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Abstract

Lactobacilli and propionibacteria are Gram-positive bacteria with major implications for
human lives. The genera Lactobacillus and Propionibacterium both include industrially
relevant members as well as inhabitants of a human host. However, the molecular
mechanisms underlying their industrially desirable properties or microbe-host-interactions
are relatively poorly understood. Attractive means to advance the understanding of these
traits are offered by modern sequencing technologies, which have opened up numerous
possibilities to investigate the bacterial physiology and ecology, to delineate phenotype-
genotype relationships, and to identify the factors underlying bacterial traits as well as
their significance in different conditions. In this thesis, an important member of the
vaginal normal flora, Lactobacillus crispatus, and a central dairy culture,
Propionibacterium freudenreichii, were studied using modern sequencing technologies
and subsequent analyses to uncover how these particular bacteria can live in and interact
with their environments.

Annotated whole-genome sequences of a representative member of each of the species
L. crispatus and P. freudenreichii were produced and subjected to further functional
genomics investigations. Specifically, the sequenced genome of L. crispatus STI1, a
chicken isolate, was analyzed in conjunction with publically available genome sequences
of nine vaginal L. crispatus isolates. These analyses were performed to determine the scale
and scope of the genetic variation within the species and to identify species-wide
mechanisms by which this prominent member of the human vaginal flora may promote
urogenital health. The cheese starter, P. freudenreichii ssp. shermanii JS, in turn, was
subjected to transcriptome and genome sequencing to gain a deeper understanding of the
role of this bacterium in industrial cheese ripening. Given that an important part of the
afore-mentioned analyses involved understanding the biological function of the predicted
protein-coding genes, various methods for the functional annotation of bacterial proteins
were also tested and evaluated.

The comparative genomics analysis of a total of ten L. crispatus isolates revealed the
common genetic backbone of L. crispatus, providing the first insights into the collective
molecular mechanisms of this species. The common core genome of the ten analyzed
isolates comprised 1,224 ortholog groups, whereas the isolates harbored 2,705 ortholog
groups in total. Extrapolations of these core and pan-genome data suggested the common
features of these isolates to offer a rather good representation of the species-wide core
proteins, whereas additional L. crispatus genome sequences will be required to fully
capture the genetic variation within the species. Notably, several of the detected L.
crispatus core features were predicted to be of potential importance to vaginal health.
Among these features was a previously characterized adhesin, which was in this thesis
identified as a likely antagonist to the harmful vaginal bacterium Gardnerella vaginalis.
Importantly, antibody fragments specific for this adhesin efficiently inhibited also G.
vaginalis adhesion to human cell line, indicating the significance of L. crispatus core
proteins in the protective function that this species is considered to have in the vagina.

In turn, the genomic and transcriptomic analysis of P. freudenreichii ssp. shermanii JS
shed light on the flavor-forming abilities of this strain at the different stages of cheese



ripening. Specifically, the study revealed the genome of strain JS to be highly similar to
those of other P. freudenreichii strains and revealed several enzymes and metabolic
pathways involved in the formation of flavor compounds, such as propionate and acetate.
Sequencing of the transcriptomes extracted from industrial cheese samples revealed nearly
15% of the 2,377 protein-coding genes of strain JS to be significantly differentially
expressed between the warm and the subsequent cold ripening stages of cheese
manufacture. A notable portion of the genes up-regulated in the cold were associated with
mobile genetic elements, whereas several of the flavor-associated genes exhibited higher
expression levels in the warm than the cold, corroborating the hypothesis that P.
freudenreichii contributes more to the cheese flavor during the warm ripening than cold
ripening period.

Automated function prediction of the bacterial proteins greatly facilitated the genomics
investigations of L. crispatus and P. freudenreichii. The different methods provided
functional descriptions for ~77% and ~88% of the proteins predicted to be encoded in the
newly sequenced genomes of strains ST1 and JS, respectively. Moreover, re-annotation of
the L. crispatus proteomes included in the comparative genomics study notably increased
the portion of L. crispatus proteins with functional descriptions. The different methods
varied in their prediction capabilities and were therefore complementary. These results
support the use of more than one function prediction method in a bacterial genome project.
Moreover, the performance evaluation of different annotation strategies using more
standardized test data support the use of annotation strategies that base their functional
descriptions on more than one hit. Interestingly, such strategies were noted to benefit from
the avoidance of extremely strict thresholds in the homology searches used for functional
annotation. Strict thresholds were observed to unnecessarily restrict the pool of hits
available for annotation transfer, hampering both the annotation quality and the fraction of
functionally annotated proteins.

Taken together, the utilized sequencing approaches coupled with suitable downstream
analyses proved effective in deciphering the physiology of lactobacilli and
propionibacteria and offered novel insights into the urogenitally important properties of L.
crispatus and the flavor-forming capabilities of P. freudenreichii.



Contents

Abstract
List of original publications
Abbreviations
1 Introduction
2 Review of the Literature
2.1 Sequencing-based Characterization of Bacteria
2.1.1 Sequencing Technologies
2.1.2  Resolving Bacterial Genome Sequences
2.1.3 Bacterial Genome Annotation
2.1.3.1 Structural Annotation
2.1.3.2  Functional Annotation
2.1.4 Comparative Bacterial Genomics
2.1.5 Resolving Bacterial Transcriptomes via Sequencing
2.2 Lactobacilli
2.2.1 Lactobacillus genomes
2.2.2 Comparative Genomics of Lactobacilli
2.2.3 Sequencing-based Investigations of Vaginal Lactobacilli
2.3 Propionibacteria
2.3.1 Propionibacterium Genomes
2.3.2  Comparative Genomics of Propionibacteria
2.3.3 Transcriptomics of Propionibacteria
3 Aims of the Study
4 Materials and Methods

5 Results and Discussion

11

11

13

15

17

20

22

23

26

29

30

31

33

35

36

38



5.1 Genomics of L. crispatus ST1
5.2 Comparative Genomics of L. crispatus
5.3 Genomics of P. freudenreichii ssp. shermanii JS
5.4 Activity of P. freudenreichii ssp. shermanii JS during Cheese Ripening
5.5 Annotation Transfer Evaluation
6 Conclusions
Acknowledgements

References

39

41

45

48

50

53

55

56



List of original publications

This thesis is based on the following publications:

| Ojala T, Kuparinen V, Koskinen JP, Alatalo E, Holm L, Auvinen P,
Edelman S, Westerlund-Wikstrom B, Korhonen TK, Paulin L, Kankainen M.
(2010) Genome sequence of Lactobacillus crispatus ST1. J Bacteriol
192:3547-3548

II Kankainen M, Ojala T, Holm L. (2012) Blannotator — a practical method for
homology based annotations. BMC bioinformatics 13:33

111 Ojala T, Kankainen M, Castro J, Cerca N, Edelman S, Westerlund-
Wikstrom B, Paulin L, Holm L, Auvinen P. (2014) Comparative Genomics
of Lactobacillus crispatus suggest novel mechanisms for the competitive
exclusion of Gardnerella vaginalis. BMC Genomics 15:1070

1Y Ojala T, Laine PK, Ahlroos T, Tanskanen J, Pitkdnen S, Salusjarvi T,
Kankainen M, Tynkkynen S, Paulin L, Auvinen P. Functional genomics
provides insights into the role of Propionibacterium freudenreichii ssp.
shermanii JS in cheese ripening. Submitted manuscript.

The publications are referred to in the text by their roman numerals.



Abbreviations

bp
BLAST
BV
Cas
CDD
cDNA
CDS
COG
CRISPR
cfu

DE

EC
EMPP
EPS
GI
GIT
GO
GRAS
GUT
HGT
HMM
HMP
KEGG
LAB
LEA
mRNA
NGS

base pair

basic local alignment search tool
bacterial vaginosis
CRISPR-associated protein
conserved domain database
complementary-DNA

coding DNA sequence

cluster of orthologous groups
clustered regularly interspaced short palindromic repeat
colony forming unit

description line

enzyme commission
Embden-Meyerhof-Parnas pathway
exopolysaccharide

genomic island

gastrointestinal tract

gene ontology

generally regarded as safe
genitourinary tract

horizontal gene transfer

hidden Markov model

human microbiome project

Kyoto Encyclopedia of Genes and Genomes
lactic acid bacteria

Lactobacillus epithelium adhesin
messenger-RNA

next generation sequencing

RNA-seq RNA-sequencing

RPKM
rRNA
tRNA
PCR
PPP
PTS
RAST
RBS
SNP
Ssp.
TC

reads per kilobase per million mapped reads
ribosomal RNA

transfer RNA

polymerase chain reaction

pentose phosphate pathway
phosphotransferase system

rapid annotation using subsystem technology
ribosomal binding site

single nucleotide polymorphism

subspecies

transport comission



Introduction

1 Introduction

Although individually miniscule in size,
the combined biomass of prokaryotic
cells is estimated to rival that of the
vegetation on Earth (Whitman et al.
1998). Divided into Bacteria and
Archaea (Figure 1), prokaryotes perform
many vital tasks in the biosphere and
have a profound effect on our everyday
lives. Prokaryotes play a fundamental
part in geochemical processes such as
nitrogen (Canfield et al. 2010) and
carbon cycling (Shively et al. 2001), and
have a major role, for example, in food
production (Caplice & Fitzgerald 1999).
In addition, prokaryotes are an inherent
part of our own bodies, and the bacterial
cells in and on the human body
outnumbering the human cells by a factor
of ten (Wilson 2008). These bacteria
have central responsibilities relating to
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Planctomycetes

food digestion and absorption, vitamin
synthesis, development of the human
immune system, and resistance against
pathogens (McFarland 2000, Maynard et
al. 2012, Hooper et al. 2012).

Research on this important group of
life forms has been revolutionized by the
tremendous advancements in sequencing
technologies and downstream analysis
methods, which provide universal tools
to study the characteristics and functions
of bacteria and other organisms (Forde &
O'Toole 2013, Medini et al. 2008, Hall
2007, Loman et al. 2012). The
advancements have made the
determination of the whole genome

sequence of an organism feasible,
enabling  previously = unimaginable
insights into the characteristics and

biology of the isolate or bacterial group
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Tree of life. In this tree, phyla within the domain Bacteria (grey background) are

shown along the domains/superkingdoms Eukaryota and Archaea. The bacterial
phyla were chosen according to the Taxonomic Outline of Bacteria and Archaea
(Garrity et al. 2007b), and the tree is based on the NCBI taxonomy. The phylum
Chloroflexi is represented by its class Chloroflexia. The tree was constructed using
phyloT (database version 2015,1) and visualized with iTol (Letunic & Bork 2007).
The asterisks mark the phyla most relevant to this thesis.



Introduction

of interest (Hall 2007, Medini et al. 2008,
Forde & O'Toole 2013, Fleischmann et
al. 1995). Whole-genome sequencing and
subsequent functional genomics analyses
have, for instance, shed light on the
molecular mechanisms that underpin
bacterial food fermentation processes
(Smid & Hugenholtz 2010) or the
harmful (Pallen & Wren 2007) or
beneficial properties of bacteria (Ventura
et al. 2009). Technological advancements
have also enabled the detailed genomic
characterization of uncultivable
microorganisms (Simon & Daniel 2011)
as well as the identification and
quantification of the expression of genes
in a given sample (van Vliet 2010).
These analyses add a new layer of

information regarding the properties and
functions of bacteria. For example,
transcriptome profiling has provided cues
as to how bacteria respond and adjust to
different environments (Yoder-Himes et
al. 2009) and has revealed antibiotic
resistance  mechanisms  that  were
unidentifiable via traditional or genome-
based methods (Haaber et al. 2015).

In this thesis, modern sequencing
technologies and subsequent functional
genomics analyses were employed to
provide novel genomic and functional
information on two important bacterial
species, Lactobacillus crispatus and
Propionibacterium freudenreichii of the
phyla Firmicutes and Actinobacteria,
respectively (Figure 1).
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2 Review of the Literature

21 Sequencing-based Characterization of Bacteria

Determining the genome sequence of an
organism opens new avenues in
deciphering the phenotypic
characteristics, physiology, and ecology
of the organism in question. This
approach has been particularly popular in
extending the genomic knowledge of
bacteria (Figure 2A). After the first
complete bacterial genome sequence was
published in 1995 (Fleischmann et al.
1995), the number of bacterial genome
sequences in public databases began to
gradually increase until the massively
parallel sequencing methods termed next
generation sequencing (NGS) techniques
(Mardis 2008, Shendure et al. 2005,
Margulies et al. 2005) became available.
This advance resulted in an explosion of
bacterial genome information. In addition
to providing invaluable information and
testable explanations on the molecular
biology of individual bacterial isolates
(Kankainen et al. 2009, Crossman et al.
2008, Kube et al. 2013), genome
sequencing and genomic comparisons
between the members of the same
species or more distant relatives have
illuminated evolutionary events
associated with, for example, the
emergence of virulence (Reuter et al.
2014, Langridge et al. 2015) or niche
specification (Broadbent et al. 2012,
Smokvina et al. 2013). Furthermore,
comparisons of isolates belonging to the
same bacterial group has revealed (i) that
the genetic repertoire of a given bacterial
group is much larger than the gene
content of any of the individual isolates
and (ii) that horizontal gene transfer

(HGT) from other bacteria has been one
of the driving forces in the evolution of
bacteria (Tettelin et al. 2005, Tettelin et
al. 2008, Medini et al. 2005, Broadbent et
al. 2012, Bentley 2009).

Moreover, modern sequencing
technologies have been applied in
sequencing the genomic DNA extracted
from natural bacterial communities.
These metagenomics studies offer a more
in-depth  view of the bacterial
communities than is obtainable via
sequencing of biomarker genes amplified
from the sample (Forde & O'Toole
2013). Metagenomics studies have
revealed, for instance, that the bacterial
communities residing in and on the
human body have a wvast functional
potential to process and biosynthesize a
wide variety of substances (Qin et al.
2010, Oh et al. 2014) and act as
important sources of antibiotic resistance
genes (Forslund et al. 2013, Oh et al.
2014).

Lastly, deciphering the active parts of
genomes can reveal important insights
into the characteristics and properties of
bacteria as well as into the biological
functions in which they participate. A
promising approach in this functional
characterization is to examine the
expression of genes. Interrogation of the
whole bacterial transcriptomes has its
roots in the hybridization-based studies
(Selinger et al. 2000, Cho et al. 2013);
however, since their emergence, modern
sequencing technologies have become
increasingly popular in the generation of
bacterial genome-wide expression data
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(van Vliet 2010) (Figure 2A). For

number bacterial genome entries and bacterial transcriptome samples (A) and the
cumulative number of Lactobacillus (B) and Propionibacterium genome entries (C)
are given in the charts. The number of complete (complete genomes and
chromosomes) and draft genome (contigs and scaffolds) assemblies, as well as the
number of microarray and RNA-seq samples, are represented by different colors
(given in the legends). The genome entry data were retrieved from GenBank (Benson
et al. 2013) and the transcriptome sample data from Gene Expression Omnibus
(GEO) (Barrett et al. 2013) in September 2015. *Numbers for 2015 were
extrapolated from the existing data under the assumption that the average number of
data entries per month will constant throughout the year 2015.

opportunistic ~ (Jorth et al. 2013)

example, sequencing of the bacterial
transcriptomes  has  unveiled  the
infection-related adaptation strategies of
facultative (Mandlik et al. 2011) or

pathogens. In addition, the sequencing of
random RNA fragments extracted from
community samples (ie.,
metatranscriptomics)  has  revealed
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community-wide bacterial gene
expression responses to a variety of
conditions, such as bacterial vaginosis
(BV) (Macklaim et al. 2013),
periodontitis (Jorth et al. 2014),
antibiotics and  other  xenobiotics
(Maurice et al. 2013), and different diets
(David et al. 2014). In addition,
transcriptome sequencing is useful in
aiding the accurate detection of genes
(Sorek & Cossart 2010) and operons
(Sharma et al. 2010).

With the increasing amounts of
genome and transcriptome data (Figure
2), the cornerstone of modern bacterial
genomics can be considered to be the
extraction of biological information
encoded in the DNA or RNA sequence.

This is a multi-level process that involves
various types of bioinformatics analyses.
For example, the analysis of a genome
sequence involves the identification of
sequence features (structural annotation)
and connecting them with relevant
biological information and processes
(functional annotation) (Stein 2001, Reed
et al. 2006). In turn, the main tasks of
transcriptome data analysis include
quantifying the expression levels of
genetic elements and identifying features
that are differentially expressed between
different conditions (Oshlack et al.
2010). In the following subsections, the
aspects of bacterial genomics and
transcriptomics most relevant to this
thesis are discussed in more detail.

2.1.1 Sequencing Technologies

For nearly 30 years, DNA sequencing
methods based on the Sanger procedure
(Sanger et al. 1977) were vastly more
common than  other  sequencing
techniques as the method of choice in
sequencing projects (Schuster 2008,
Hutchison 2007). This dominance began
to abate just a decade ago, when the more
efficient NGS technologies emerged and
enabled faster and more affordable DNA
sequencing than was previously possible
(Schuster 2008, Metzker 2005, Margulies
et al. 2005, Shendure et al. 2005).
Although the power of the first NGS
method to come to market was
demonstrated by the de novo generation
of a Mpycoplasma genitalium genome
(Margulies et al. 2005), NGS methods
were initially considered to be better
suited for re-sequencing of bacterial
genomes and widely applied in de novo
sequencing projects only after NGS
methods were capable of producing

longer read lengths (MacLean et al.
2009, van Dijk et al. 2014). Despite
having been replaced by other methods
in  wide-scale sequencing projects,
Sanger-based technologies still hold a
place in smaller scale sequencing, such
as sequencing polymerase chain reaction
(PCR) products and aiding gap closing in
whole genome sequencing projects.

