteria were abundant and detected in
all samples. Especially Gammaproteobacteria
and Alphaproteobacteria are very abundant
and frequently encountered
habitats, particularly free-living marine
bacterioplankton communities, but also
distributed throughout sediments and water
columns in freshwater environments (Gilbert
et al, 2012; DeLong et al, 1993; Nold & Zwart,
1998; Fuhrman et al, 2006; Giovannoni et al,
1995; Hiorns et al, 1997). However, relatively
commonly occurring class in our surface
samples, Betaproteobacteria, is a typical
freshwater taxon that is, according to literature,
largely absent from open ocean environments
(Nold & Zwart, 1998; Methé et al, 1998).
The most abundant bacterial genera in the
whole dataset were Pseudomonas, Oleispira,
Flavobacterium, Oceanospirillum, Rubritalea,
Rhodobacter, Fluviicola and Sulfurimonas.
Most of these genera are typical marine
bacteria found in various marine habitats in
different locations worldwide (Alonso et al,
2007; Dang & Lovell, 2002; Grote et al, 2012;
Holt et al, 1994; Kube et al, 2013; Moore et
al, 2006; Satomi et al, 2002; Scheuermayer et
al, 2006; Yakimov et al, 2003). A total of 5%
of the sequence reads couldnt be reliably
classified beyond the domain level indicating
the presence of novel taxa. Figure 6 shows the
bacterial groups present in samples at class
level.

The results suggest the northern Baltic
Sea carries wide variety of bacterial taxa -
however, according to richness estimates the
community is considerably less diverse than
in the Atlantic and Pacific oceans as well as
Western English Channel where the amount of
identified bacterial genera is also substantially
higher (Gilbert et al, 2009; Brown et al, 2009;
Sogin et al, 2006). At least part of these

in marine
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Figure 6. Baltic Sea bacterial communities in each sample determined by RDP Classifier (Wang
et al, 2007). KV=Kruunuvuori; LL7, LL12 & TPDEEP=HELCOM-COMBINE monitoring
stations. The most abundant bacterial classes are marked in bold.

differences can be explained by the application
of short fragments (~100 bp) in all of these
earlier publications and 454 GS-20 technology
in Sogin’s and Brown’s publications which may
inflate the number of operational taxonomic
units significantly. Additionally, the number
of sequence reads per sample was very high
in all these three studies (Gilbert et al, 2009;
Brown et al, 2009; Sogin et al, 2006) which is
easily reflected in richness estimates that are
sensitive to the sampling effort (Gihring et
al, 2012). It has also been shown that datasets
analysed using dissimilar methodology cannot
be compared reliably (III).

Changes in physical and chemical
environment, like shifts in  nutrient
concentrations, temperature, salinity,
oxygen and depth may cause notable

changes in bacterial community structure
and diversity. The structural changes
often affect the functional potential of the
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community which can be reflected to the
whole ecosystem (Herlemann et al, 2011;
Ojaveer et al, 2010; Lozupone & Knight,
2007; Wu et al, 2006). The bacterial groups
present in studied samples were unevenly
distributed, especially vertically. Redundancy
analysis confirmed that the abundance of
Oleispira,  Sulfurimonas,  Oceanospirillum
and Desulfobacterium correlated with depth,
lower pH and salinity, lack of oxygen, nitrite
and nitrate as well as the presence of silicate,
ammonium, and phosphate. Sulfate-reducing
Desulfobacterium (Brysch et al, 1987) belongs
to class d-Proteobacteria which members
are typically found in benthic microbial
communities, but very rarely in oxygen rich
surface water (Nold & Zwart, 1998), and
analogous distribution was detected in our
dataset. Herlemann and colleagues (2011)
observed similar composition change at the
oxygen-sulfide transition zone, below which
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the sulfate-reducing bacteria dominated the
community. The preference of bacterial genera
Pseudomonas, Flavobacterium, Rhodobacter,
Fluviicola, Rubritalea and Polaribacter for
surface water and the related environmental

conditions such as higher pH, oxygen
concentration and nitrite was affirmed.
Furthermore, the OTU based sequence

data analysis showed a clear stratification of
bacterial communities at pelagic sampling
sites (I: Figure 2): the samples taken from
the same depth bore more resemblance
than samples taken at same location from
different depths. This phenomenon has been
observed before (e.g. Brown et al, 2009) and it
is characteristic for stratified water bodies. In
the Baltic Sea area the stratification is largely
caused by temperature and salinity gradients,
and due to the lack of mixing also other
environmental factors that affect the bacterial
communities such as oxygen and nutrient
concentrations often differ dramatically
between surface and near bottom waters.
However, the oxygen depleted deep water
communities were not less diverse than the
surface water samples, refuting our hypothesis
on the highest diversity in the surface water.
The estuarine samples from Kruunuvuori
clustered separately from pelagic samples
in UPGMA analysis and formed their own
branch. This can be explained by differing
hydrochemical conditions between pelagic
and estuarine samples: estuarine conditions
include higher temperature, lower salinity,
even oxygen concentrations due to vertical
mixing and higher nutrient concentrations.
Additionally, transport of minerals and
riverine bacterial populations from Vantaa
River and different sampling season may have
impacted the bacterial community structure.
Salinity has been proposed to be the most
determining factor for bacterial communities
in aquatic environments (Wu et al, 2006).
According to Herlemann and colleagues
(2011) the most determining factors for
bacterial community composition in the Baltic
Sea brackish water are indeed salinity and

depth, in this particular order. In our study,
we were unable to differentiate between these
two variables, most probably due to small
number of samples and the fact that measured
environmental factors correlated with depth.
Our bacterial community composition
results did not fully resemble the previous
studies conducted in the area. At least part
of the differences between publications is
caused by technical issues. Firstly, the choice
of methods may have crucial impact on the
results, for instance by selecting primers
that amplify slightly different community.
Furthermore, different practices in sample
collection and storage, DNA extractions,
PCR conditions, and sequencing may affect
the data quality and shift the community
structure (Lahr & Katz, 2009; Carrigg et al,
2007; Claesson et al, 2010; Engelbrektson et
al, 2010; Hazen et al, 2013; Klindworth et al,
2012; Molbak et al, 2006; Pinto & Raskin,
2012; Plassart et al, 2012; Sergeant et al, 2012;
Wallenius et al, 2010; Wu et al, 2010; Yuan et
al, 2012). However, as the first publication in
such depth about northern Baltic Sea bacterial
communities, our study is a good beginning
towards a better understanding of brackish
water Bacteria and factors affecting the
community structure and diversity.

4.1.2. Microbial diversity in anaerobic
reactor (1)

Microbial communities in anaerobic digestion
reactor operating at different temperatures
and organic loads were characterised. The aim
was to study the diversity of Bacteria, Archaea
and Fungi present in meso- and thermophilic
anaerobic conditions, and use the resulting
information in designing a new microarray
for monitoring the community structure
changes in response to physical and chemical
factors during anaerobic digestion process.
Based on literature (e.g. Hobson & Wheatley,
1993; Bitton, 2010; Okabe & Kamagata, 2010),
we expected to find syntrophic Bacteria and
methanogenic Archaea that are able to degrade
organic material and produce methane in
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anaerobic conditions. As the community
structure and diversity of Fungi have not been
characterised before, we were excited to see
the fungal community that would be revealed.
After all, organic waste contains fungal cells
that are carried to the anaerobic reactor along
with the waste and many of those Fungi
are able to survive and grow in anaerobic
conditions (Dumitru et al, 2004; Jennings,
1995; Kinsey et al, 2003). We anticipated that
meso- and thermophilic temperatures would
carry somewhat divergent communities and
that increasing organic load would affect the
microbial community structure and diversity
(Levén et al, 2007).