DNA sequencing with the Sanger
procedure is based on the use of chain-
terminating dideoxy-nucleotides in the
synthesis of complementary strands to
the template (Sanger et al. 1977). With
appropriate mixture of the deoxy- and
dideoxy-nucleotides, the latter of which
lack the 3’-OH group required for the
incorporation of the next nucleotide, the
synthesized DNA strands differ in length
from each other by one nucleotide. After
denaturation, the strands are separated by
gel or capillary electrophoresis and the
last base incorporated 1is identified
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(Hutchison  2007). Originally, this
identification was based on performing
chain elongation in four separate
reactions, each containing just one type
of chain-terminating nucleotide, and the
use of a radioisotope-labeled primers
(Sanger et al. 1977). However, the
development of terminators labeled with
fluorescent dyes and their laser-based
identification systems have enabled
pooled reactions and have sped the
process notably (Hutchison 2007).

Compared even to the automated
Sanger-based sequencing, the NGS
platforms are advantageous in their
ability to deliver massive amounts of
sequence data rapidly and at thousands of
times lower cost (Liu et al. 2012). The
high throughput of the sequence data is
the result of the massive parallelization
of the sequencing, a common feature to
all of the NGS technologies. However,
speed and high throughput often comes
at the cost of accuracy and length of the
generated reads  (Liu et al. 2012,
Hutchison 2007), although the read
length of some NGS instruments far
exceeds those of the Sanger-based
technologies (van Dijk et al. 2014, Liu et
al. 2012). The read length, sample
preparation, sequencing chemistry, and
other specific features vary between the
different NGS platforms, affecting their
suitability for different applications
(Table 1).

The workflows of different NGS
technologies resemble each other. The
NGS workflows usually begin with the
conversion of the source DNA or RNA
into a sequencing library of size-selected
molecules with platform-specific
adaptors in both ends, after which the
library is either amplified and subjected
to sequencing or sequenced directly
(Loman et al. 2012, van Dijk et al. 2014)

(Figure 3). The 454 (Margulies et al.
2005), Ion Torrent (Rothberg et al.
2011), and, wuntil recently, SOLiD
(Shendure et al. 2005) technologies have
relied on emulsion-PCR for library
amplification. In this amplification
method, the library fragments are
amplified on water-in-oil microreactors,
each containing a single bead-like
particle having one DNA fragment bound
on its surface. After the PCR
amplification, the particles covered with
the clonal copies of the template
fragment are deposited onto a
Picotiterplate  (454), Semiconductor
Sequencing Chip (Ion torrent), or glass
slide (SOLiD) for sequencing. However,
the SOLiID system recently replaced the
emulsion-PCR  with a  “Wildfire”
approach. In this approach, the library
fragments are captured on the sequencing
slide and amplified in situ with
isothermal template walking, resulting in
dense  sequencing  colonies.  This
amplification approach resembles that of
[Nlumina technology (Bentley 2006,
Bentley et al. 2008), in which the library
fragments are denatured and immobilized
on a solid surface covered with
amplification primers and amplified in
situ via bridge-PCR under isothermal
conditions.

The different NGS technologies use
different methods to sequence, in
parallel, the millions of template clusters
that are generated in the amplification
step. The 454 technology (Margulies et
al.  2005) utilizes pyrosequencing
(Ronaghi et al. 1998, Ronaghi et al.
1996), in which the incorporation of a
base in the elongating strand generates an
inorganic  pyrophosphate  that s
enzymatically converted to ATP and
used in a light-producing enzymatic
reaction. Each nucleotide species is
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flushed over the Picotiter plate one at a
time in sequential order, and the light
emission is monitored in real time after
the nucleotide flush (Margulies et al.
2005). The Ion Torrent technology also
monitors the incorporation of new bases
to the synthesized strand, but differs from
the 454 technology by detecting minor
changes in pH caused by the release of a
hydrogen ion (proton) during the base
incorporation (Rothberg et al. 2011).
[llumina technology (Bentley et al.
2008), on the other hand, is based on the
sequencing-by-synthesis with reversible
terminator nucleotides. Each nucleotide
species has specific fluorescent label and
a termination moiety, enabling the
parallel analysis of the incorporation of
all of the nucleotide species. The SOLiD
technology (Shendure et al. 2005) is
based on the ligation of fluorescently
labeled oligonucleotides (octamers) to
the template. First, a sequencing primer
is hybridized to the adapter, and the
octamers are then allowed to hybridize to
the template. However, only those
annealing perfectly are ligated to the
primer. After imagining, the ligated
octamer is cleaved between position 5
and 6, removing the label, and the cycle
is repeated. To capture all of the bases,
sequencing needs to be repeated with
primers of different lengths.

The PacBio sequencing technology
(Eid et al. 2009) differs from the above-
mentioned NGS technologies as it does
not require the sequencing library
amplification step but is capable of single
molecule sequencing (Figure 3, Table 1).
In this system, single DNA-polymerases
are immobilized within zero-mode

waveguide detectors, and the
incorporation  of  fluorescent-labeled
nucleotides in the growing chain is
detected in real time with continuous
imagining. In  addition to the
identification of the incorporated
nucleotide, this method allows the
identification = of the  methylation
modification status of the template base
(Flusberg et al. 2010). The PacBio
technology also ensures that the same
insert can be read multiple times, which
can improve sequencing accuracy.
Consequently, the sequencing of large
inserts increases the read length but
lowers the accuracy because the large
insert cannot be read as many times as
the shorter ones.

Recently, a portable single-molecule
sequencer, MinlON, was launched by
Oxford Nanopore Technologies (Table
1). This system is based on measuring
ionic current passing through single
nanometer-scale biological pores
(nanopores), through which the template
DNA is translocated one strand and one
base at a time. The translocation of the
DNA strand disrupts the flow of the ion
current through the nanopore, and each
base can be identified from the
characteristic drop of the current (Ip et al.
2015, Mikheyev & Tin 2014). Similar to
the PacBio sequencing, the library
preparation in Nanopore technology does
not require an amplification step. The
PacBio and Nanopore technologies are
occasionally referred to as “Third
Generation Sequencing technologies” as
they both are single-molecule sequencing
technologies that capture the signal in
real time (Schadt et al. 2010).
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2.1.2 Resolving Bacterial Genome Sequences

Although some bacteria are known to
harbor more than one chromosome, the
bacterial genome typically consists of a
single chromosome, which can be
accompanied by smaller DNA molecules
termed  plasmids. Bacterial DNA
molecules are most often circular, but
both linear chromosomes and plasmids
are known to exist (Casjens 1998). In
bacterial whole-genome sequencing, the
order of the nucleotides in all of the
DNA molecules of the bacterium under
interest is determined. These genome-
sequencing projects generally start with
the isolation of the genomic DNA,
followed by the generation of sequencing
libraries, amplification, size selection,
and sequencing of the DNA fragments.
Lastly, the obtained sequencing reads are
used to decipher the genome sequence in
a genome assembly process (Figure 3)
(Loman et al. 2012).

The most typical approach in the
determination of the bacterial genome
sequence is the whole-genome shotgun
(WGS) sequencing approach (Staden
1979). This approach involves the
sequencing of randomly fragmented
DNA molecules. Many of the DNA reads
obtained in WGS sequencing overlap,
forming the basis for the assembly of the
reads into longer contiguous sequences.
Traditionally, fragments were inserted
into an appropriate vector and replicated
in a bacterial culture to gain sufficient
amplification of the fragment for
sequencing (Staden 1979, Shendure & Ji
2008). Subsequently, PCR and massively
parallel modern sequencing methods,
some of which can even directly use the
insert as a template (Table 1), have made
the in vivo amplification step redundant
(Loman et al. 2012, Shendure & Ji 2008).

The templates are then sequenced either
from one or both ends to generate single-
end reads or paired reads, respectively
(Loman et al. 2012, Pop 2009).

Before they can be used for biological
analysis, the signals generated by the
incorporation of bases must be translated
into a human-readable format. This
process is termed base calling and
includes the transformation of the
intensity signals into base calls, the
assignment of a quality score to each
base, and adjustment of the data for
platform-specific anomalies (Sheikh &
Erlich 2012). The read data are usually
also quality assessed and pre-processed,
which includes the trimming of adapter
sequences and poor quality regions as
well as the filtering of the unqualified
reads (Sheikh & Erlich 2012).

After the pre-processing steps, the
overlapping sequence reads can be
identified and joined into contiguous
consensus sequences termed contigs
based on the assumption that overlapping
reads originate from the same location
(Nagarajan & Pop 2013). The contigs can
be further organized into genomic
scaffolds containing both contigs and
gaps with known contig orientation,
order, and distance (Nagarajan & Pop
2013, Pop 2009). The scaffolding process
is often aided by the generation of paired
reads or mate-pair reads, both referring to
reads obtained by sequencing both ends
of a DNA fragment of known size
(Figure 3) (Pop 2009, Loman et al.
2012). In addition, other strategies exist
for improving the contiguity, such as the
use of optical maps, ie., ordered
restriction maps created directly from
genomic DNA molecules, comparative
genomics, and directed sequencing of the
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Figure 3  Simplified representation of the workflow used in a bacterial genome-sequencing
project. The genomic DNA is first extracted and fragmented, after which sequencing
libraries are generated from fragments of suitable lengths. The DNA fragments can
be used for whole-genome shotgun and/or mate-pair sequencing. Larger DNA
fragments are often used for the PacBio shotgun libraries and mate-pair libraries. In
the latter, the ends of a fragment are joined, and the joined segment with its
surrounding DNA is used for sequencing. Fragments appropriate for the sequencing
library are ligated with adaptors. The fragments can then be sequenced directly
(PacBio) or after amplification (the other indicated NGS platforms). Overlapping
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shotgun reads are joined into contigs, which can be organized into scaffolds by
alignment to a reference genome or by deducing the order, orientation, and distance
of the contigs from each other from mate-pair reads or paired reads that map to two
different contigs. A combination or the different approaches and sequencing
technologies are often used. Filling the gaps in the scaffolds results in complete
whole genome sequence. The grey arrows indicate the direction of the workflows.

gap regions (Shendure & Lieberman
Aiden 2012, Franga et al. 2002, Bartels et
al. 2005, Samad et al. 1995). As the
generation of a complete genome
sequence without any gaps can be costly
and labor intensive, genome assemblies
not capturing the whole genome but
consisting of scaffolds or independent
contigs, referred to as draft genomes,
have become increasingly popular in past
years (Figure 2) (Chain et al. 2009). This
practice, however, may fall out of favor
given the ability of some NGS
instruments (Table 1) to produce very
long reads.

In addition to the above-described de
novo bacterial genome sequencing and
assembly, a comparative approach can be
used to order reads into contigs (Bentley
2006, Pop 2009, Pop et al. 2004).
Because a reference genome that is
highly similar to the genome under
interest is required in this approach,
genomic discrepancies originating from,
for example, HGT events and genomic
re-arrangements, can result in erroneous
assemblies and impede reference-based
genome inference (Pop 2009, Pop et al.
2004).

2.1.3 Bacterial Genome Annotation

Once the bacterial genome sequence has
been resolved, it is subjected to an
annotation process, in which functional
information is inferred from the genomic
sequence. This genome annotation
process includes both the identification
of sequence features and the subsequent
association of biological information
with the identified features. Genome
annotation is  usually  performed
computationally given that the genome-
wide identification and characterization
of the features and their products would
be too costly, time-consuming, and
laborious to be conducted experimentally
(Friedberg 2006, Lee et al. 2007).

2.1.3.1 Structural Annotation

A bacterial genome contains various
sequence features that can be identified
in the structural annotation phase. A key
aspect of this annotation phase is gene
prediction, or more specifically, the
identification of genetic regions that code
for proteins. In addition, genes
transcribed into non-protein-coding or
functional = RNA-molecules, various
regulatory features, and regions of
foreign origin can be identified. Genome-
wide structural annotation is usually
performed with various computational
approaches, which is often followed by
manual curation (Stein 2001).
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Bacterial genomes are full of protein-
coding genes; the majority of bacteria
have 85-90% of their genomes composed
of coding sequences (CDSs) although
this portion can vary a great deal (Kuo et
al. 2009). The initial identification of
CDSs typically relies on algorithms that
distinguish CDS from non-CDS regions
using statistical coding-region models
(Delcher et al. 2007, Hyatt et al. 2010,
Larsen & Krogh 2003). By applying
complex statistical rules, the coding
potential of a genomic region is
quantified, and CDSs are thereby
distinguished from other regions. The
statistical models employed by these
algorithms can be built based on the
characteristics of known genes (Larsen &
Krogh 2003) or genomic segments from
the given genome that are assumed to
represent genuine CDSs (Delcher et al.
2007, Hyatt et al. 2010). In some tools
(Hyatt et al. 2010, Delcher et al. 2007),
the presence of sequence motifs
associated with the start of the CDSs,
such as ribosomal binding sites (RBSs),
is employed in the identification of the
CDS and its correct start site. Different
methods have been reported to detect
over 98% of experimentally verified
bacterial CDSs and to accurately locate
the start site in over 90% of the cases
(Hyatt et al. 2010). However, short CDSs
and CDSs with an abnormal sequence
composition are considered particularly
difficult to predict, while gene overlaps
and the scarcity of stop codons in
genomes with a high GC% may also be
problematic (Hyatt et al. 2010, Warren et
al. 2010, Poptsova & Gogarten 2010).

Complementary to the use of
statistical gene evaluation models, CDSs
can be identified through sequence
similarity searches against a database of
known protein and gene sequences using

12

the basic local alignment search tool
(BLAST) (Altschul et al. 1997) or other
sequence similarity search algorithms.
This approach has been shown to identify
many CDSs that are missed in the initial
CDS-finding step (Warren et al. 2010).
In addition, missed genes can be detected
and CDS predictions validated using
either RNA expression (Sorek & Cossart
2010) or proteomics data (Ansong et al.
2008), but this approach is more
expensive and laborious than using
purely computational strategies. Gene
expression data can also be employed in
the identification of operon structures,
i.e., genes that are co-transcribed in one
polycistronic mRNA (Sorek & Cossart
2010). More conventionally, the operon
organization is inferred computationally.
Computational operon prediction can be
based on the distance between the
consecutive genes, the conservation of
gene order, the functional relation of
genes in the clusters, and/or the presence
of sequence motifs such as promoters,
transcription factor binding sites, and
transcription termination sites (Brouwer
et al. 2008).

In addition to CDSs, bacterial
genomes contain other regions that code
for functional elements, such as
ribosomal RNAs (rRNAs), transfer
RNAs (tRNAs), clustered regularly
interspaced short palindromic repeat
(CRISPR) RNAs, and various small
RNAs. Similarly as for CDSs, various
computational approaches exist for the
identification of these noncoding-RNA
elements. For example, rRNA genes can
be identified based on sequence
similarity with known rRNAs (Lagesen
et al. 2007), while the identification of
tRNA genes is primarily based on the
conserved structural profiles of tRNA
molecules (Lowe & Eddy 1997, Laslett
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& Canback 2004). CRISPR RNA, which
cooperates with the associated proteins
(CRISPR associated proteins; Cas) in the
defense against invading DNA (Deveau
et al. 2010, Barrangou & Horvath 2012,
Makarova et al. 2011), is encoded by
arrays that are composed of short
(average ~20-50 bp) direct repeats,
interspaced by spacer sequences of
defined length (Deveau et al. 2010).
Because of their organization, the
CRISPR arrays can be identified with
repeat-finding algorithms or those built
on these types of algorithms. For
example, the highly popular PILER-CR
CRISPR-finding algorithm builds upon
repeat finding methods (Edgar 2007).

Bacterial genomes also often contain
regions that have been obtained laterally
from other organisms. These genomic
islands (GlIs) usually have a sequence
composition different from that of the
rest of the genome, and this composition
difference is often wused in their
identification (Hsiao et al. 2005, Waack
et al. 2006). Alternatively, GIs can be
identified using comparative genomics
(Langille et al. 2010). Moreover, search
strategies similar to those used in the GI
prediction can also be applied in the
detection of plasmid-derived genomic
regions (Zhou & Xu 2010). The detection
of phages integrated in the bacterial
genome (prophages) can rely on
sequence comparisons to known phage
and  prophage  genes,  sequence
composition analysis, and identification
of potential attachment sites. For
instance, the popular prophage finding
programs Prophinder (Lima-Mendez et
al. 2008) and PHAge Search Tool
(PHAST) (Zhou et al. 2011) combine the
afore-mentioned strategies to provide
prophage predictions for Dbacterial
genomes.

2.1.3.2 Functional Annotation

In addition to calling genetic features,
realization of the full biological value of
the sequenced genomes also requires the
assignment of functions to the detected
features. The cornerstone of this process
can be considered to be the functional
classification of CDSs (Lee et al. 2007).
In addition, protein function can be
studied at the system level and CDSs can
be assembled into larger entities to
examine the biological processes they
conduct as an organizational unit.

The various functions attached to a
sequence feature can be described in
different ways. Usually, the functions of
bacterial CDSs are given in description
lines (DEs), which are informative
descriptions of functional properties but
suffer from the use of synonyms and
ambiguous expressions (Friedberg 2006,
Klimke et al. 2011). More uniform types
of function descriptions also exist, such
as the use of controlled vocabularies in
various annotation systems, including
TIGRFAM (Haft et al. 2003), SEED
(Overbeek et al. 2005), clusters of
orthologous groups of proteins (COGs)
(Tatusov et al. 2003), and Enzyme
Commission (EC) classification. The last
of these is a hierarchical way of
describing enzymatic activities of gene
products. In addition, gene function can
be described according to Gene Ontology
(GO) terms (Ashburner et al. 2000),
which consist of controlled vocabularies
that describe the biological processes,
cellular components, and molecular
functions associated with the annotated
protein. GO annotations are highly
machine-readable and thus suitable for
computational annotation; however, as
they are focused on eukaryotic functions,

13



Review of the Literature

the applicability of GOs in the annotation
of bacterial genomes is limited.