Bacterial and archaeal communities in
study reactor resembled the results in earlier
publications (e.g. Levén et al, 2007; Riviere
et al, 2009; Ros et al, 2013; Sasaki et al, 2011;
Godon et al, 1997; Sekiguchi, 2006; von
Wintzingerode et al, 1999; Wu et al, 2001).
Bacterial phyla Bacteroidetes, Firmicutes and
Thermotogae are frequently encountered
in anaerobic digesters and were the most
abundant bacterial phyla in our study reactor.
Class Flavobacteria was present only in
mesophilic reactor whereas Thermotogae, as
the name implies, was detected exclusively
in thermophilic reactor. The relatively
less abundant phyla, Actinobacteria and
Proteobacteria preferred mesophilic
conditions, and Spirochaetes, Synergistes and
Verrucomicrobia were present only there.
Several candidate phyla consisting merely of
environmental clones were also detected. All
the identified Archaea belonged to phylum
Euryarchaeota which is known to thrive in
anaerobic digestion process. At class and genus
level our findings were also supported by
ealier publications as we identified numerous
methanogens including  Methanosarcina,
Methanobrevibacter, Methanosphaera,
Methanospirillum, — Methanosphaerula  and
Methanobacterium. These  Archaea are
fundamentally important to the digestion
process as they convert the byproducts of
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bacterial degradation into methane (Bitton,
2010).

When the cooperation of syntrophic
Bacteria and metanogenic Archaea in
anaerobic  digestion is a  well-known
phenomenon and their functional roles in
this multiphase process determined (Okabe &
Kamagata, 2010) there has been little interest
in the analysis of Fungi. Consequently, the
diversity and community structure of Fungi
in anaerobic digestion process is largely
unknown. Our results suggest that there is a
very diverse fungal community in anaerobic
reactors. Two fungal phyla, Ascomycota and
Basidiomycota were identified, Ascomycota by
far the most abundant. Saccharomycetes and
Eurotiomycetes were dominant at class level
and several classes including but not limited to
Leotiomycetes, Pezizomycetes, Tremellomycetes,
Agaricomycetes, ~ Microbotryomycetes ~ were
detected more infrequently. We identified as
many as 33 fungal genera in the study reactors.
The most abundant fungal genus was Candida,
detected in both temperatures and organic
loads. The second and third most commonly
found Fungi were Penicillium and Mucor,
respectively, Penicillium more prevalent
in mesophilic and Mucor thermophilic
temperature. These Fungi include groups
capable of fermenting organic waste, and they
are commonly found in soil, plant surfaces,
and degrading organic matter (Madigan
et al, 2003). Additionally, these Fungi are
known to be able to degrade organic material
in anaerobic conditions and their role in
anaerobic digestion should be studied further
(Dumitru et al, 2004; Jennings, 1995; Kinsey
et al, 2003). Figure 2 (IT) summarises the most
abundant microbial groups present in the
reactor samples.

4.2. Ligation detection reaction
microarray with padlock
probes (ll)

The amplicon sequencing data were employed
in designing padlock probe based ligation

detection reaction microarray for monitoring
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the microbial communities in anaerobic

digestion process.

4.2.1. Specificity and sensitivity (Il)

Microarrays have great potential in routine
monitoring of diverse environmental samples
(Andersen et al, 2010; Bodrossy & Sessitsch,
2004). However, the specificity of microarrays
with oligomeric probes targeting the marker
gene may pose problems when analysing
diverse communities carrying closely related
strains with (almost) identical nucleotide
sequences in the marker gene, because
oligonucleotides lack the high specificity in
recognition of nucleic acids and hybridisation
to mismatching targets occurs (Lomakin &
Frank-Kamenetskii, 1998; Ohrmalm et al,
2010; Wu et al, 2005). Another challenge is
the sensitivity, as the abundant phylotypes in
a community are easily detected and the rare
biosphere, the phylotypes with low relative
abundance, falls below the detection limit
(Wagner et al, 2007). Our ligation detection
reaction microarray tackles these challenges
by using a linear single stranded DNA probe
with target recognition sequences situated