The most typical approach in
functional classification of the CDSs in a
newly sequenced bacterial genome relies
on the transfer of functional descriptions
from a previously characterized protein
with a similar sequence. This approach is
premised on the correlation of functional
similarity with sequence similarity (Lee
et al. 2007, Friedberg 2006) and typically
begins with searching the sequences of
interest against a general protein
sequence database with the help of pair-
wise  sequence  similarity  search
algorithms (Altschul et al. 1997, Pearson
& Lipman 1988, Koskinen & Holm
2012). Similarity searches are commonly
performed at the level of protein instead
of DNA sequences as this way the effects
of the redundancy of the genetic code on
the sensitivity of the search can be
avoided. Moreover, if desired, the
different substitution rates of amino acids
can be taken into account (Koonin &
Galperin ~ 2003). The  functional
information associated with the most
significant hit can then be transferred to
the query sequence directly, as in the
best-BLAST approach. However, this hit
does not necessarily represent a genuine
evolutionary counterpart nor provide the
most informative functional description
(Friedberg 2006). For this reason, more
sophisticated methods do not transfer
function based on a single hit but
aggregate information from multiple hits
(for example, see Martin et al. 2004,
Hawkins et al. 2006). Basing the
functional prediction on more than a
single hit has been shown to both
improve the accuracy of the functional
description of the query sequence and to
increase the number of functionally
classified CDSs in a genome (Martin et
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al. 2004, Hawkins et al. 2006). Another
approach to improve the accuracy is to
transfer  annotations only among
orthologs, i.e., proteins related by
speciation, in contrast to paralogs that
resulted from gene duplication and may
have acquired new functions (Friedberg
2006, Eisen 1998, Sonnhammer &
Koonin 2002).

In addition to the above-described
forms of homology-based annotation
transfer, sequences of interest can be
searched for signature motifs and
domains in protein signature databases,
such as PFAM (Finn et al. 2014),
Conserved Domain Database (CDD)
(Marchler-Bauer et al. 2015), TigrFAM
(Haft et al. 2003) or InterPro (Mitchell et
al. 2015). Moreover, several specialized
databases and annotation services are
dedicated to the characterization of
specific subsets of CDSs. Examples of
such services include databases for
bacterial virulence factors (Zhou et al.
2007, Chen et al. 2005), carbohydrate-
active enzymes (Lombard et al. 2014),
and proteolytic enzymes (Rawlings et al.
2014), as well as tools for the
characterization of bacteriocins (van
Heel et al. 2013) or prophage-like genes
(Lima-Mendez et al. 2008). In addition to
the widely popular homology-based
annotation transfer, the genomic context
of the CDS or the intrinsic properties of
its product can be used in functional
annotation (Friedberg 2006, Lee et al.
2007). For example, the sub-cellular
localization of a CDS can be predicted
based solely on its amino acid content
information (Gardy & Brinkman 2006).

The  integration of  different
annotation approaches can result in a
higher number of functionally classified
CDSs than what is obtainable with a
single method. For example, the
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conventional homology-based annotation
transfer has been reported to be able to
assign functions to approximately 73% of
CDSs in an average genome, whereas
inclusion of methods based on gene
context  information and  protein
interaction data has been reported to
increase this percentage to an average of
85% (Raes et al. 2007). Homology-based
annotation transfer naturally fails to
annotate gene products without adequate
sequence  similarity to  annotated
products. Moreover, database search
tools can fail to detect the correct
counterparts ~ given that sequence
similarity does not always imply
functional similarity (Eisen 1998). It is
also noteworthy that sequence databases
have numerous erroneous annotations
(Schnoes et al. 2009). The level of
sequence identity between the query and
annotation source may also affect the
outcome. Although pairwise sequence
identity as low as 30% has been deemed
sufficient for function transfer (Devos &
Valencia 2000), other studies have
indicated that pairwise identities of 40-
50% (Tian & Skolnick 2003, Rost 2002)
or up to 75% (Rost et al., 2003) should
be used. Thus, the quality of functional
annotation is affected by various factors,
including the choice of sequence
database, the search method and

parameters, as well as the functional
information transferred (Rost et al. 2003,
Clark & Radivojac 2011).

Functional annotation of bacterial
genomes can also be extended to system
wide analyses of cellular processes
(Feist et al. 2009). The metabolic
information of an organism, for example,
can be represented as networks,
comprising a holistic view of the
chemical conversion reactions of an
organism. Metabolic  reconstructions
usually rely on the annotation
information attached to the CDSs (Feist
et al. 2009, Francke et al. 2005).
Typically, EC numbers describing the
enzymatic  reactions or  transport
commission (TC) identifiers (Saier 2000)
are used. The identifiers are then
assembled into a  comprehensive
collection by mapping them against
information in metabolic databases or
reference pathways, such as those
available in the KEGG (KEGG: Kyoto
Encyclopedia of Genes and Genomes)
resource (Kanehisa et al. 2012). Similar
to all of the computational annotation
processes, metabolic reconstructions can
be further refined using information
derived  from the literature or
experimental characterizations (Francke
et al. 2005, Feist et al. 2009).

2.1.4 Comparative Bacterial Genomics

While sequencing an individual genome
has the potential to provide an immense
knowledge on the particular isolate, the
comparison of several genome sequences
allows a more comprehensive view of the
bacterial group of interest by enabling
the examination of intra- and interspecies

differences and similarities. Importantly,
comparative genomics approaches are
also intertwined in the annotation process
of newly sequenced genomes, as
illustrated in the previous sections.

The comparison of whole genome
sequences provides a view of the
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similarities and differences between the
organisms in question at the genome
level. These whole genome comparisons
can reveal genomic rearrangements, such
as inversions or translocations; can be
used to explore the conservation of
synteny, i.e., collinear localization of the
shared genomic segments; and aid the
elucidation of evolutionary relationships
(Ventura et al. 2009, Binnewies et al.
2006, Land et al. 2015, Batzoglou 2005).
The identification of regions of
dissimilarity between genomes can also
suggest the presence and location of Gls
and other sequence features of external
origin, such as prophage clusters and
transposable elements (Batzoglou 2005,
Land et al. 2015, Binnewies et al. 2006,
Ventura et al. 2009). Similar genomic
subregions and their locations and orders
can be determined by aligning two or
more genome sequences (Batzoglou
2005). Genome alignments can be
performed pairwise but can also be
extended to cover multiple genome
sequences, and there are different
approaches for the generation of the
alignments (Batzoglou 2005, Darling et
al. 2010). In addition to sequence
alignments, whole genome comparisons
can be generated using dot matrix
analysis and visualized as dot plots
(Krumsiek et al. 2007).

Comparative genomics analyses can
also be performed at the protein-level.
Orthologous grouping (Li et al. 2003,
Kristensen et al. 2011) of CDSs is often
performed to classify them according to
their evolutionary origins (Sonnhammer
& Koonin 2002). Orthologous grouping
can rely on phylogeny-based strategies or
those based on pairwise sequence
comparison, such as BLAST (Kuzniar et
al. 2008). As mentioned above (section
2.1.3.2), the identification of orthologs
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also has a major role in the functional
classification of proteins as orthologous
proteins can be assumed to share aspects
of their functional characteristics or
perform the same task (Friedberg 2006,
Lee et al. 2007). Accordingly,
orthologous grouping in conjunction with
commensurable phenotype information
provides a means to link a phenotype to a
particular genotype. Such conclusions are
possible because this type of analysis
allows the identification of genes that are
present only in isolates expressing the
trait (Korbel et al. 2005).

The identification of orthologous
groups shared by all of the isolates of a
particular bacterial group, on the other
hand, can be used to reveal the principle
features of that group of organisms. The
orthologous groups or genes possessed
by all of the isolates form the core
genome of these organisms and encode
several of the properties and traits
defining the group (Medini et al. 2005,
Tettelin et al. 2005, Tettelin et al. 2008).
In turn, the full complement of
orthologous groups or genes in a group
of bacteria forms the pan-genome of that
group (Tettelin et al. 2008, Tettelin et al.
2005, Medini et al. 2005). The pan-
genome encompasses the total genetic
reservoir of the group and therefore also
includes the core genome. The portion of
the pan-genome excluding the core
genome is termed the dispensable or
accessory genome and comprises the
orthologous groups or genes present in
only some or one of the isolates (Medini
et al. 2005, Tettelin et al. 2005, Tettelin
et al. 2008). The accessory genome is
responsible for the intraspecific diversity
and codes for variable characteristics,
which might be of use in adapting to new
niches. Interestingly, accessory genes
often reside in Gls, illustrating the role of
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HGT in the adaptation of bacteria to new
environments (Medini et al. 2005,
Tettelin et al. 2008, Tettelin et al. 2005).
As bacterial genomes often contain
duplicated genes, the number of
orthologous groups of an isolate is
generally lower than the number of its
CDSs.

The pan-genome data can also be
used to assess how well the sequenced
genomes capture the genetic repertoire of
the particular species or bacterial group.
The number of shared genes or novel
genes found on sequential addition of
each new sequenced genome can be
extrapolated to estimate the size of the
core or pan-genome of an infinite
number of isolates, respectively (Tettelin
et al. 2005, Medini et al. 2005, Tettelin et
al. 2008). Moreover, if the size of the
pan-genome grows as new genomes are
added, the pan-genome is considered to
be ‘open’. Highly diverse species
occupying multiple environments, for
example, would require a vast number of

independent isolates to have their
genomes defined before the complete
genetic pool of the species would be
characterized (Medini et al. 2005,
Tettelin et al. 2008).

In addition, the identification of
orthologous groups can help elucidate
evolutionary events and relationships
between organisms. A typical
phylogenetic analysis of a set of
sequences, for example, begins with the
identification of homologous sequences.
Following this step, a multiple sequence
alignment is constructed and used in the
inference of phylogeny via approaches
based on parsimony, distance, or
probabilistic models such as maximum
likelihood (Anisimova et al. 2013).
Omnipresent housekeeping genes or 16S
rRNA genes are often used in the
phylogenetic tree constructions, but trees
based on genome-wide data are often
considered to provide a more consistent
and accurate picture of evolutionary
events (Rokas et al. 2003).

2.1.5 Resolving Bacterial Transcriptomes via Sequencing

The manifestation of the bacterial
phenotype is largely determined by the
expression of the genes encoded in the
bacterium’s ~ genome.  Thus, the
examination of the RNA transcripts not
only allows insights into the
characteristics and functions of bacteria
in a given condition, but also is useful in
the detection of genes and verification of
gene annotations (Sorek & Cossart
2010). The messenger RNA (mRNA)
portion of the transcriptome is often of
interest in gene expression studies as it
reflects the phenotypic output of protein-
coding genes. mMRNA  molecules,

however, are the minority of all of the
RNA molecules present in a given
sample in given time. A typical
bacterium, for example, has 0.05-0.1 pg
of RNA in its cell, the majority of which
consists of non-coding RNA molecules,
particularly rRNA; the portion of mRNA
rarely exceeds 4% (Skvortsov &
Azhikina 2010).

The power of NGS technologies has
been harnessed for the examination of
transcriptomes, often termed RNA-seq
(RNA-sequencing) or whole
transcriptome shotgun sequencing. RNA-
seq allows a more in-depth view of the
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transcriptome than is possible with
hybridization-based techniques such as
northern-blotting or microarrays (van
Vliet 2010, Wang et al. 2009). A typical
RNA-seq experiment (Figure 4) begins
with the isolation of total RNA from the
sample. The mRNAs can then be
enriched prior to library preparation by
depleting the rRNA and tRNA molecules
(Skvortsov & Azhikina 2010, van Vliet
2010). After a complementary-DNA
(cDNA) library is prepared, the library is
sequenced in similar manner as the DNA
libraries used in  whole-genome
sequencing (van Vliet 2010, Wang et al.
2009, section 2.1.2). Briefly, the library-
inserted templates are sequenced from
one or both ends to generate single-end
or paired reads, respectively, and the
generated reads are preprocessed before
further analysis. The transcriptome can
then be inferred from the reads either by
performing a de novo assembly of reads
or by using a reference genome or a set
of reference genomes (van Vliet 2010).
In the case of a known reference
genome, preprocessed reads are typically
aligned to the reference sequence to infer
their genomic origin. Different tools have
been dedicated to this process, which is
usually referred to as mapping (Trapnell
& Salzberg 2009, Oshlack et al. 2010).
The number of reads mapping to specific
genomic regions, most often genes or
CDSs, are then counted. The number of
reads generated from a transcript is not
directly proportional to the relative
abundance of the transcript in the
sample; many other factors affect the
read counts, such as the sequencing
depth, the choice of sequencing platform,
the library preparation protocol, and the
intrinsic properties of the transcripts
(Mortazavi et al. 2008, Oshlack et al.
2010, Dillies et al. 2013, Oshlack &
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Wakefield 2009). To compare the
expression levels within or between
samples, the read counts must thus be
normalized (Oshlack et al. 2010).

One of the earliest and most used
normalization approaches is the reads per
kilobase per million mapped reads
(RPKM) (Mortazavi et al. 2008), which
attempts to account for both the library
size (the total number of mapped reads)
and the gene length effects (random
fragmentation generally results in more
reads originating from bigger transcripts
than smaller transcripts at the same
expression level). The RPKM strategy
can be considered to be useful for the
normalization of read counts for the
comparison of gene expression within the
sample, with some limitations (Oshlack
et al. 2010). However, the use of this
normalization strategy in the comparison
of gene expression levels between
different samples can suffer from its poor
suitability for weakly expressed genes
and disregard of differences in the
sampled RNA populations, such as
differences in the GC-contents of
different  transcripts (Robinson &
Oshlack 2010, Dillies et al. 2013).
Compared samples can differ largely in
their RNA population composition, and a
large number of transcripts originating
from just a few genes can account for the
majority of the sequencing library
(Oshlack et al. 2010). If not appropriately
accounted for, these differences may

skew the downstream differential
expression  analysis  towards  one
condition. Thus, various, more

sophisticated, normalization strategies
have been developed for between-sample
comparisons depending on the particular
application (Robinson & Oshlack 2010,
Oshlack et al. 2010, Dillies et al. 2013).
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Extraction of total RNA

DNAse treatment,
Removal on tRNA,
Removal of rRNA

l

Fragmentation
and size selection

l

cDNA synthesis,
Preparation of
sequencing library

NGS-based
read generation

de novo assembly mapping
—— I S E— N S I

Reference genome

Figure 4

Simplified representation of typical workflow of a RNA-seq project. The total RNA is
isolated from the sample, the contaminating DNA is removed, and the mRNA is
enriched, fragmented, and used in the cDNA sequencing library preparation. The
c¢DNA libraries are then sequenced and the generated reads can be either be used in
de novo assembly or mapped onto a reference genome. The light blue boxes in the
reference genome represent the CDSs. The grey arrows indicate the direction of the
workflow.
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After read count normalization, the
genes that have significantly changed
their expression between conditions can
be identified in the differential
expression analysis. Briefly, this analysis
uses normalized read count tables in
statistical testing between the samples
under interest (Oshlack et al. 2010).
Various strategies for this statistical
testing exist, and, similar to the choice of
the normalization method, the most
suitable method should be chosen based
on the experimental design (Soneson &
Delorenzi 2013). The resulting list of
genes with altered expression levels

provides information on the
transcriptional changes between samples,
and deeper biological insights can be
obtained by (i) looking at the
transcriptional changes of sets of genes
or (ii) performing enrichment or pathway
analyses of the differentially expressed
genes (Oshlack et al. 2010). Moreover,
the expression patterns of genes can be
used to assign genes to clusters
(D'haeseleer 2005). This type of analysis
can provide interesting clues about genes
that are co-regulated, involved in the
same cellular processes, or which
underlie a bacterial trait of interest.

2.2 Lactobacilli

The genus Lactobacillus belongs to the
family Lactobacillaceae, order
Lactobacillales, class Bacilli, and
phylum  Firmicutes of the domain
Bacteria (Garrity et al. 2007a, Hammes
& Vogel 1995). Phylogenetically, it is
intermixed with another genus in the
same family, namely, Pediococcus
(Salvetti et al. 2012). Lactobacilli — and
pediococci — are also traditionally
classified into a loosely defined
functional group of lactic acid bacteria
(LAB). This group represents a
heterogeneous collection of bacteria
united by an array of morphological,
physiological, and metabolic properties,
most notably the production of lactate as
the main end product of carbohydrate
fermentation (Hammes & Vogel 1995,
Axelsson 2004). In addition to lactate
production, the typifying characteristics
of the genus Lactobacillus include Gram-
positive staining, a lack of enzyme
catalase, complex nutritional
requirements, generally strictly
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fermentative metabolism, and low
genomic GC content (generally below 50
mol%) (Axelsson 2004, Hammes &
Vogel 1995). Lactobacilli are also
anaerobic or aero-tolerant and grow well
in acidic environments (Axelsson 2004,
Hammes & Vogel 1995).

Lactobacilli are ubiquitous in a wide
variety of environments that are rich in
carbohydrates, with favorable niches
ranging from plants and dairy to host-
associated habitats (Axelsson 2004,
Hammes & Vogel 1995). Notably,
lactobacilli are important in the
fermentation of a range of food and feed
products (cheeses, yoghurts, pickled
vegetables, silage, fermented meets, etc.),
in which their ability to efficiently
acidify the surrounding environment is
regarded as particularly beneficial as a
low pH can inhibit the growth of
undesirable bacteria (Giraffa et al. 2010).
In addition, lactobacilli can enhance the
flavor, texture, and nutritional value of
the fermented food product (Giraffa et al.
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2010, Leroy & De Vuyst 2004). The
ability of some lactobacilli to produce
health-enhancing ingredients, such as
vitamins and bioactive peptides, has also
gained interest, as has the potential of
some strains to confer a health benefit to
the consumer (Giraffa et al. 2010, Leroy
& De Vuyst 2004). Thus, it is
unsurprising that lactobacilli are added to
functional food products and are claimed
to improve the health and wellbeing of
the consumer (Giraffa et al. 2010).
Several Lactobacillus  species also
possess the generally regarded as safe
(GRAS) status (Salvetti et al. 2012), i.e.,
they have been recognized as safe by
expert evaluations based on scientific
procedures and/or history of safe use in
foods (Burdock & Carabin 2004).
Lactobacilli are significant members
of the normal host flora, being found in
the mouth, gastrointestinal tract (GIT),
and genitourinary tract (GUT) of humans
and animals (Hammes & Vogel 1995,
Walter 2008). A key determiner of the
sites  suitable  for  Lactobacillus
colonization seems to be the type of
epithelium that lines the alimentary canal
and the GUT. High numbers of
lactobacilli are generally associated with
the presence of stratified squamous
epithelium (Walter 2008). For instance,
lactobacilli are abundant in the stratified
squamous  epithelium-lined  human
vagina (Gustafsson et al. 2011, Vasquez
et al. 2002, El Aila et al. 2009, Ravel et
al. 2011, Chaban et al. 2014, Gajer et al.
2012, Romero et al. 2014) and in the
proximal parts of the GIT of various
animals containing such epithelium,
including rodents, pigs, horses, and birds
(Walter ~ 2008).  Lactobacilli  are
consistently numerically insignificant in
the human GIT that lacks a stratified
squamous epithelium, and the lactobacilli

that are encountered in the human GIT
most likely originate from food or the
more proximal parts of the alimentary
canal (Walter 2008).

Traditionally, lactobacilli are divided
into three subgroups based on their
carbohydrate  fermentation: = homo-
fermentative, facultatively  hetero-
fermentative, and obligately hetero-
fermentative (Hammes & Vogel 1995,
Axelsson 2004, Felis & Dellaglio 2007,
Salvetti et al. 2012). First among these,
the homofermentative lactobacilli
ferment hexoses almost exclusively via
the glycolytic Embden-Meyerhof-Parnas
pathway (EMPP). Second, facultatively
heterofermentative lactobacilli ferment
hexoses via the EMPP but can also
ferment pentoses via a pentose phosphate
pathway (PPP). Third, obligately
heterofermentative lactobacilli lack a
functional EMPP and ferment both
hexoses and pentoses via PPP. These
different modes of fermentation can also
be explained by the presence or absence
of genes encoding the key enzymes of
the EMPP and PPP, ie., fructose-1,6-
bisphosphate aldolase and
phosphoketolase, respectively (Axelsson
2004). Differences in these pathways are
also manifested in the differences in the
resulting fermentative products. When
glucose is metabolized, the
homofermentative lactobacilli produce
more than 85% of their fermentative
products as lactate, whereas both types of
heterofermenters produce lactate, carbon
dioxide, ethanol, and/or acetate in
equimolar amounts (Axelsson 2004,
Hammes & Vogel 1995).

Species-wise, the genus Lactobacillus
is the largest genus in its order (Felis &
Dellaglio 2007), and the most recent
survey revealed the genus to comprise
152 species (Salvetti et al. 2012). A
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phylogenetic analysis of the 16S rRNA
genes (Salvetti et al. 2012) identified 29
distinct phylogenetic clades within the
genus. Notably, the phylogenetic
placement of a species did not
necessarily correlate with the distribution
of metabolic or other phenotypic
properties. For example, the largest
phylogenetic  subgroup, termed the
Lactobacillus delbrueckii group after its
type species, comprises species of
varying genomic GC content (ranging
from 33 to an atypically high 51 mol%)
and producing either D- and L-isomers of
lactate or both. Species in this group
demonstrate  also  strictly = homo-
fermentative  or  heterofermentative
(facultatively or obligately) modes of
carbohydrate fermentation (Salvetti et al.

2012). In addition, the isolation sources
and habitats of species in the L.
delbrueckii group vary vastly and include
the feces, GIT, and GUT of humans and
various animals; different dairy products,
such as cheeses, yoghurts, and fermented
milks; and vegetable and plant-associated
fermentations, such as waste-corn
fermentations (Salvetti et al. 2012).

An increasing number of lactobacilli
have been subjected to whole-genome
sequencing (Figure 2B). The sequenced
Lactobacillus ~ genomes  and  the
genomics-based  insights into  the
characteristics of this diverse group of
bacteria are discussed in the following
subsections with a particular focus on
vaginal lactobacilli.

2.21 Lactobacillus genomes

The first Lactobacillus genome sequence
to be publically available was that of
Lactobacillus  plantarum WCEFSI,
published in 2003 (Kleerebezem et al.
2003). The analysis of the ~3.3 Mb
circular chromosome of this strain
revealed it to harbor over 3,000 CDSs
coding for, e.g., several carbohydrate
metabolism-related  transporters  and
enzymes, such as the components of both
the EMPP and PPP, corroborating the
classification of the species L. plantarum
as a heterofermenter (Kleerebezem et al.
2003).

In the following few years, the
genome sequences of several other
Lactobacillus isolates, representing many
biotechnologically and biomedically
important  species, were elucidated
(Altermann et al. 2005, Pridmore et al.
2004, Chaillou et al. 2005, van de Guchte
et al. 2006, Makarova et al. 2006). These
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sequences provided insights into the
physiology of lactobacilli and revealed
interesting aspects about the evolution
and frequency of HGT in lactobacilli. For
instance, genome sequencing and
analysis of Lactobacillus acidophilus
NCFM  revealed several putative
adhesion and host-interaction factors
(Altermann et al. 2005), the functionality
of some were validated in later studies
(Buck et al. 2005, Konstantinov et al.
2008). The sequencing of the whole
genome of Lactobacillus johnsonii NCC
533 shed light on the bacterium’s
adaptation to the intestinal environment
(Pridmore et al. 2004), and determination
of the whole-genome sequence of a
sausage-isolated Lactobacillus sakei 23K
revealed mechanisms important in the
colonization of meat and the tolerance of
cold (Chaillou et al. 2005). The genome
of yoghurt-associated L. delbrueckii ssp.
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bulgaricus ATCC 11842 suggested an
on-going adaptation to a lactose and
protein-rich milk environment through
the loss of superfluous biosynthetic
functions and possibly via
protocooperation with another dairy
LAB, Streptococcus thermophilus (van
de Guchte et al. 2006). In addition,
Makarova and co-workers (Makarova et
al. 2006) produced genome sequences for
four lactobacilli and five LAB isolates,
highlighting the importance of genome
reduction and HGT in the niche-
adaptation of LAB.

After 2006, an increasing number of
Lactobacillus  genomes have been
characterized using NGS technologies.

By the end of 2009, for example, nearly
60 Lactobacillus genomes had been
sequenced and published (Figure 2B),
and as of April 2015, there are 384
genome entries in GenBank classified as
Lactobacillus. In accordance with the
general trend of bacterial genome
sequencing (Figure 2A), the majority of
the entries released since 2009 do not
represent finished genome sequences
(Figure 2B). The finished Lactobacillus
genome sequences exhibit great variation
in several characteristics, such as size
(1.4-3.4 Mb) and GC-content (33-52 %),
highlighting the very heterogeneous
make-up of this genus.

2.2.2 Comparative Genomics of Lactobacilli

As the first Lactobacillus genome
sequences were determined when DNA
sequencing costs were over $0.01 per
base pair (Collins et al. 2003), it is
unsurprising that the first genome
sequencing based studies of lactobacilli
(e.g., Kleerebezem et al. 2003, Pridmore
et al. 2004, Altermann et al. 2005,
Chaillou et al. 2005) were concentrated
on characterizing a single representative
of the particular species. Consequently,
the first comparative genomic analyses of
Lactobacillus were interspecies
comparisons, revealing different species
to differ vastly in both their gene content
and genome structure (Chaillou et al.
2005, Pridmore et al. 2004, Boekhorst et
al. 2004). Comparative genomics of the
distantly related L. plantarum WCFSI
and L. johnsonii NCC, for example,
exemplified limited genomic synteny
(only 28 regions containing at least 7
genes demonstrated conserved gene
order between the strains) and revealed

that ~50% and ~30% of their predicted
proteomes,  respectively, have no
sufficiently similar counterpart in the
other strain’s proteome (Boekhorst et al.
2004).

Genomic comparisons of well-
characterized isolates of related or the
same Lactobacillus species have also
proved useful in exploring the genetic
background of the observed phenotypic
differences between the isolates. For
instance, genome comparison of a
bacteriocin-producing Lactobacillus
reuteri strain with a non-producing strain
of the species Lactobacillus fermentum
allowed the identification of a GI
encoding an antimicrobial compound
(Morita et al. 2008) and comparative
genomics of well- and poorly adherent
Lactobacillus rhamnosus strains resulted
in the discovery of a gene cluster
encoding adhesion-mediating pili on the
surface of the adherent strain
(Kankainen et al. 2009).
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A few Lactobacillus species have
also been subjected to a more
comprehensive characterization
involving the elucidation of the genomic
make-up of several independent isolates
of the species (Table 2). The similarities
and differences within the specific
Lactobacillus species were determined
by comparing a set of isolates against a
selected reference or references (Cai et
al. 2009, Siezen et al. 2010, Douillard et
al. 2013) or by performing comparative
genomics analyses on a set of whole-
genome sequences (El Kafsi et al. 2014,
Smokvina et al. 2013, Broadbent et al.
2012, Kant et al. 2014, Spinler et al.
2014). The reference-based comparisons
of  lactobacilli  include  analyses
performed via comparative genomic
hybridizations with the reference (Siezen
et al. 2010, Cai et al. 2009) or by
generating short sequence reads and
mapping them onto the selected reference
(Douillard et al. 2013). Although offering
a very limited view of the scale of
intraspecific genomic variation, these
approaches permit the detection of the
features conserved across the species and
have, for example, revealed the
ecologically  versatile  Lactobacillus
species L. casei, L. plantarum, and L.
rhamnosus to have core genomes that
constitute a major part of the genetic
complement of the selected reference
strain  (~70%, ~70%, and ~80%,
respectively) (Cai et al. 2009, Siezen et
al. 2010, Douillard et al. 2013)

Whole genome sequences of multiple
isolates of the same species, on the other
hand, have offered a more in-depth view
of the intraspecific similarities and
differences in lactobacilli than what is
possible using reference-based
comparisons that can naturally detect
only the portion of the genome shared
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with the reference. Moreover, whole
genome-based comparisons have also
allowed the identification of conserved
genes that were undetectable in
comparative genomic hybridizations due
to low sequence homology. For instance,
sequencing-based analyses revealed L.
plantarum strains to harbor a teichoic
acid biosynthesis gene cluster originally
missed in CGH analyses. This cluster
was not detected in the first analysis
because the gene cluster in the reference
strain shared only 69-74% nucleotide
identity with the clusters of the other
strains (Siezen & van Hylckama Vlieg
2011). A few Lactobacillus species with
multiple independent genome sequences
have been subjected to whole-genome
comparative analyses, including L. casei
(Broadbent et al. 2012), L. paracasei
(Smokvina et al. 2013), L. delbrueckii
(El Kafsi et al. 2014), L. reuteri (Nelson
et al. 2010, Spinler et al. 2014), and L.
rhamnosus (Kant et al. 2014). When the
sizes of the reported core genomes of
these species are compared with the
number of CDSs present in the first
representative sequenced genome of each
species (the CDS numbers retrieved from
the GenBank database (Benson et al.
2013), May 2015), the species core
genomes cover ~59% (L. paracasei and
L. delbrueckii) to ~99% (L. acidophilus)
of the CDSs of the selected reference.
Interestingly, the L. rhamnosus core
genome, deduced from the analysis of 13
whole-genome sequences (Kant et al.
2014), covered ~77% of the reference,
whereas the core genome deduced in the
reference-based comparative analysis of
101 isolates (Douillard et al. 2013)
covered ~89%. Similarly, the core
genome obtained by comparative
analysis of 17 L. casei isolates
(Broadbent et al. 2012) covered ~62% of
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Table 2. Selected comparative genomics studies of lactobacilli describing the pan- and/or
core genomes of at least five individual isolates.

Species No. of genomes Core genome Pan-genome Approach Reference

L. acidophilus 34 1815 - Comparative genomics Bull et al., 2014

L. casei 22 1941 - Reference based (CGH) Cai et al., 2009

L. casei 17 1715 5935 Comparative genomics  Broadbent et al., 2012

L. delbrueckii 10 989 - Comparative genomics El Kafsi et al., 2014

L. paracasei 13 1800 4200 Comparative genomics Smokvina et al., 2013

L. plantarum 42 2049 - Reference based (CGH) Siezen et al., 2010

L. reuteri 7 ~1600 - Comparative genomics Nelson et al., 2010

L. reuteri 10 1230 3700 Comparative genomics Spinler et al., 2014

L. rhamnosus 13 2095 4893 Comparative genomics Kant et al., 2014

L. rhamnosus 101 2419 - Reference based Douillard et al., 2013

(mapping)

L. casei group 10 1682 - Comparative genomics Toh et al., 2013

(3 species)

Lactobacillus 5 593 - Comparative genomics Canchaya et al., 2006

(5 species)

Lactobacillus 12 141 - Comparative genomics Claesson et al., 2008

(11 species)

Lactobacillus 20 383 ~14000 Comparative genomics Kant et al., 2011

(14 species)

Lactobacillus 21 363 13069 Comparative genomics  Lukjancenko et al., 2012

(14 species)

Lactobacillus 67 311 11047 Comparative genomics Mendes-Soares et al., 2014

(27 species)

the reference, and the core genome of 22
L. casei isolates (obtained using
reference-based approaches) (Cai et al.
2009) covered ~70% of the reference.
These results indicate that reference-
based approaches are less strict than
whole-genome approaches in defining
the genomic core of a species.

In addition to encoding basic cellular
functions, the core genomes of L.
rhamnosus (Kant et al. 2014), L. casei
(Broadbent et al. 2012), and L. paracasei
(Smokvina et al. 2013), for instance,
encode several surface molecules that are
possibly involved in the interactions with
the surrounding environment and even
have some core features in common
(Kant et al. 2014). Moreover, multiple
genome sequence based analyses have
determined, that HGT and gene loss have
played a major role in the evolution of
Lactobacillus species (Broadbent et al.

2012, Smokvina et al. 2013, El Kafsi et
al. 2014). An exception appears to be L.
acidophilus, for which the core genome
covers almost the entire gene repertoire
of a single isolate (Bull et al. 2014).

In addition to describing the gene
repertoires of particular Lactobacillus
species, the pan- and core genomes of the
entire genus Lactobacillus have been
investigated several times (Table 2)
(Claesson et al. 2008, Canchaya et al.
2006, Lukjancenko et al. 2012, Kant et
al.  2011). These analyses have
considered varying numbers of whole
genome sequences, ranging from 5
(Canchaya et al. 2006) to 21
(Lukjancenko et al. 2012) representatives
of different Lactobacillus species. These
studies have resulted in the discovery of
Lactobacillus core genomes ranging
from 141 (Claesson et al. 2008) to 593
(Canchaya et al. 2006) genes, with the

25



Review of the Literature

core genomes constituting only ~3% of
the respective  Lactobacillus  pan-
genomes (Table 2). Moreover, a recent
study attempting to describe
Lactobacillus genes specific for a vaginal

niche (Mendes-Soares et al. 2014)
reported the core and pan-genomes of
altogether 67 isolates of various origins,
with the core genome again forming only
~3% of the pan-genome (Table 2).

2.2.3 Sequencing-based Investigations of Vaginal Lactobacilli

The vaginas of healthy premenopausal
women are nutrient-rich niches that
harbor approximately an average of 10
bacteria per gram of secretions
(Danielsson et al. 2011). These vaginal
commensal bacteria are considered to
have a pivotal role in maintaining the
urogenital health of the host (Boris &
Barbés 2000, Witkin et al. 2007, Ma et
al. 2012, Lamont et al. 2011, Petrova et
al. 2015). Vaginal Ilactobacilli in
particular are regarded to protect the
GUT from aberrant conditions and to
create an inhospitable environment for
pathogenic bacteria via competitive
exclusion and the production of lactate,
biosurfactants, and hydrogen peroxide,
among other factors (Ma et al. 2012,
Boris & Barbés 2000, Witkin et al. 2007,
Lamont et al. 2011, Petrova et al. 2015).
Several insights into the biology of the
vaginal lactobacilli have been derived
from sequencing-based studies, as is
discussed in more detail below.

In accordance with the culture-based
identification of lactobacilli as the major
components of normal vaginal flora
(Gustafsson et al. 2011, Vasquez et al.
2002, El Aila et al. 2009), several
culture-independent studies based on
marker gene sequencing have detected
lactobacilli in the wvaginal flora of
asymptomatic reproductive aged women
(Figure 5) (Ravel et al. 2011, Chaban et
al. 2014, Gajer et al. 2012, Romero et al.
2014). Studies based on 16S rRNA gene
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sequences (Romero et al. 2014, Gajer et
al. 2012, Ravel et al. 2011) report that
rather similar fractions of the analyzed
vaginal  floras are  Lactobacillus
dominated; the most abundant
Lactobacillus  species is L. iners,
followed closely by L. crispatus (Figure
5). Analysis of the wvaginal flora
composition using the universal target
region of the cpn60-gene (Chaban et al.
2014), on the other hand, has revealed L.
crispatus to be the most abundant species
in more vaginal samples than L. iners
(Figure 5), a result that might reflect
differences in detection capacities of the
different methods and/or in the study
populations.