a) Microarray results

at both termini of the probe, applying the
similar idea as the discriminative probe and
common probe in previous LDR microarray
(e.g. Hultman et al, 2008; Busti et al, 2002;
Castiglioni et al, 2004; Gerry et al, 1999; Favis
et al, 2000), which in theory should prevent
any unspecific hybridisation. The linear probe
forms a circular molecule in ligation reaction
if both target recognition sites are hybridised
to their target with a perfect match (II: Figure
3). The circular probe is then PCR amplified
with 5° phosphorylated forward primer and
5 Cy3 labelled reverse primer after which
the phosphorylated strand is degraded. The
single stranded Cy3 labelled products are
hybridised on microarray and after scanning
it is possible to detect which microbial groups
were present. This padlock probe method
allows the detection of unamplified microbial
targets in environmental samples and it
has been previously applied successfully in
pathogen detection and gene variant analysis
(van Doorn et al, 2007; Hardenbol et al, 2005;
Jarvius et al, 2006; Li et al, 2009; Szemes et al,
2005).
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Figure 7. Proof of principle experiment with artificial templates. a) Microarray results and b)
predicted results of the same artificial community. Figure modified from Ritari et al, 2012.
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The specificity and sensitivity of the
probes were tested with 80 nucleotides long
synthetic dsDNA oligos as templates which
were exact matches to the probes. A set of
synthetic templates, 10 fmol of each, were
pooled together to produce artificial microbial
communities. We compared the microarray
results of these test communities and the
predicted results from the corresponding
template pool to decipher the specificity of
the probes (Figure 7). The results show that
the templates present in the pool hybridised
with their probes and the microarray signal
intensities were clearly distinguishable from
the nearly non-existent signals from the rest
of the probes suggesting good specificity.
Nevertheless, the signal intensities differed
notably even though the templates were added
in the pool at equal concentrations. About
ten per cent of the probes did not hybridise
to their target and six probes gave false
positive signals presenting opposite results on
microarray compared to in silico examination
of the probes and templates.

The sensitivity was tested using the same
probe-specific synthetic oligos as templates.
We tested four template pools, each containing
24 synthetic oligos at different concentrations
(Figure 8). With the highest concentration (1
fmol/ul/template) the signals were strongest,
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albeit the variation between probes was noted.
The template pool with lowest concentration
(0.001 fmol/ul/template) gave practically no
signal on microarray. Almost all the probes
gave stronger signal with higher template
concentration and most probes were able to
detect the exactly matching templates with 0.01
fmol/ul/template concentrations suggesting
that this microarray could be applied in
monitoring pursuing semiquantitative
detection of microbial taxa over at least three
orders of magnitude.

4.2.2. Application of the microarray to
anaerobic reactor samples (Il)

We tested the padlock probe based ligation
detection reaction microarray technology with
real environmental samples from anaerobic
reactor operating at different temperatures and
organic loads. The probes were designed to
target bacterial, archaeal and fungal phylotypes
present in reactor, and the aim was to monitor
the changes in the microbial communities and
to identify the taxa present at a certain time
point. The microbial communities grouped
with measured factors rather similarly when
using amplicon sequencing and microarray
datasets in redundancy analysis, suggesting
the microarray method could be used for
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Figure 8. Microarray signals for different concentrations of synthetic template oligos.
(a) Boxplots showing the distribution of signals in each concentration and (b) line plots showing
mean signals of individual probes. Figure modified from Ritari et al, 2012.
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monitoring the changes during the digestion
process (II: Figure 5).

As the microbial community structure in
anaerobic reactor resembles the community
structure in many other habitats with relatively
long tail in rank abundance curve (Andersen
et al, 2010), the detection limit is often too
high for the less abundant phylotypes. The
limited read length of the amplicon sequence
data forced us to design part of the probe
set using the best matches in the nucleotide
database and their whole 16S rRNA sequence,
leading to uncertainty whether these probes
really target the microbial groups of interest.
The results show that the probes having 100%
match in the amplicon data gave the most
consistent signals on microarray compared
to the probes designed using partial matches
or the database sequences. Figure 4 (II) shows
the conformity of ligation detection reaction
microarray with padlock probes, amplicon
sequencing and qPCR methods, indicating the
capability to detect the phylotypes of interest
in real diverse samples using microarray
assuming that the probes are designed
carefully. The proof of principle data with
synthetic templates as well as the experiment
with anaerobic reactor samples suggest that the
microarray can be applied in semiquantitative
detection of microbes of interest, providing
the detection limit (0.01 fmol/ul/template)
is taken into account. The sensitivity of this
new padlock probe based ligation detection
reaction microarray is better compared to the
traditional LDR microarray (Hultman et al,
2008; Busti et al, 2002; Castiglioni et al, 2004)
and does not require PCR amplification of the
target molecules, eliminating one source of
bias in community structure characterisation.
This concept is applicable to any environment
as long as the probes are designed with care,
and particularly suitable for monitoring
purposes when samples are collected
repeatedly and the analysis results are needed
rapidly.