The vaginal bacterial communities of
asymptomatic reproductive aged women
have further been classified into
community types based on the
composition and relative abundances of
the detected species (Ravel et al. 2011).
In their large-scale 16S rRNA gene
sequence analysis-based study
comprising nearly 400 women, Ravel
and colleagues (Ravel et al. 2011)
identified five main community types.
Four of these community types were
dominated by different Lactobacillus
species (L. crispatus, L. iners, L. jenseni,
and L. gasseri) and the fifth comprised a
diverse array of facultatively or strictly
anaerobic bacteria. This finding suggests
that a healthy vaginal state can also exist
without a prevalence of lactobacilli. The
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proportions of each community type
were also reported to vary among women
from different ethnic backgrounds; the L.
crispatus-dominated community type
was the most common type in white
women, whereas L. iners-dominated
communities were most common in
Asian and the variable community type
in black and Hispanic women. Together,
Lactobacillus-dominated ~ communities
were found in ~90% and ~80% of white
and Asian women, respectively, but only
in ~60% of black and Hispanic women
(Ravel et al. 2011). Notably, vaginal
community types, including
Lactobacillus-dominated  types, have
been identified in other marker gene-
based studies; however, less abundant
communities, namely, L. gasseri or L.
Jjensenii have not always been identified
(Chaban et al. 2014, Romero et al. 2014,
Gajer et al. 2012).

A few genome sequences available in
GenBank (Benson et al. 2013) belong to
vaginal Lactobacillus isolates and have
helped to elucidate the biology of vaginal
lactobacilli. The first L. iners genome
sequence, for instance, revealed the
genome of this vaginal isolate to be only
~1.3 Mb in size and to encode a
proteome with very limited biosynthetic
abilities (Macklaim et al. 2011).
Interestingly, the genome was reported to
lack genes for most of the adhesion
factors commonly found in other
lactobacilli, such as mucus-binding
proteins (Macklaim et al. 2011).
Potential fibronectin- and fibrinogen -
binding adhesins were, however, among
the predicted adhesins (Macklaim et al.
2011), and fibronectin-binding was
speculated to play a role in the
persistence of L. iners in the vagina
(McMillan et al. 2013).

Genome  sequences of  other
urogenital Lactobacillus isolates,
including also representatives of L. iners
and the other most commonly found
vaginal species (L. crispatus, L. gasseri,
and L. jensenii), have also been produced
by the Human Microbiome Project
(HMP) (Nelson et al. 2010). The aim of
the HMP is to provide reference genomes
for further studies on health- and disease-
associated microbes and microbiomes.
As of May 2015, the HMP reference
genome catalogue lists nearly 30
urogenital tract isolates of lactobacilli
with genome sequence data submitted to
GenBank  (Benson et al. 2013). In
addition, genomes of vaginal lactobacilli
representing the less common vaginal
species have been defined, including L.
plantarum CMPG5300 (Malik et al.
2014), L. helveticus MTCC 5463
(Prajapati et al. 2011, Senan et al. 2015),
and L. pentosus KCAl (Anukam et al.
2013).

The abundance of Lactobacillus
genome sequences has also prompted
interest in the niche-specific traits of
vaginal lactobacilli. However, a recent
comparative genomics analysis
(Mendes-Soares et al. 2014) found that
the genomes chosen to represent the four
most common vaginal Lactobacillus
species (L. crispatus, L. iners, L. jenseni,
and L. gasseri) did not share any features
that were absent from other lactobacilli,
suggesting that adaptation to the vaginal
environment has not resulted in any
vagina-specific gene set in lactobacilli
(Mendes-Soares et al. 2014).

The different Lactobacillus species
also seem to modulate the host’s
urogenital health differently.
Interestingly, a longitudinal bacterial
community analysis (Gajer et al. 2012)
noted that the L. crispatus-dominated
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vaginal communities protect the vaginal
normal flora from transitioning to a BV-
associated community type, while such
protection was not observed with the L.
iners-dominated community type. The
vaginal communities dominated by L.
crispatus have also been observed to
generally result in lower vaginal pH than
communities dominated by  other
lactobacilli or bacteria (Ravel et al.
2011). Moreover, a metatranscriptomics
analysis of wvaginal = communities
(Macklaim et al. 2013) identified L.

100 % 1
90 % -
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70% -

crispatus to be the most active species in
the normal floras of asymptomatic
women, whereas L. iners and L. jensenii
were more active in the vaginas of
women diagnosed with BV. Thus, it is
unsurprising that colonization of the
vagina by L. crispatus has been
suggested to serve as a biomarker of a
healthy vaginal state, while L. iners-
dominated vaginal flora could mark a
transitional state between healthy and
BV-associated microbiotas (Petrova et
al. 2015).

Others
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Figure 5  Bacterial species and other taxa reported as the most abundant in the vaginas of
healthy, non-pregnant, reproductive age women. Fractions for taxa reported as more
abundant than any other single taxa in the normal floras of sampled women are given
for four representative vaginal microbiome studies. The studies by Ravel et al., 2011,
Gajer et al., 2012, and Romero et al., 2014 were based on 16S rRNA gene community
profiling. The study by Chaban et al., 2014 was based on cpn60 community profiling.
Pregnant subjects were excluded from the data reported by Romero et al., 2014. In
the studies by Gajer et al., 2012, Romero et al., 2014, and Chaban et al., 2014, the
test subjects were sampled multiple times, and the numbers given in the figure
represent the taxa reported as the most abundant in a sample most often per each test
subject. The studies were selected based on the availability of amplicon sequencing
generated data of vaginal communities of non-pregnant, reproductive age and

asymptomatic women.
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2.3 Propionibacteria

The genus Propionibacterium belongs to
the family Propionibacteriaceae, order

Propionibacteriales and class
Actinobacteria of the high GC% phylum
of Gram-positive bacteria

(Actinobacteria) (Goodfellow 2012). The
typical genomic GC content of
propionibacteria ranges between 57 to 70
mol%, and the other typifying
characteristics include generally complex
nutritional requirements, anaerobic or
aerotolerant lifestyle, and, usually, the
possession of the enzyme catalase
(Patrick & McDowell 2012).
Metabolically, propionibacteria have a
distinguishable ability to produce large
quantities of propionate and acetate
(Patrick & McDowell 2012).

The genus Propionibacterium has
traditionally been divided into two
groups according its main habitats:
cutaneous and dairy (or classical)
propionibacteria. Cutaneous
propionibacteria inhabit the skin, GIT,
and GUT of humans and animals,
whereas dairy propionibacteria occupy
silage and dairy products such as Swiss-
type cheeses (Patrick & McDowell 2012,
Poonam et al. 2012). Similar to
lactobacilli, several members of the dairy
group demonstrate a long history of safe
application in food manufacturing and
possess the GRAS status (Poonam et al.
2012); some are even considered to have
health-promoting properties and are used
in probiotics products (Cousin et al.
2011, Cousin et al. 2012, Poonam et al.
2012).

Following the traditional division, six
of the twelve currently recognized
Propionibacterium species fall into the
cutaneous group, whereas four belong to
the dairy group, and two do not fulfill the

habitat-based criteria for either group
(Patrick & McDowell 2012). The
cutaneous species include, for example,
(1) the skin colonizing Propionibacterium
acnes, which has been associated with
the formation of acne (Dessinioti &
Katsambas 2010); and (i1)
Propionibacterium avidum, implicated in
abscess formation (Panagea et al. 2005,
Janvier et al. 2013). The dairy group, on
the other hand, includes several
industrially important species, such as
Propionibacterium acidipropionici, that
has demonstrated a potential for the
large-scale production of propionate
(Poonam et al. 2012, Thierry et al. 2011,
Wang et al. 2014). The dairy group also
includes P. freudenreichii, which is
important in the commercial production
of B-vitamins and Swiss-type cheeses
(Thierry et al. 2011, Poonam et al. 2012).
Specifically, P. freudenreichii is the main
Propionibacterium species used in the
cheese industry. Its population density
can reach over 10° cfu/g during ripening,
and it has a main role in the formation of
structure and flavor of Swiss-type
cheeses (Thierry et al. 2011). The eyes
of the Swiss-type cheese, for instance,
are a result of extensive formation of
CO, during the growth of P.
freudenreichii, and several of the flavor
compounds result from the fermentation
of lactate produced by LAB, the
catabolism of amino acids, and fat
hydrolysis (Thierry et al. 2011).

The traditional division of
propionibacteria into dairy and cutaneous
groups, however, does not reflect the 16S
rRNA gene sequence-based phylogenetic
relationships within the genus (Patrick &
McDowell, 2012). For example, the
cutaneous species Propionibacterium
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australiense  and  Propionibacterium
acidifaciens share a more recent common
ancestor with dairy representative P.
freudenreichii than with other cutaneous
species. Moreover, Propionibacterium
microaerophilum, not fitting either of the
traditional group descriptions, has its
closest relative in the dairy species P.
acidipropionici (Patrick & McDowell
2012).

P. freudenreichii is also traditionally
divided into two subspecies (ssp.
freudenreichii and ssp. shermanii),
distinguished on the basis of their ability
or inability to reduce nitrate and ferment
lactose. P.  freudenreichii ssp.
freudenreichii can reduce nitrate and is
unable to ferment lactose, while the
reverse is true for P. freudenreichii ssp.
shermanii (Patrick & McDowell 2012).
However, a recent study (de Freitas et al.

2015) argued against this subspecies
division by demonstrating that some P.
freudenreichii strains are able to both
reduce nitrate and ferment lactose. In
addition, the study reported that the
nitrate reduction and lactose fermentation
phenotypes of the strains did not
correlate with the aroma compound
production capabilities, suggesting the
subspecies division to be of minor
industrial relevance.

The research on propionibacteria has
benefited greatly from advances in the
sequencing technologies, enabling the
characterization of increasing numbers of
Propionibacterium genomes and
transcriptomes. In  the  following
subsections, the  genomics  and
transcriptomics of propionibacteria are
discussed in more detail.

2.3.1 Propionibacterium Genomes

The first Propionibacterium genome
sequence to be publically available was
that of P. acnes KPA171202, a member
of  the cutaneous group of
propionibacteria  (Bruggemann et al.
2004). The sequence revealed the
genome to be ~2.6 Mb in size and to
code for 2,333 CDSs. Among the
predicted CDSs were several coding for
putative virulence factors, such as
sialidases, neuraminidases, and pore-
forming factors (Bruggemann et al.
2004). Differing from the situation for
lactobacilli, the genome of strain
KPA171202 was the sole representative
of propionibacteria for several years,
with additional genome sequences
beginning to accumulate only after 2009
(Figure 20). The next SIX
Propionibacterium  genome  entries
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following the release of the KPA171202
genome also described cutaneous
propionibacteria, whereas the seventh
described a dairy Propionibacterium.
Five of the cutaneous Propionibacterium
entries represented P. acnes and one
represented P. acidifaciens, revealing the
genome of this species to be an average
of approximately 500 kb larger than the
previously sequenced P. acnes genomes.

The first genome sequence of a dairy
Propionibacterium was that of P.
freudenreichii ssp. shermanii CIRM-
BIA1 (Falentin et al. 2010a). This ~2.7
Mb genome had a GC-content of 67%
and was predicted to encode over 2,400
CDSs. This genome revealed important
insights into the industrially significant
characteristics of this cheese culture. The
genome analysis of this strain, for
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instance, confirmed the bacterium to
possess PPP and EMPP for the
catabolism of a variety of carbon sources.
Importantly, the CIRM-BIAl genome
also encoded a permease for L-lactate
import, enzymes for the conversion of
lactate into pyruvate, and Wood-
Werkman cycle enzymes for the
conversion of pyruvate into propionate
(Falentin et al. 2010a). These results shed
light on strain’s ability to form the
important cheese aroma compound
propionate from the LAB-generated
lactate during cheese manufacturing. The
genome also revealed high biosynthetic
abilities, such as pathways for the
production of several amino acids and
vitamin B12, which, together with a gene
for a sodium/bile acid symporter and
several stress response genes, suggested
better adaptability to the intestinal rather
than dairy environment (Falentin et al.
2010a).

As of May 2015, over 130
Propionibacterium genome entries are
listed in GenBank, and this number can
be expected to reach 144 by the end of
the year (Figure 2C). The current

Propionibacterium  genome  entries
include both completed and fully
annotated genome sequences as well as
genomes of draft quality. The completed
Propionibacterium genome sequences
are all approximately ~2.5-3.7 Mb in size
and have a GC content equal to or higher
than 60%, which is in accordance with
the genus characteristics (Patrick &
McDowell 2012).

Despite the importance of dairy
propionibacteria to the industry, the
Propionibacterium genome sequences
available in GenBank are dominated by
representatives  of  the  cutaneous
propionibacteria; over 80% of the listed
genome entries belong to the cutaneous
group, whereas less than ten belong to
the dairy group. Several of the genome
entries representing cutaneous
propionibacteria, particularly P. acnes,
have been produced in the HMP project
(Nelson et al. 2010). However, not all of
the recognized cutaneous species are
represented in the public genome entries,
while each of the recognized dairy
species (Patrick & McDowell 2012) is
represented by at least one genome entry.

2.3.2 Comparative Genomics of Propionibacteria

The comparative genomics analyses of
different propionibacteria have primarily
been  performed using complete
Propionibacterium genomes sequences
and/or predicted proteomes, i.e., rather
than the use of comparative genomic
hybridizations. The first whole-genome
sequence comparison of propionibacteria
was performed in 2010 by Falentin and
colleagues, who compared the sequenced
genome of the P. freudenreichii ssp.
shermanii CIRM-BIA1 (Falentin et al.
2010a) to that of P. acnes KPA171202

(Bruggemann et al. 2004). Although this
comparison revealed relatively high
synteny between the genomes, the
virulence-related genes of P. acnes were
absent in the CIRM-BIAl1 genome,
supporting the GRAS status of P.
freudenreichii (Falentin et al. 2010a).

A few other interspecies comparative
genomics analyses have also been
performed (Table 3). A comparative
genomics analysis encompassing P.
acidipropionici ATCC 4875 in addition
to the aforementioned strains CIRM-

31



Review of the Literature

BIA1 and KPA171202 (Parizzi et al.

2012)revealed further similarities
between the different species of
propionibacteria. ~For instance, the

representatives of P. freudenreichii and
P. acnes were reported to have nearly
60% of their genes in common and to
share ~65% and ~73% of their genes
with P. acidipropionici, respectively. The
greater similarity of P. acidipropionici
with P. acnes than Dbetween P.
acidipropionici and P. freudenreichii was
also evident from genomic synteny
analyses (Parizzi et al. 2012). This study
also reported that the core and pan-
genomes for the three species comprised

1,026 and 3,937 protein clusters,
respectively  (Table  3).  Another
interspecies ~ comparative ~ genomics
analysis (Mak et al. 2013) focused on

cutaneous propionibacteria. This study
suggested  distinct  host-interaction
strategies for each of the included three
species. In particular, an array of unique
surface proteins was present in P. acnes,
while P. avidum and P. granulosum
harbored exopolysaccharide (EPS) and
pili-like structures, respectively. The
selected strains were noted to possess a
common core genome of 1,380 genes and

a pan-genome of 3,025 genes (Table 3).
Possibly reflecting the abundance of
publically available P. acnes genome
sequences, the elucidation of
intraspecific genomic differences and
similarities of propionibacteria has
primarily concerned P. acnes (Table 3).
Comparison of five whole genome
sequences representing different P. acnes
phylotypes, for instance, has revealed
several GIs harboring genes for a variety
of putative virulence- and fitness-
associated traits (Brzuszkiewicz et al.
2011). A comparison of 71 P. acnes
genomes has further suggested the
differences in virulence to stem partly
from plasmids and GIs (Fitz-Gibbon et
al.  2013). Moreover, comparative
genomics of acne- and health-associated
P. acnes strains has suggested that some
previously identified virulence factors,
such as hyaluronidase are not disease-
associated (Lomholt & Kilian 2010). In
addition, a comparative genomics
analysis of 82 P. acnes genomes (Tomida
et al. 2013) has revealed that the
conserved sequence regions cover ~88%
of an average P. acnes genome and that
the common core genome of the strains
includes 1,888 genes (Table 3). This

Table 3. Selected comparative genomics studies of propionibacteria.

Species No. of genomes Core genome Pan-genome Approach Reference

P. freudenreichii 2 1108 - Comparative genomics  Falentin et al., 2010a
ssp. shermanii;

P. acnes

P. freudenreichii 3 1026 3937 Comparative genomics Parizzi et al., 2012
ssp. shermanii;

P. acnes;

P. acidipropionici

P. acnes; 3 1380 3025 Comparative genomics Mak et al.,2013

P. avidum;

P. granulosum

P. acnes 5 - - Comparative genomics Brzuszkiewicz et al., 2011
P. acnes 71 - - Comparative genomics Fitz-Gibbon et al., 2013
P. acnes 5 - - Comparative genomics Lombholt & Kilian, 2010
P. acnes 82 1888 3136 Comparative genomics Tomida et al., 2013
P. freudenreichii 21 1343 10962 Comparative genomics Loux et al., 2015
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study also reported the P. acnes pan-
genome to be open and to expand slowly,
with only a few new genes added per
new genome, although the included
genome sequences represent
phylogenetically different linages. Each
lincage was also observed to contain
specific ~ genomic  elements  and
alterations in their noncore regions
(Tomida et al. 2013).

A recent study (Loux et al. 2015)
reported the core and pan-genomes for a
dairy group member, P. freudenreichii.
The clustering of the CDSs of 21 strains
revealed the core genome to comprise

1,343 CDS-clusters and the pan-genome
to include 10,962 CDS-clusters (Table
3). This study also succeeded in
reconstructing complete pathways for the
metabolism of five sugars (glucose,
glycerol, mannose, galactose, and
inositol) from the identified core genes.
Interestingly, the abilities to degrade
lactose and melibiose and to reduce
nitrate were reported to be conferred by
GIs harboring the necessary genes (Loux
et al. 2015). Unfortunately, the newly
sequenced genomes used in this study
have not been submitted to GenBank
(May 2015).