4.3. Data analysis bias (lll)

The bias caused by different stages in
laboratory work when studying diverse
microbial communities using sequencing
based methods are widely known and
appreciated (e.g. Lahr & Katz, 2009; Carrigg et
al, 2007; Sergeant et al, 2012; Yuan et al, 2012).
However, after sequencing the data analysis
stage can skew the results as well. We studied
how the selection of analysis methods affects
amplicon sequencing results. We hypothesised
that selected methods would affect the number
of observed operational taxonomic units and
the detection of particularly rare taxa, but the
magnitude of the impact was unclear.

We compared Denoiser (Reeder &
Knight, 2010), Mothur shhh.flows (Schloss
et al, 2011) and Acacia (Bragg et al, 2012) for
denoising, and Uclust (Edgar, 2010), CD-HIT
(Niu et al, 2010), Mothur average neighbour
(Schloss et al, 2009), ESPRITTree (Cai &
Sun, 2011) and BEBaC (Cheng et al, 2012)
programs for clustering. The comparisons
between data analysis pipelines were
conducted using published data: an artificial
soil microbial community with relatively
even diversity profile, made up by amplifying
selected clones and consequently fully known
community structure and diversity, served
as a benchmark (Quince et al, 2011). The
same analyses were also applied to well-
studied modified atmosphere packaked
poultry microbe communities with a few very
dominant community members and some
extremely rare ones (Nieminen et al, 2012a)
to test how consistently the algorithms work
with distinct datasets with dissimilar diversity
profiles.

We found drastic differences in the
number of OTUs and inconsistencies in
taxonomic composition. The results show
that the choice of analysis methods may
inflate the number of OTUs by an order of
magnitude and difference between methods is
dependent on data quality as well as bacterial
diversity and abundance distribution in

33



Results and Discussion

studied samples (III: Figure 1 a). Comparisons
using benchmark dataset revealed that most
of the analysis pipelines overestimated the
diversity in two ways: the number of OTUs
was assessed too high with all methods except
BEBaC (Cheng et al, 2012), and in many cases
the number of identified taxa was higher than
in the original clone library (III: Figure 1. b).
Especially Acacia (Bragg et al, 2012) denoising
algorithm with all tested clustering methods,
quality score based trimming with Uclust,
CD-HIT (Niu et al, 2010) and ESPRITTree
(Cai & Sun, 2011), and untrimmed data
overrated the number of taxa present in
the community. The extra taxa originated
primarily from PCR and sequencing based
errors and there were considerable differences
between data analysis methods in how well
these errors were recognised and eliminated.
The problem of the other extreme, i.e. filtering
out the real diversity, was most prominent
among methods producing OTU numbers
smaller than the median.

The differences in relative abundance
of identified taxa were studied using STAMP
bioinformatics software (Parks & Beiko, 2010).
Distance matrices (III: Figure 2) depict the
average of phylum, class, order, family and
genus level differences in studied datasets.
The amount and focus of differences between
methods were dependent on analysed dataset.
Quince Titanium and natural poultry product
microbe community (III: Figure 2 a and b)
show very significant and great difference
between Acacia (Bragg et al, 2012) and Mothur
shhh.flows denoising (Schloss et al, 2011)
with all tested clustering methods but the
phenomenon was not present with marinated
poultry product microbe community (III:
Figure 2 ¢) representing the least diverse of
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studied datasets. Additionally, in poultry
product microbe communities, both natural
and marinated (III: Figure 2 b, ¢), BEBaC
clustering (Cheng et al, 2012) method results
differed most from other analysis pipelines.
According to these observations, the analysis
methods substantially affect the results:
clustering method seems to have a great
impact on the number of OTUs and denoising
algorithm influences more on taxonomic
affiliations.

These results clearly show the importance
of the choice of data analysis methods,
and demonstrate how biased comparisons
can be made if two datasets are analysed
using different algorithms. Moreover, the
significance of functioning denoising and
clustering methods is evident, because
amplification and sequencing produce a
considerable amount of errors and extra taxa
that have to be filtered out from the data before
further analysis. Additionally, considering all
the bias causing stages in the workflow before
data analysis, starting from experimental
design and sampling to laboratory protocols
sensitive to bias, such as nucleic acid
extraction and PCR, and recognising that
each one of these steps may skew or change
the resulting community structure potentially
by multifold (Hazen et al, 2013; Hong et al,
2009; Hurt et al, 2001; Leff et al, 1995; Sipos
et al, 2010), it is challenging to be certain
that the acquired results really represent the
studied natural microbial community and the
conclusions are correct, especially if there are
no other data supporting the findings. These
problems highlight the importance of careful
research planning and taking actions towards
minimising the bias at every step.
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5. CONCLUSIONS

New molecular techniques have revolutionised
the field of microbial ecology. The
development of highly parallel sequencing and
microarray technologies has enabled the study
of diverse microbial communities and linking
them to biotic and abiotic factors of interest by
extensive experimental design.

In this thesis, the microbial community
structure and diversity in the northern Baltic
Sea water column and anaerobic digestion
reactor were characterised using amplicon
sequencing method with 454 sequencing
technology. The aim was to assess how the
prevailing abiotic factors affect the studied
communities. We also developed and assessed
a new padlock probe based ligation detection
reaction microarray method for monitoring
the changes in microbial community
structure during anaerobic digestion process.
Additionally, the performance of selected
sequence data analysis methods was evaluated.

The results described in this thesis show
the potential of amplicon sequencing method
in characterising complex environmental
samples in detailed fashion. The bacterial
communities in the northern Baltic Sea water
column were strongly stratified and inhabited
by a vast selection of different bacterial groups.
Aerobic Bacteria, such as Pseudomonas and
Flavobacterium dominated in the surface layer,
and Oleispira and sulfate-reducing bacteria in
the anoxic deep waters. However, the diversity
was assessed one order of magnitude less
diverse compared to oceanic habitats.

The  anaerobic  digestion  reactor
communities were dominated by Bacteria
belonging to phyla Bacteroidetes, Firmicutes
and Thermotogae and metanogenic Archaea.
These groups are all typical degraders
in anaerobic digestion. The process also
supported a diverse fungal community
of phyla Ascomycota and Basidiomycota,
including several taxa capable of degrading

organic material in anaerobic conditions.
The most abundant genera were Candida,
Penicillium and Mucor.

The results also suggest that 454 amplicon
sequence data can be applied in designing
probes for microarrays. The new padlock
probe based ligation detection reaction
(LDR) microarray proved to be fast, specific
and relatively sensitive without the need of
amplifying the target molecule. The detection
limit was 0.01 fmol/ul/template. Amplicon
sequencing and LDR microarray method
produced concordant community structure
results and both showed the capability of
semiquantitative identification of microbial
community members.

As much promise as amplicon
sequencing method holds in characterising
diverse microbial communities, there are
factors causing bias and errors. Amplicon
sequencing raw data contain large amounts
of false diversity that has to be filtered
out during the course of data analysis and
different analysis methods perform the task
with varying success. We found prominent
differences in observed operational taxonomic
units and relative abundance of identified
taxa. There were also notable differences
between algorithms in the ability to filter out
the spurious taxa produced by amplification
and sequencing, but still retain all the real
diversity.

As the progress of highly parallel
sequencing technologies and microarray
methods continues, and producing large
amounts of data becomes even more available
throughout the research community, the
future challenges will include the development
and application of functioning analysis tools
which would reliably discriminate between
the real and false diversity in studied samples.
Additionally, less bias producing practices
in laboratory will be of great importance
since the most of the bias is still produced in
different stages of laboratory protocols.
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