2.3.3 Transcriptomics of Propionibacteria

A few gene expression studies
complement the genomic analyses of
propionibacteria. The majority of these
studies, particularly those concerning
dairy  propionibacteria, have been
performed using approaches other than
RNA-seq (Table 4). The expression
levels of selected genes of P.
freudenreichii, for example, have been
quantified in microbiologically
controlled model cheeses using real-time
reverse transcription PCR (Falentin et al.
2010b). In addition, microarray-based
analyses have been used to elucidate the
global gene expression profiles of P.
freudenreichii in conditions mimicking
cheese ripening and cold storage
(Dalmasso et al. 2012) and in the piglet
GIT (Saraoui et al. 2013). Nevertheless,
these studies have revealed P.
freudenreichii to be able to adapt to
various conditions encountered during
cheese manufacturing as well as to the
intestinal environment. The study by
Falentin and colleagues (Falentin et al.
2010b) showed the activity of P.

freudenreichii to increase during the
cheese ripening process, and a more
comprehensive gene expression analysis
by Dalmasso and colleagues (Dalmasso
et al. 2012) reported that nearly one
quarter of the genes in the analyzed strain
are differentially expressed between the
warm and cold ripening conditions.
Moreover, this study showed that several
genes involved in the formation of
cheese flavor compounds remained
active even in the cold. The
transcriptomic profile of P.
freudenreichii in the colon (Saraoui et al.
2013) has suggested that this species can
adapt its metabolism to match the
carbohydrate availability in the intestine
and indicates that the bacterium can grow
in the piglet colon.

The transcriptomes of P. acnes, on
the other hand, have been examined with
both microarray and RNA-seq-based
approaches, although not many studies
concentrating on the activity and function
of this bacterium exist (Table 4).
Notably, comparative transcriptome
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analysis of two P. acmes strains grown
under standard conditions
(Brzuszkiewicz et al. 2011) suggested the
differences in the virulence potentials of
the strains to arise from differences not
only in their genomes but also in the
expression of various genes related to
transport, metabolism, and virulence.
Interestingly, the growth phase of the
bacterium altered the expression of the
genes coding for the virulence factors
and indicated that virulence-associated

genes were more active during
exponential growth, whereas stress
response genes were up-regulated during
the stationary phase (Brzuszkiewicz et al.
2011). Another study (Lin et al. 2013)
used RNA-seq-based approaches to
characterize aspects of gene regulation in
P. acnes. This study revealed individual
transcription of tRNA-genes and the
prevalence of translation initiation in the
absence of a Shine-Dalgarno interaction
in P. acnes (Lin et al. 2013)

Table 4. Genome-wide gene expression studies of propionibacteria.
Species Strains Sampling material Sampling points Approach Reference
P. acnes KPA171202, Laboratory culture Exponential growth phase, = Microarray Brzuszkiewicz
266 (37°C) stationary growth phase etal, 2011
(KPA171202); mid and late
exponential growth phase
(KPA171202 and 266)
P. acnes KPA171202 Laboratory culture 1h after subculturing with or RNA-seq Linetal., 2013
(34°C) without potassium
downshift
P. freudenreichii CIRM-BIA1 Laboratory culture Exponential growth phase at Microarray Dalmasso et
ssp. shermanii mimicking cheese 30°C (20h and 40h); al., 2012
ripening stationary growth phase at
4°C (3d, 6d, and 9d)
P. freudenreichii CIRM-BIA1  Culture in piglet 24h (intra-colonic culture);  Microarray Saraoui et al.,

intra-colonic
dialysis tubing ;
control laboratory
culture

ssp. shermanii

stationary phase (control) 2013
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3 Aims of the Study

This thesis aimed to extend our
understanding of the physiology,
ecology, and function of two bacterial
species of human relevance using
sequencing- and the subsequent sequence
analysis-based approaches. The
objectives were (i) to provide annotated
genomes for experimentally studied
representatives of L. crispatus, a
component of normal flora, and of the
dairy culture P. freudenreichii and (ii) to
discover the genetic underpinnings of the
characteristic traits of these bacteria via
functional genomic investigations.

With regards to L. crispatus, the scale
and scope of the intraspecific variation
was investigated utilizing pan- and core
genome analysis approaches. Given that
L. crispatus-dominated vaginal
microbiotas are generally associated with
a healthy vaginal state regardless of
strain composition, specific focus was

placed on uncovering L. crispatus core-
encoded mechanisms supporting vaginal
health.

The genomic investigation of P.
freudenreichii was in turn complemented
with  transcriptome  profiling  to
understand how the annotated genes and
pathways are expressed at the different
stages of cheese ripening and how the
bacterium  contributes to  cheese
properties  during  the  industrial
manufacture process.

In addition, automated protein
function prediction approaches and
strategies were compared to determine a
practical annotation strategy for the
genome-wide functional annotation of
bacterial proteins and to aid the
functional annotation of L. crispatus and
P. freudenreichii protein-coding genes.
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4 Materials and Methods

The materials and key methods are
summarized in Table 5 and described in
detail, with appropriate references, in the
original publications. More information
on the generation of the annotated whole-
genome sequences of L. crispatus ST1
and P. freudenreichii ssp. shermanii JS
can be found in Studies I and IV,
respectively. The comparative genomics

analyses of multiple L. crispatus isolates,
including the pan- and core genome
analyses, are described in Study III, and
detailed description of the transcriptome
profiling of strain JS during cheese
ripening is presented in Study IV. The
approaches used in the evaluation of the
different annotation transfer methods are
described in Study II.

Table 5. Materials and key methods used in this thesis study.
Study | Study Il Study IV
Experimental procedures
Bacterial strains L. crispatus ST1 L. crispatus P. freudenreichii ssp.
EX533959VCO06, shermanii 1S

Growth conditions
and biological
samples

de Man, Rogosa, and
Sharpe medium

Adhesion assay -

Sequencing 454 GS FLX, ABI 3730
Big Dye (Genome

sequencing)

Evaluation of annotation transfer methods and strategies

Annotation -

G. vaginalis 101
- Propionimedium,
cheese (sampled at 12 d
into warm ripening and
at 7 d into cold ripening)
Bacterial adhesion to -
Hela cells with/without
pretreatment with Fab
fragments
- 454 GS FLX and GS FLX
Titanium, ABI 3130xl,
SOLID 4, PacBio RS I
(Genome Sequencing);
SOLiD 5500XL
(Transcriptome
sequencing); MiSeq
(Amplicon sequencing)

transfer
optimization

Result comparison -
Genome data analysis

Public genome
entries

18 complete
Lactobacillus genomes

Genome assembly Overlap layout

consensus approach
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Sequence identity, - -

Query ocverage,
Annotation source (DE,
GO, DE+GO)
Manual review, -
algorithmic

- 10 L. crispatus
genomes, 33 G.
vaginalis genomes

29 Propionibacterium
genomes

Overlap layout
consensus approach
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Structural
annotation

Functional
annotation

Comparative
genomics

Metabolic
reconstuctions

Pan- and core
genome analysis

ab initio methods
(CDSs); Evidence based
methods (CDSs; rRNA);
Covariance models
based methods (tRNA);
Specialized annotation
systems (CRISPR, Gls,
Intrisic terminators);
manual curation (CDSs)
Pairwise sequence
comparisons (General
function); Domain
annotation methods
(Adhesins); Specialized
databases and
annotation systems
(Enzymes, transporters,
prophage, bacteriocins,
cellular location),
manual curation
(General function)
Whole genome
comparisons,
Orthologous grouping,
Phylogentic tree
reconstructions
Reference-based
metabolic
reconstructions,
literature search

Transcriptome data analysis

RNA-seq data
processing and
alignment

Statistical analysis
of RNA-seq data

Specialized annotation
systems (CRISPR, Gls,
plasmids)

Pairwise sequence
comparisons (General
function); Domain
annotation methods
(Adhesins, Cas);
Specialized databases

Evidence based
methods (CDSs; rRNA);
Covariance models
based methods (tRNA);
Specialized annotation
systems (CRISPR, Gls)

Pairwise sequence
comparisons (General
function); Domain
annotation methods
(protein domains);
Specialized databases

and annotation systems and annotation systems

(Enzymes, prophage,
bacteriocins); Manual
curation (Prophage)

Whole genome
comparisons,

Orthologous grouping,

Phylogentic tree
reconstructions
Reference-based
metabolic
reconstructions,
literature search
Exponential decaying
function, Power law

(Enzymes, prophage,
bacteriocins)

Whole genome
comparisons,
Orthologous grouping,
Phylogentic tree
reconstructions
Reference-based
metabolic
reconstructions,
literature search

Preprocessing, Burrowa-
Wheeler transform
based read mapping,
Feature summation,
Trimmed Mean of M
values normalization
Emperical Bayes,
Ordinary T-test, Muliple
hypthesis correction,
gene set enrcihment
analysis
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5 Results and Discussion

This thesis aimed to advance our
understanding of the physiology and
biology of two bacterial species using
sequencing- and sequence analysis-based
approaches. The first species
investigated, L. crispatus, belongs to the
L. delbrueckii group of lactobacilli (Felis
& Dellaglio 2007, Salvetti et al. 2012). It
is a prominent member of the healthy
human vaginal flora (Ravel et al. 2011,
Chaban et al. 2014, Gajer et al. 2012,
Romero et al. 2014, El Aila et al. 2009,
Gustafsson et al. 2011, Vasquez et al.
2002) and encountered in the GIT of
many animals (Abbas Hilmi et al. 2007,
De Angelis et al. 2006, Yuki et al. 2000).
To advance our understanding of the
physiology of this species and shed light
on its adhesion and host-microbe
interaction mechanisms, the genome
sequence of chicken-isolated L. crispatus
ST1, previously shown to adhere
strongly to chicken epithelial tissues as
well as human vaginal and buccal cells
(Edelman et al. 2002, Edelman et al.
2012), was characterized and annotated
in Study I. The genome of strain ST1 was
then compared to and analyzed together
with the publically available genome
sequences of vaginal L. crispatus isolates
to provide a global view of the gene
content and mutual characteristics of this
species (Study III). Notably, this
comparative genomics study proved
effective in exposing adhesion-associated
and other factors that were conserved at
the species level, providing an intriguing
explanation for the beneficial effects the
species is considered to exert in the
vagina.
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The second species investigated in
this thesis was P. freudenreichii, an
important cheese culture also under study
for its immunomodulatory properties
(Thierry et al. 2011, Poonam et al. 2012).
P. freudenreichii, ssp. shermanii JS, used
in the manufacture of commercial
cheeses, was subjected to whole-genome
sequencing in Study IV, complementing
the existing genome-derived information
of this important dairy species. Study IV
also extended the characterization of this
bacterium to cover its function during
cheese ripening. This aim was achieved
by describing the global gene-expression
of strain JS at different ripening stages.
Importantly, this study provided the first
genome-wide insights into the activity of
P. freudenreichii during industrial cheese
ripening. As strain JS was noted to be
highly similar to previously genomically
characterized P. freudenreichii isolates,
the transcriptomics data derived in Study
IV are also relevant for the functional
characterization of the cheese ripening
mechanisms of other P. freudenreichii
isolates.

As in all genome projects, accurate
protein function prediction formed the
foundation of most of the functional
genomic analyses performed in this
thesis. Thus, in Study IV, different
strategies for annotation transfer were
tested, and their suitability for assigning
DEs for bacterial protein sequences was
evaluated. In the following subsections,
the main findings of the annotation
transfer evaluation as well as the results
of all of the other studies included in this
thesis are summarized and discussed in
more detail.
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5.1

Strain ST1 exhibits several intriguing
properties, including (i) strong adherence
to a chicken cell line (Spivey et al. 2014),
various areas of the chicken alimentary
canal (Edelman et al. 2002), and human
epithelial cells (Edelman et al. 2012); (ii)
an ability to inhibit the adhesion of avian
pathogenic Escherichia coli (Edelman et
al. 2003); and (iii) a potential to interact
with the human proteolytic
plasminogen/plasmin system via secreted
proteins (Hurmalainen et al. 2007). To
better  understand the  molecular
mechanisms underlying these traits and
to gain insights into the physiology of
strain ST1, it was subjected to whole
genome sequencing (Study I). The
ultimate goal was to obtain a finished
whole-genome assembly; however, due
to a particularly challenging repeat
region within a gene encoding a
Lactobacillus epithelium adhesin (LEA)
(Edelman et al. 2012), one gap of
approximately 590 bp in length remained
in the final assembly of the ST1 genome.
Nevertheless, the final genome assembly
of strain ST1 was the first single scaffold
assembly for L. crispatus to be publically
available, providing a full list of genomic
features of this bacterium and an almost
complete reference assembly point for

Table 6.

Genomics of L. crispatus ST1

subsequent WGS and comparative
genomics studies of this species.
Particularly, the assembly has aided the
production of other L. crispatus genome
assemblies (Power et al. 2013) and
served as a point of reference against
which the scaffolds in L. crispatus draft
genomes could be organized in Study III.
Moreover, the genome assembly of strain
ST1 has facilitated the elucidation of
Lactobacillus ~ biology  in  other
comparative genomics analyses (Kant et
al. 2011, Lukjancenko et al. 2012,
Mendes-Soares et al. 2014).

The final genome assembly of strain
ST1 obtained in Study I comprised a
single circular chromosome of 2.04 Mb
in size, having an overall GC content of
~37% (Table 6), which falls within the
typical GC range (35-38%) reported for
L. crispatus (Salvetti et al. 2012). Similar
genomic GC contents have been reported
for the closely related species L.
helveticus (~38%) (Callanan et al. 2008)
and L. acidophilus (~35%) (Altermann et
al. 2005). The genome of strain ST1 was
highly collinear with the genomes of
these close relatives from the L.
delbrueckii group (Figure 6) as well as
with those of other L. crispatus isolates,
as shown in Study III.

General characteristics of the sequenced genomes.

L. crispatus ST1

P. freudenerichii ssp. shermanii JS

Genome size (Mb) 2.04
GC% 36.90
CDSs 2024
tRNA 64
rRNA clusters 4
Bacteriocin-like molecules 2
CRISPR/Cas system Type |
Prophage like clusters 0
Gls 10

2.68
67.23
2377

45

2

0
Type |

11
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Whole-genome alignments of selected lactobacilli of the L. delbrueckii subgroup.

Genomes of L. delbrueckii subsp. bulgaricus ATCC 11842 (van de Guchte et al.
2006), L. acidophilus NCFM (Altermann et al. 2005), L. crispatus STI (Study 1), L.
helveticus DPC 457 (Callanan et al. 2008), L. johnsonii NCC 533 (Pridmore et al.
2004), and L. gasseri ATCC 33323 (Azcarate-Peril et al. 2008) were compared with
BLASTN and visualized with the Artemis Comparison Tool (ACT). Red and blue
vertical bands represent the forward and reverse matches (bit score>500),

respectively.

Annotation of the genome assembly
of strain ST1 in Study I yielded various
new insights into the characteristics of
this strain, several of which extended to
the entire species L. crispatus in Study
III. Both EMPP and PPP were annotated
based on EC number assignments
(Studies I, IIT). Notably, the presence of
both EMPP and PPP pathways suggested
a facultatively heterofermentative nature
of carbohydrate metabolism and is
contradictory to the current classification
of L. crispatus as homofermentative
(Salvetti et al. 2012, Felis & Dellaglio
2007). Enzymes for the de novo synthesis
or inter-conversion of eight amino acids
were also found, revealing biosynthetic
capabilities similar those of other
previously analyzed related lactobacilli,
including L. helveticus DPC 457
(Callanan et al. 2008), L johnsonii NCC
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533 (Pridmore et al. 2004), and L.
acidophilus NCFM (Altermann et al.
2005). The genome was also predicted to
encode a putative bile hydrolase, which
could be beneficial in the colonization of
the chicken GIT and underlie the bile
tolerance observed for the Rif® variant of
strain ST1 (Spivey et al. 2014).

Among the predicted genome features
of strain ST1 were also CRISPR arrays
and the associated cas genes, a gene
cluster for EPS biosynthesis, and genes
implicated in the production of
antimicrobial compounds and adhesion-
associated molecules (Studies I, III).
These results are discussed in more detail
in the following section together with the
results obtained from a comparative
genomics analysis of ten L. crispatus
isolates (Study III).
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5.2 Comparative Genomics of L. crispatus

The accumulation of L. crispatus genome
data in public databases allowed for an
investigation of intraspecific similarities
and differences as well as a
determination of the scale and scope of
the pan- and core genomic potential of L.
crispatus in Study III. The genome
sequences of a total of ten L. crispatus
isolates were investigated, including the
genome of strain ST1 (Study I) and the
draft genomes of nine vaginal isolates
produced by the HMP (Nelson et al.
2010) and submitted to GenBank before
January 2013. All of the analyzed strains
exhibited extensive genomic similarity
and synteny (Figure 1 in Study III), with
the strains sharing on average ~90% of
their genome sequence with at least one
other included L. crispatus genome. This
conservation within L. crispatus is in line
with the previously observed genome
synteny of lactobacilli closely related to
L. crispatus. Specifically, the closely
related L. acidophilus is notable for its
intraspecific uniformity at the genome
sequence level (Bull et al. 2014), and
general conservation of overall gene
order has been observed between
representatives of L. helveticus, L.
acidophilus, L. johnsonii, and L. gasseri
(Callanan et al. 2008); Study I suggested
this similarity extend to the species L.
crispatus (Figure 6).

In accordance with the extensive
intraspecific genome similarity,
orthologous grouping of the predicted
proteomes revealed the different L.
crispatus isolates to share a majority of
their proteinaceous features with at least
one other isolate. On average, ~57% of
the ortholog groups of a given strain
were present in all of the strains (Figure

7, Figure 2D in Study III). Specifically,
the pan- and core genomes of the ten
analyzed L. crispatus isolates comprised
3,929 and 1,224 ortholog groups,
respectively, with the core forming ~31%
of the pan-genome of these ten isolates.
This proportion of core groups is similar
to those reported for L. casei (~29%)
(Broadbent et al. 2012) and L. reuteri
(~33%) (Spinler et al. 2014) and is
slightly smaller than that of L. paracasei
(~43%) (Smokvina et al. 2013), which, in
turn, is similar to that of core CDSs
relative to all reported CDSs for L.
rhamnosus (~43%) (Kant et al. 2014).
The comparison of the different pan- and
core genome analyses, however, is
complicated by the differences in the
methods, parameters, and number of
strains included (Table 2). These effects
are exemplified, for example, in the
different core genome sizes reported for
L. rhamnosus and L. casei. Reference-
based analyses (Douillard et al. 2013, Cai
et al. 2009) have identified the core
genomes of these species to be over ~300
and ~200 features larger, respectively,
than the core genomes obtained via
whole-genome  sequence data and
orthologous grouping analyses (Kant et
al. 2014, Broadbent et al. 2012) (Table
2). These differences are particularly
interesting given that (i) the afore-
mentioned  reference-based  analyses
comprised more isolates than the
orthologous grouping-based studies (101
versus 13 L. rhamnosus isolates and 22
versus 17 L. casei isolates) and (ii) the
size of the core genome should decrease
rather than increase as more genomes are
analyzed (Medini et al. 2005).
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[ No of ortholog ]
groups: 3,929

[ No of core ortholog ]
groups: 1,224

Figure 7

No of CDSs
No of orthlog groups

2
"2
SN 0 9 I 100 %

Shared ortholog gene groups between different L. crispatus strains included in Study

III. The number of predicted CDSs (red) and OrthoMCL defined ortholog groups
(blue) is given for each strain below its name. In the matrix cells, the percentage of
the shared groups between the strains is given with respect to all of the ortholog
groups assigned to the strain, the first and second numbers are the percentages for
the strains on the left and right sides of the matrix, respectively.

Extrapolation of the L. crispatus pan-
genome data further revealed that the
size of the pan-genome was far from
saturated and would continue to grow
with the addition of new isolates (Figure
2A  in Study III). Interestingly,
comparative genomics analyses of L.
reuteri have highlighted the effect of host
origin on the genetic composition of
different isolates, a feature that is also
reflected in the number of new genes
each isolate adds to the pan-genome
(Frese et al. 2011, Nelson et al. 2010,
Spinler et al. 2014). Thus, the
overrepresentation of vaginal isolates and
the presence of only one animal isolate in
the L. crispatus data set used in Study III
(which comprised all L. crispatus
genome sequences that were publically
available at the time of the study) might
have a produced a much smaller pan-
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genome than would be obtained with
more equal niche-distributions of the
isolates. Although the ten isolates far
from captured the entire genetic variation
within the species, they led to a highly
precise definition of the conserved
features in L. crispatus. Regression
analysis of the L. crispatus core genome
data estimated the core genome of an
unlimited number of L. crispatus isolates
to level at approximately 1,116+ 58
ortholog groups (Figure 2B in Study III).
This estimate revealed the core genome
of the ten isolates (1,224 groups) to be a
rather close approximation of the final
species core genome and provided a solid
foundation for the investigation of the
basic aspects of L. crispatus biology.
With regards to metabolism, the
majority of the enzymes identified in the
ten L. crispatus isolates were part of the
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core, and metabolic pathway analysis
revealed the isolates to have highly
similar fermentative and biosynthetic
abilities (Additional files 8 and 9 in
Study III). Notably, metabolic pathway
analysis indicated that both the EMPP
and PPP, already identified in the
genome analysis of strain ST1 (Study I),
were encoded in the core genome. This
result highlights the discrepancy between
the predicted fermentative character and
the classification of L. crispatus as a
homofermentative Lactobacillus, which
would be expected to ferment hexoses
via EMPP and to not possess PPP for
pentose fermentation (Felis & Dellaglio
2007, Salvetti et al. 2012, Axelsson
2004, Hammes & Vogel 1995). Overall,
the results of the metabolic pathway
analyses in Study III emphasized the
similarities between the isolates and
supported the dependency of external
nutrients, which a typical feature for
lactobacilli (Hammes & Vogel 1995,
Axelsson 2004).

As the colonization of the vagina by
L. crispatus is predominantly associated
with the healthy vaginal state (Ravel et
al. 2011, Chaban et al. 2014, Gajer et al.
2012, Romero et al. 2014, El Aila et al.
2009, Gustafsson et al. 2011, Vasquez et
al. 2002) and inversely associated with a
variety of aberrant conditions such as BV
(Verstraelen et al. 2009, Fredricks et al.
2007, Macklaim et al. 2013), the
comparative genomics analysis of the ten
L. crispatus isolates in Study III also
focused on the molecular mechanisms by
which the species could promote vaginal
health. Notably, several of the identified
features implicated in the production of
antimicrobial substances or governing
host-interactions were encoded by the
core genome of the ten isolates (Study
[II). For instance, the core genome

encoded two hydrogen peroxide-
producing enzymes as well as two L-
lactate dehydrogenases and one D-lactate
dehydrogenase for the production of
lactate; notably, both lactate and
hydrogen peroxide are regarded as
inhibitory towards harmful bacteria
(Boris & Barbés 2000, Witkin et al.
2007). Furthermore, an additional L-
lactate dehydrogenase-encoding gene
was detected in nine isolates. For
comparison, the genome of a previously
sequenced isolate of another vaginal
species, L. iners, has been annotated to
contain only one L-lactate
dehydrogenase encoding gene and no
genes coding D-lactate dehydrogenase
(Macklaim et al. 2011). The wvast
enzymatic repertoire of L. crispatus
implicated in lactate production is
particularly  interesting as  vaginal
communities dominated by L. crispatus
are associated with lower vaginal pH
than are vaginal communities dominated
by other bacteria, such as L. iners (Ravel
et al. 2011).

Screening the predicted proteomes of
the ten L. crispatus isolates for adhesion-
associated PFAM domains revealed
several putative adhesins belonging to 21
ortholog groups, seven of which also
belonged to the core genome of the ten
isolates (Table 3 and additional file 10 in
Study II). Among these core adhesins
was a putative fibronectin-binding
protein, FbpA, which has also been
detected in the genome analyses of, e.g,
the GIT-associated L. acidophilus NCFM
(Altermann et al. 2005) and the vaginal
L. iners (Macklaim et al. 2011). In
contrast, the search failed to identify the
previously characterized adhesin LEA,
which has been shown to mediate
specific binding to both crop epithelium
and epithelial cells of the human vagina
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(Edelman et al. 2012). Thus, LEA protein
might mediate adhesion via some as yet
uncharacterized domain.

However, LEA was conserved in all
of the ten strains, and when the predicted
L. crispatus ortholog groups were
screened for potential counterparts to
core-encoded  virulence factors of
Gardnerella vaginalis, a species often
associated with BV (Fredricks et al.
2005, Shipitsyna et al. 2013), LEA was
among the reported matches. Moreover,
LEA was predicted to be an antagonist to
a pilus component of G. vaginalis and
thus hypothesized to participate in the
previously reported (Castro et al. 2013)
ability of L. crispatus to reduce the
adhesion of G. vaginalis to a human cell
line. To test this hypothesis and to further
support to the species-wise presence of
LEA, the adhesion capacities of a BV-
associated G. vaginalis isolate and a
vaginal L. crispatus isolate not included
in the pan- and core genome analysis
were tested with and without pre-
treatment with anti-LEA Fab fragments
(Study III). Notably, the anti-LEA Fab
fragments significantly reduced the
adhesion of both of the isolates to the
human vaginal cell line, whereas such
inhibition was not evident following pre-
treatment with control Fab fragments
(Figure 5 in Study III). These results
suggest that core-encoded LEA is a key
mediator in the L. crispatus colonization
and in the competitive exclusion of G.
vaginalis in the vagina.

Despite the suggested prominence of
core features to the biology of L.
crispatus and a high degree of similarity
between the isolates (Figure 7, Figures 1
and 2D in Study III), a few interesting
genomic diversity regions were found in
Study III. Similar to other Lactobacillus
species (Berger et al. 2007, Siezen &
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van Hylckama Vlieg 2011, Raftis et al.
2011), the analyzed L. crispatus strains
harbored highly variably eps gene
clusters for the production of EPS,
differing especially in their
glycosyltransferase gene contents (Figure
4 in Study II). These differences
presumably lead to variation in the sugar
contents and structures of EPS. A few
diversity regions also indicated clear
differences between the vaginal isolates
and the chicken isolate. Notably, all of
the vaginal isolates included in Study III
appeared to have a Type II CRISPR/Cas
system, whereas a Type I CRISPR/Cas
system was identified in the genome of
strain ST1 (Table 2 and Figure 3 in Study
[IT). Notably, strain ST1 was the only
strain for which no prophage-like gene
clusters were reported in the Prophinder
analysis (Table I and Figure I in Study
III). These findings might reflect possible
differences in viral loads in the different
life environments and are in accordance
with the prevalence of lysogeny in
vaginal L. crispatus (Damelin et al.
2011). Interestingly, analysis of the
spacer sequence content of the CRISPR
arrays revealed striking similarities
between the spacers regions of the
vaginal isolates, indicating either past
encounters with common invading
nucleoids or a recent mutual ancestor.
The search for bacteriocin-like molecules
also revealed interesting differences
between the vaginal isolates and the
chicken isolate. Although each isolate
was predicted to encode a rather similar
set of bacteriolysins, which lyse sensitive
cells by catalyzing cell wall hydrolysis
(Cotter et al. 2005), the vaginal isolates
also contained genes that are implicated
in the production of class II bacteriocins,
which are small heat-stable peptides that
insert themselves in the membrane of the
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target cell, induce membrane
permeabilization, and result in cell death
(Cotter et al. 2005) (Table 4 in Study III).
Due to the limited availability of genome
sequences of L. crispatus animal isolates,
the niche-specific differences could not

be addressed. Such issues remain to be
resolved in the future in comparative
genomics studies that include a large
repertoire of both animal and human
isolates.

5.3 Genomics of P. freudenreichii ssp. shermanii JS

P. freudenreichii ssp. shermanii JS has
long been used in industrial cheese
manufacturing but has also been
considered as a bioprotective culture for
use in fermented milk products (quark
and yoghurt) and sourdough breads
(Suomalainen & Mayrd-Mékinen 1999),
as well as for probiotic preparations
(Kajander et al. 2005, Kukkonen et al.
2007, Kukkonen et al. 2008). When
consumed, strain JS survives transit
through the GIT (Suomalainen et al.
2008, Hatakka et al. 2008) and can
reduce serum levels of an inflammatory
marker, C-reactive protein (Kekkonen et
al. 2008). Administration of strain JS
together with other potentially beneficial
bacteria and prebiotic oligosaccharides
has also been reported to reduce the
incidence of respiratory infections
(Kukkonen et al. 2008) and atopic
allergies during the first two years of life
(Kukkonen et al. 2007). Consumption of
strain JS in a multispecies mixture has
also been reported to alleviate the
symptoms of irritable bowel syndrome
(Kajander et al. 2005). In this thesis, this
industrially relevant Propionibacterium
strain was subjected to genomic analysis
(Study 1V). Using multiple sequencing
approaches (Table 5), the genome of the
strain JS was sequenced to approximately
691x coverage and closed, providing
foundations for further analyses of the

strain and generating a valuable addition
to the pool of P. freudenreichii genome
sequences.

The general characteristics and main
annotation results of the final genome
assembly of strain JS are summarized in
Table 6 and described more in depth in
Study IV. Briefly, the complete genome
sequence of strain JS consists of a single
circular chromosome of ~2.68 Mb, which
is slightly larger than those of the dairy
strains P. freudenreichii ssp. shermanii
CIRM-BIA1 (~2.62 Mb) (Falentin et al.
2010a) and P. freudenreichii ssp.
freudenreichii ITG P20 (~2.59 Mb) (Le
Marechal et al. 2015), the only P.
freudenreichii strains with publically
available annotated genome sequences at
the time of Study IV. These three strains
also demonstrated almost identical
overall genomic GC contents (~67%),
which fit well with the characteristic GC
contents of both P. freudenreichii ssp.

shermanii (64-67%) and ssp.
freudenreichii  (67%)  (Patrick &
McDowell 2012).

Study IV also highlighted further
similarities between strain JS and the
other genomically characterized P.
freudenreichii  strains. Whole-genome
comparisons showed the genome
sequences of both CIRM-BIA1 and ITG
P20 to cover over 90% of the sequence
of strain JS and to be highly similar to
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strain JS at the nucleotide level (Figure 3
and Table 1 in Study IV). Despite the
high overall similarity and the presence
of several synteny blocks, genomic
rearrangements were also evident in
whole-genome alignments between strain
JS and strains CIRM-BIA1 and ITG P20
(Figure 3 in Study IV). Interestingly, the
rearrangements likely resulted in past
HGT events given that several putative
GIs were identified at or near the non-
syntenic regions (Figure 3 in Study IV).
In accordance with earlier comparisons
between representatives of P
freudenreichii and P. acnes (Falentin et
al. 2010a), only weak synteny and
similarity at the nucleotide level was
observed between strain JS and a
representative P. acnes strain (Figure 3
and Table 1 in Study IV).

Orthologous grouping of the protein-
coding genes of strain JS and 29 other
Propionibacterium strains representing

N

214

ITG P20

Figure 8

10 different species further exemplified
the similarity between strain JS and the
two other P. freudenreichii strains. As
expected, strain JS shared most of its
ortholog  groups with the P.
freudenreichii  strains ~ CIRM-BIA1
(~89%) and ITG P20 (~87%) (Figure 8),
whereas only ~55 to ~56% was shared
with the different P. acnes strains
included in the study (Figure 2B in Study
IV). The strains that were most dissimilar
to strain JS were found among the
cutaneous species P. granulosum and P.
acidifaciens.  Specifically, strain JS
shared ~50% of its ortholog groups with
these strains (Figure 2B in Study IV).
The common core of all 30 strains
analyzed comprised 546 ortholog groups,
representing nearly 25% of the ortholog
groups of strain JS. The core genome of
the 30 strains was notably smaller than
that obtained previously for P.
acidipropionici ATCC4875, P. acnes

CIRM-BIA1

Venn diagram showing the number of ortholog groups shared by the P. freudenreichii

ssp. shermanii strains JS (Study 1V) and CIRM-BIAI (Falentin et al. 2010a) and P.
freudenreichii ssp. freudenreichii strain ITG P20 (Le Marechal et al. 2015).
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KPA171202, and P. freudenreichii ssp.
shermanii CIRM-BIAL1 (Table 3) (Parizzi
et al. 2012), demonstrating the effect of
dataset size on the size of the conserved
core genome. Further validating that
differences in core genome estimates
primarily result from differences in
dataset sizes, the orthologous grouping in
Study IV found that strains ATCC4875,
KPA171202, and CIRM-BIA1 had a
similar number of ortholog groups in
common as in a previous study (1,178
ortholog groups in Study IV versus 1,026
in Parizzi et al., 2012).

The genome analysis of strain JS also
revealed the genetic background of
several industrially relevant properties,
such as the development of flavor and
biosynthesis of vitamin B12 (Study IV).
Similar to the dairy propionibacteria P.
freudenreichii CIRM-BIA1 (Falentin et
al. 2010a) and P. acidipropionici ATCC
4875 (Parizzi et al. 2012), strain JS
possessed enzymes for the conversion of
lactate into pyruvate and a Wood-
Werkman cycle for the subsequent
fermentation of pyruvate into propionate,
a central flavor compound in Swiss-type
cheeses (Figure 5 in Study IV).
Moreover, pathways for the production
of other flavor compounds such as
acetate, diacetyl, and acetoin were also
annotated (Figure 5 in Study IV).
Unsurprisingly, all of the afore-
mentioned enzymes had orthologous
counterparts in the P. freudenreichii ssp.
shermanii CIRM-BIA1, and the majority
of these enzymes were also conserved in
P. freudenreichii ssp. freudenreichii ITG
P20. In addition, P. freudenreichii is
considered to contribute to the aroma
development of cheese via amino-acid
catabolism and lipolysis (Thierry et al.
2011). Accordingly, strain JS was
predicted to harbor several potential

proteases and peptidases as well as
enzymes for the degradation of various
amino acids including serine, alanine,
threonine, aspartate, leucine, valine, and
isoleucine (Study IV). The catabolism of
branched chain amino acids (leucine,
isoleucine, and valine) is regarded as
particularly important in the production
of wvolatile short branched-chain fatty
acids (Poonam et al. 2012). The genome
of strain JS also encoded several putative
esterases/lipases, one of which matched a
previously characterized esterase A
(Suoniemi & Tynkkynen 2002). The
esterase A-encoding gene was absent
from the other P. freudenreichii strains
analyzed, but the amino acid
metabolism-related  enzymes  were
primarily conserved across the different
P. freudenreichii strains included in
Study IV.

Moreover, orthologous grouping of
the predicted proteomes of the selected
Propionibacterium strains in Study IV
revealed strain JS to harbor the vitamin
B12 biosynthesis pathway previously
described in the P. freudenreichii ssp.
shermanii CIRM-BIA1 (Falentin et al.
2010a) and also indicated this pathway to
be conserved in the P. freudenreichii ssp.
freudenreichii ITG P20. Similar to strain
CIRM-BIA1 (Falentin et al. 2010a),
strain JS was also predicted to encode a
bile/sodium symporter, which could
underlie the observed ability of strain JS
to  withstand exposure to  bile
(Suomalainen et al. 2008) and suggests
an adaptation to the GIT.

Taken  together, the  genomic
investigation conducted in Study IV
highlighted similarities between the
different P. freudenreichii isolates and
suggested a shared evolutionary origin
for several industrially  relevant
properties.
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5.4 Activity of P. freudenreichii ssp. shermanii JS during
Cheese Ripening

A deeper understanding of the role of P.
freudenreichii in cheese ripening was
further expanded in this thesis (Study IV)
by profiling the transcriptomes of
industrial cheese samples obtained at two
different stages of ripening process.
Specifically, using RNA-seq, the
transcriptomes were determined at the
warm ripening (+20°C) stage and the
subsequent cold ripening (+5°C) stage.
This analysis added to earlier
transcriptome-level information of the
activity of P. freudenreichii during
cheese ripening as these previous efforts
focused on a very small subset of genes
(Falentin et al. 2010b) or used conditions
that mimicked the ripening process
(Dalmasso et al. 2012). The results of the
transcriptome profiling are discussed in
more detail below and in Study I'V.
Following previously established
RPKM thresholds (Hackett et al. 2012),
~93% of CDS of strain JS could be
identified as being expressed during
cheese ripening (average RPKM > 0.125
across the warm or cold samples).
Approximately 98% of the expressed
CDSs were also highly expressed in
either or both of the ripening stages
(average RPKM > 10); a greater number
of these CDSs demonstrated high
expression levels in the cold than in the
warm stage (2,128 versus 1,865 CDSs,
respectively). The differential gene
expression analysis performed in Study
IV allowed a deeper understanding of the
activities of strain JS at different stages
of cheese ripening, revealing that nearly
15% of the CDSs were significantly
differentially expressed (at least 2-fold
difference) between the two time points.
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Interestingly, this fraction of genes is
about ten percentage point lower than
what has been previously reported for P.
freudenreichii after transfer from warm
(+30°C) to cold (+4°C) laboratory
conditions that mimicked cheese ripening
(Dalmasso et al. 2012). This difference
could, in part, be explained by the
different experimental set ups. The
controlled laboratory conditions used in
the afore mentioned study may have
enabled the detection of expression
differences that were not observed in the
more variable industrial setting in Study
IV. Over 60% of the differentially
expressed CDSs of strain JS were up-
regulated in the cold compared to the
warm ripening stage, a result that is
contradictory to the afore-mentioned
global gene expression analysis, which
suggested that the majority of the
differentially expressed genes of P.
freudenreichii are down-regulated in the
cold (Dalmasso et al. 2012).

Despite the more prominent gene up-
regulation in the cold ripening stage, the
differential gene expression analysis
suggested that strain JS grows and
contributes to the flavor development
primarily at the warm stage of cheese
ripening (Study IV). For example,
several CDSs up-regulated in the warm
were associated with metabolic functions
and aroma-formation, while the cold
stage appeared to induce the expression
of a notable number of CDSs associated
with mobile elements or lacking a
functional annotation. The enrichment
analysis of the differentially expressed
genes in different COG categories and
KEGG reference pathways further
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revealed that the CDSs up-regulated at
the warm stage were often associated
with (i) energy production and
conversion (COG category C); (ii) amino
acid transport and metabolism (COG
category E) (Figure 6 in Study IV); and
(ii1)) metabolic pathways describing the
global and large-scale  metabolic
functions (Supplemental file 2 in Study
IV). These results indicated overall more
active metabolism and growth during the
warm than the cold ripening period.
These findings are in accordance with
previous studies (Dalmasso et al. 2012,
Falentin et al. 2010b), suggesting that P.
freudenreichii is in the exponential phase
of growth during the warm stage of
cheese ripening and that the activity of
the bacterium’s cell machinery and
carbon metabolism is slower in the cold.
The CDSs of strain JS that were up-
regulated in the cold, on the other hand,
were enriched in the arginine and proline
metabolism reference pathway and in
replication, recombination, and repair
functions (COG category L) (Figure 6 in
Study IV). The latter enrichment was
largely driven by the cold-inducible
mobile elements.

With regards to the formation of
aroma compounds in the cheese, a few
enzymes of the Wood-Werkman cycle
and the associated TCA exhibited
significantly higher expression in the
warm than in the cold (Figure 5 in Study
IV), which is in accordance with the
production of majority of propionate in
the cheese during the warm ripening
period (Thierry et al. 2005). Acetate
production, which is coupled to
propionate production (Piveteau 1999),
has also been reported to be more
prominent in the warm than in the cold
(Thierry et al. 2005). Accordingly, the
enzyme catalyzing the first step of the

formation of acetate from pyruvate was
up-regulated in the warm ripening stage
(Figure 5 in Study IV). The importance
of the warm ripening period in flavor-
formation was also highlighted by the
higher expression of both subunits of the
acetolactate synthase, the first enzyme of
the pathway that leads to formation of the
flavor compounds diacetyl and acetoin
(Figure 5 in Study IV).

Although a more prominent flavor-
compound producer in the warm than in
the cold, P. freudenreichii has been
suggested to contribute to cheese
characteristics also in the cold (Thierry et
al. 2005, Dalmasso et al. 2012). Thus, it
was unsurprising that strain JS was
observed to express several of its flavor-
related CDSs at more or less similar
levels between the two time points
(Study IV). Notably, many CDSs
involved in amino acid catabolism were
up-regulated during the cold ripening
stage. As the CDSs responsible for
glutamate-glutamine interconversions
were also down-regulated in the cold, the
differential gene expression analysis
suggested a broad reprogramming of
amino-acid metabolism during this
ripening stage. Some of the cold-induced
amino acid metabolism-related genes
were reported to be up-regulated at cold
conditions in a previous gene expression
analysis (Dalmasso et al. 2012) that
examined P.  freudenreichii  ssp.
shermanii CIRM-BIA1 in conditions
mimicking cheese ripening; other such
genes demonstrated different expression
patterns between the studies.

The discrepancies between the
transcriptome profiles obtained in Study
IV and in the previous laboratory study
(Dalmasso et al. 2012) most likely arise
from the differences in the experimental
set-ups, such as the use of different
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strains, settings, and analysis strategies.
These differences highlight the value of
industrial cheese samples in elucidating

cheese ripening in an industrially
relevant setting.

5.5 Annotation Transfer Evaluation

As exemplified in Studies I, III, and 1V,
accurate description of the biological
processes of CDSs can greatly advance
the understanding of a given organism.
Producing accurate description for
bacterial CDSs is, however, complicated
by the poor availability and applicability
of GO descriptions for bacterial genes as
they are primarily used for describing
eukaryotic functions (Ashburner et al.
2000, Klimke et al. 2011). Another
hurdle is the propagation of inconsistent
and erroneous annotations in the
databases (Lee et al. 2007, Friedberg
2006, Schnoes et al. 2009). Thus, when
the genome sequence of strain ST1 was
first annotated (Study 1), a variety of
methods were applied (Table 5), and the
annotation results were subjected to
manual curation to determine the most
suitable DE for each of the CDSs
predicted to be encoded in the genome.
In this evaluation, a special focus was
placed on assessing the consistency and
accuracy of DEs provided by the
different methods as these factors were
considered to be of relevance for
subsequent genome projects.
Furthermore, the ability of different
strategies to reproduce correct DEs for a
larger test set of well-annotated bacterial
protein sequences was evaluated (Study
).

In Study II, various protein function
prediction tools were applied to assign
biological information to the CDSs of L.
crispatus ST1. These methods included
an  in-house developed approach
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BLANNOTATOR (Study 1II), a fully
automated RAST (Rapid Annotation
using Subsystem Technology) service
(Aziz et al. 2008), and the simple best-
BLAST approach (Table 7). The
methods were able to produce acceptable
DEs for ~85% (BLANNOTATOR),
~58% (RAST), and ~69% (best-BLAST)
of the predicted ST1 proteins with
decipherable function (Table 7). Slightly
different sets of query sequences
remained without an assigned
informative function when using these
methods (Study IT). These results support
the use of multiple methods in the
functional annotation of predicted
proteomes, an approach that was also
adopted in Studies III and IV. Notably,
the application of a variety of different
methods in the re-annotation of the CDSs
of the ten L. crispatus isolates in Study
III increased the overall number of CDSs
with an assigned function by ~41% and
standardized the quality of the annotation
information for each of the isolates.
These results underscore the importance
of such approach in comparative
genomic studies. In addition, when the
predicted CDSs of strain JS were
annotated in Study v,
BLANNOTATOR assigned DEs to
practically all predicted proteins with
homologous  counterparts in  the
databases, whereas RAST assigned DEs
to only ~71% (Table 7). The lower
performance of RAST in the functional
annotation of strains STl and JS
compared to that of BLANNOTATOR



Results and Discussion

Table 7. Performance of selected protein function prediction methods. ST1 and JS dataset
columns indicate the percentage of acceptable DEs the given methods assigned to
STI and JS protein sequences with decipherable functions, respectively. The
SWISS-PROT dataset column shows the mean modified Levenshtein distance
(mLD) between the correct and predicted DEs after excluding BLAST hits with
sequence identity below 40% and coverage below 60%, as described in Study I1.
ST1 dataset JS dataset SWISS-PROT dataset
Approach Description (%) (%) (mean mLD)
RAST Relies on manually curated 59 71 -
subsystems (i.e. collections of
functional roles mapped onto genes
across multiple genomes) and on
protein families (FIGfams) largely
BLANNOTATOR Assigns DEs to the query sequences 85 100 0.42
from DE and GO information
clustered database hits
Best-BLAST DE of the most significant BLAST hit 69 - 0.53
is transferred to the query
Top informative Top informative BLAST match is - - 0.61
transferred to the query
Most frequent Most common DE among the BLAST - - 0.46
hits is transferred to the query
Highest cumulative DE associated with the highest - - 0.46
score cumulative BLAST bit score is
transferred to the query
Word score Word-based scoring scheme - - 0.45
probably reflects the preference of information from multiple BLAST hits

RAST’s annotation strategy to avoid
false positive predictions at the cost of
sensitivity (Aziz et al. 2008, Meyer et al.
2009).

In this thesis, the power of different
strategies for selecting the most suitable
DE from a list of BLAST hits was also
examined (Study II). Namely, the ability
of BLANNOTATOR and five other
BLAST-based annotation strategies
(Table 7) to reproduce correct DEs for a
set of 3,090 well-annotated bacterial
protein sequences was evaluated. A
database preceding the functional
characterization of the query proteins
was used in this test. Notably, all of the
strategies assigned reasonably accurate
DEs to the queries. However, the
strategies basing their prediction on

performed marginally better than others,
with BLANNOTATOR being the best in
the task (Figure 4 in Study II, Table 7).
These findings are in accordance with
previous observations that relying on
multiple hits in functional annotation
improves the accuracy of the functional
description of the query sequence and
increases the number of functionally
classified CDSs in a genome (Martin et
al. 2004, Hawkins et al. 2006).

To aid the parameter choices in the
homology searches, the effect of
sequence identity and coverage on the
annotation quality was also examined in
Study II. Notably, strict thresholds and
the subsequent reduction in the pool of
sequences applicable for annotation
transfer negatively affected the mean
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annotation quality (Figure 3 and
Additional file 1 in Study II). Identity
thresholds seemed to have a bigger effect
on the results than coverage thresholds.
A notable portion of the suitable DEs in
the test data were lost at a ~60% identity
threshold, whereas an identity of nearly
40% was often sufficient for good
annotation quality. With regards to
coverage, unfavorable effects on the
annotation quality were observed when
nearly 100% coverage over the subject
was required. These data thus argue
against the wuse of strict identity
thresholds in functional annotation and
are in accordance with previous
observations that sequence identity as
low as 30% can be sufficient for
annotation transfer (Devos & Valencia
2000).

The evaluations performed in Study
II also highlighted the difficulties
involved in the benchmarking. Reflecting
the poor availability of the GO
annotations  to  bacterial  proteins
(Ashburner et al. 2000, Klimke et al.
2011), the DEs were found to be a better
and more comprehensive source of
annotation  information and  were
preferred in describing the functions of
bacterial protein sequences. However,
the DEs are ‘“non-standardized” and
suffer somewhat from synonymous and
ambiguous expressions, which
complicate the comparison of different
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annotations. Manual curation, such as
was performed in the functional
annotation of the predicted proteome of
strain ST1 in Study II, can relatively
easily identify highly dissimilar yet
synonymous DEs as matching and highly
similar DEs  describing  different
functions as different; however, this
process is laborious and time-consuming.
Therefore, Study II used a faster and
more scalable computational assessment
to evaluate the different strategies for
selecting the most suitable DE from a list
of BLAST hits (Table 7) and in the
examination of the effect of sequence
identity and coverage on annotation
quality. This approach, in which the
fraction of character changes between the
words in DEs was  measured
computationally, was effective in
producing quantifiable and unbiased
information on the similarities of the
different DEs. However, it incorrectly
identified the highly dissimilar yet
synonymous DEs as different and the
highly similar DEs describing different
functions as synonymous. These
observations underscore the impact the
evaluation metric has on assessment,
which was highlighted in a recent
systematic assessment of the ability of 54
methods to correctly assign GO
annotations to a set of protein sequences
(Radivojac et al. 2013).
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6 Conclusions

The sequencing-based analysis of
bacterial genomes and transcriptomes has
enabled a previously unimaginable view
of the characteristics and functions of
bacteria (Forde & O'Toole 2013, Hall
2007, Medini et al. 2008). In this thesis,
novel insights into the physiology of L.
crispatus and P. freudenreichii were
obtained by applying modern sequencing
methods and down-stream analyses.
While the annotation of genome
sequences of L. crispatus ST1 (Study I)
and P. freudenreichii ssp. shermanii JS
(Study IV) revealed the genetic
blueprints of these individual strains and
provided solid foundations for further
investigations, the subsequent functional
genomics studies provided in depth
knowledge on how L. crispatus can
support vaginal health (Studies III) and
how P. freudenreichii adapts to changing
conditions (Study IV). Another key
aspect of this thesis was to understand
how well automated annotation transfer
methods perform in bacterial protein
function prediction. Importantly, the
different methods appeared to be almost
equal in quality to manual curation and
were observed to assign
microbiologically informative functions
to a vast majority of proteins, greatly
facilitating genome annotation (Study II).

Specifically, comparative genomics
of closely related bacterial strains proved
to be a particularly valuable approach in
describing genes responsible for the
characteristic traits of a group of bacteria,
as exemplified in Study III. Although the
bacterial components of strain ST1 were
successfully characterized in Study I, the
comparative analysis relying on distantly
related lactobacilli provided only a

limited view of the species-wide
significance and health promoting
potential of the newly annotated features.
In contrast, the comparative genomics
analysis of strain ST1 and nine vaginal L.
crispatus isolates in Study III revealed
that the genomic backbone of L.
crispatus includes several genes of
potential importance to vaginal health.
Included in this list of core genes was a
previously characterized adhesin LEA
(Edelman et al. 2012). In Study III, this
adhesin was experimentally shown to be
a probable antagonist to BV-associated
G. vaginalis, suggesting that health-
promoting features are universally
present in the species rather than specific
to individual L. crispatus strains. Study
III also highlighted that a rather limited
set of genomes was sufficient for
defining the conserved core features of a
species, as has been previously reported
for other Lactobacillus sp. core genome
models (Smokvina et al. 2013, Nelson et
al. 2010, Broadbent et al. 2012). In
contrast, substantially more genomes are
required to fully capture the genomic
variation within a species and for
resolving  gene-niche  relationships.
Particularly, more non-vaginal L.
crispatus isolates should be subjected to
genome sequencing to allow
investigations of the potential niche-
specific subgroups and features of this
species.  Similarly to the initial
comparative genomic analysis of strain
ST1, comparative genomics analysis of
strain JS was complicated by the limited
availability of P. freudenreichii genomes
at the time of the genome analysis (Study
IV). However, the increasing amount of
genome  data  available for P.
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freudenreichii should soon allow a means
to infer the genomic basis and species-
wide distribution of industrially relevant
traits of P. freudenreichii, similar to the
successful identification of possible key
microbe-host interaction factors of L.
crispatus in Study I11.

While genomics approaches provides
a means to catalogue the genomic
building blocks of bacteria,
transcriptomics describes the extent and
complexity of transcriptomes and allows
the quantification of the expression levels
of transcripts under different conditions.
In Study IV, RNA-sequencing based
transcriptome profiling was used to
advance understanding of the role of
strain JS during cheese ripening. This
strategy allowed linking the different
enzymes and pathways identified in the
genome analysis with specific stages of
industrial cheese ripening. This analysis
also provided a previously unrealized
view to the dynamic nature of the flavor-
forming mechanisms of strain JS. The
transcriptome profiling revealed this
strain to be more metabolically active
and to produce more propionate at the
warm than cold stage of cheese ripening.
These results complemented prior
microarray based gene expression studies
of P. freudenreichii (Dalmasso et al.
2012, Saraoui et al. 2013) and provided
an interesting starting point for the
industrial ~ optimization of cheese
ripening. In the future, selection of the
most optimal P. freudenreichii strain for
a particular industrial application could

54

be aided by transcriptome profiling and
be based on the activity of genes
governing the desired metabolic
conversions. Similarly, transcriptome
profiling could provide an attractive
means to investigate the role of the
interaction factors of L. crispatus in
different environments and conditions
and could be used to validate the function
of lea in protecting the vagina against
pathogenic microorganisms.

Taken together, the sequencing- and
sequence  analysis-based approaches
applied in this thesis were powerful tools
in deciphering and studying bacteria and
greatly extended our knowledge of the
physiology of L. crispatus and P.
freudenreichii.  Specifically, genome
sequencing and comparative genomics
were highly valuable in characterizing
the genomic building blocks underlying
phenotypic traits, while genome-wide
transcriptome profiling elucidated the
importance of different genomic features
in different conditions, providing a view
of the dynamic nature of different
processes. The studies also generated
various new hypotheses on how
lactobacilli can support vaginal health
and how propionibacteria contribute to
the cheese ripening, providing important
steps forward in understanding the role
of these bacteria in the studied
environments. It should, however, be
noted that while sequencing is powerful
tool in discovery science, it is most
powerful when coupled with carefully
designed and hypothesis-driven studies.
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