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Bacteria of the family Gemmataceae belong the phylum Planctomycetes and are remarkable
because of their complex cellular architectures, previously considered to be traits exclusive to
eukaryotes. This thesis provides clues to the atypical cell envelope, the enhanced radiotolerance
and the amazing cellular complexity of these bacteria.
A comparative genomics study of these bacteria revealed massive duplications and new
combinations of structural domains that are highly abundant in eukaryotes but rare in bacteria.
These domains are known to facilitate signalling and protein interactions. The proteins of these
bacteria also contain long regions with no predicted domains. On average, eukaryotic proteins
are longer and more disordered than prokaryotic proteins. Intriguingly, the length and fraction
of disordered regions in proteins of some bacteria are higher than in many other prokaryotes,
and these bacteria also have complex lifestyles. Many bacteria in the Planctomycetes, including
the Gemmataceae, are among these few bacteria. This suggests that there is no sharp boundary
between prokaryotes and eukaryotes with respect to protein length and domain composition
patterns, as previously thought.
A bioinformatics analysis revealed the loss of genes for the peptidoglycan cell wall in some
lineages of the Planctomycetes. Loss of the gene for the FtsZ protein, the major cell division
protein in bacteria, may have facilitated the evolution of budding in the Planctomycetales and
led to the gradual loss of the cell wall and cell division gene cluster. These changes may have
enabled the expansion of the inner membrane and triggered adaptive changes in conserved
membrane proteins and transport systems. The loss of the peptidoglycan cell wall may also
explain the altered cell morphology. A subcellular proteomics study showed that the DNA
replication and repair proteins are associated with the cell envelope, which supports the cell
factory model of DNA replication.
T. immobilis, which has the simplest genome of all members of the Gemmataceae, was found
to be naturally competent and most suitable for transformation experiments. T. immobilis was
transformed to produce mutants in which the gene for DdrA, a double stranded break DNA repair
protein, has been inactivated. The DdrA-null mutant showed a major loss in radiotolerance.
Keywords: Molecular evolution, Planctomycetes, Gemmataceae, functional organization,
signalling, protein interaction, peptidoglycan, membranes, cell division, radiation tolerance,
Pfam, SCOP, comparative genomics, protein architecture, domain shuffling and orthologous
clustering
Mayank Mahajan, Department of Cell and Molecular Biology, Molecular Evolution, Box 596,
Uppsala University, SE-752 37 Uppsala, Sweden.
© Mayank Mahajan 2019
ISSN 1651-6214
ISBN 978-91-513-0585-1
urn:nbn:se:uu:diva-378405 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-378405)

To my family and friends

List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.
I

Mahajan, M., Yee, B., Hägglund, E., Guy, L., Fuerst, J., Andersson, S.G.E. (2019) Comparative genomics reveals massive paralogization and a role for protein interactions in the Gemmataceae,
bacteria with complex cell structures. (Manuscript)

II

Mahajan, M., Yee, B., Wijaya, C. Y., Seeger, C., Andersson,
S.G.E. (2019) Independent losses of gene clusters for cell wall
and cell division complexes in the Planctomycetes: clues to the
evolution of cellular complexity. (Manuscript)

III

Yee, B., Mahajan, M., Seeger, C., Hägglund, E., Lind, S., Andersson, S.G.E. (2019) Natural competence in the Planctomycetes and its use in transforming the Gemmata-related species
Tuwongella immobilis. (Manuscript)

IV

Seeger, C., Dyrhage, K., Mahajan, M., Andersson, S.G.E. (2019)
The subcellular proteome suggests that the replication machinery
is located distinct from other information processing systems in
the Gemmata-related bacterium Tuwongella immobilis. (Manuscript)

V

Dyrhage, K., Seeger, C., Mahajan, M., Andersson, S.G.E. (2019)
Comparative proteomics identify the core proteome of growing
bacterial cells of the family Gemmataceae. (Manuscript)

Contents

Chapter 0. Basic concepts and vocabulary in Evolutionary Biology.............. 11
0.0 The Central Dogma .......................................................................... 11
0.1 Translation....................................................................................... 12
0.1.0 Proteins .................................................................................... 12
0.1.1 Reading frame .......................................................................... 12
0.1.2 The genetic code ....................................................................... 12
0.2 Evolution ......................................................................................... 12
0.2.0 Types of mutations.................................................................... 12
0.2.1 Evolutionary forces ................................................................... 13
0.2.2 Sequence divergence and homology .......................................... 14
0.3 Variation in rate of evolution among lineages .................................... 15
0.4 Phylogenetics................................................................................... 16
Chapter 1. Protein structure and evolution ................................................... 17
1.0 Structural components of a protein .................................................... 17
1.0.0 Elementary folds ....................................................................... 17
1.0.1 Disordered regions .................................................................... 17
1.1 Function of disordered regions.......................................................... 18
1.2 Evolution of static folds vs. disordered regions .................................. 18
1.3 Role of translation and chaperones .................................................... 19
1.3.0 Translation and folding into a functional state ............................ 19
1.3.1 Protein disorder implies high entropy......................................... 19
1.3.2 How do eukaryotes adapt to long multi-domain proteins and
increased disorder? ............................................................................ 20
1.4 Rough non-linear correlation between protein length and its
disordered fraction ................................................................................. 20
1.4.0 Evolution of big proteins: Challenges in folding, transport and
operation........................................................................................... 20
1.4.1 Methodological insights ............................................................ 22
1.5 Proteomic complexity in organisms .................................................. 23
1.5.0 Systematic variation of total, folded and disordered length of
the proteins within the three domains of life ....................................... 23
1.5.1 Bacterial exceptions to prokaryotes: Loss of reductive pressure .. 23
1.5.2 Criticism to the increased disordered regions in some bacteria .... 24
1.5.3 Coverage of structural domain assignments................................ 24

1.6 Expansion of signalling networks and functional organization in
bacteria ................................................................................................. 25
1.6.0 Growth in functional repertoire implies increase in regulation..... 25
1.6.1 More signalling implies even more signalling ............................ 25
1.6.2 Functional organization: A key step in evolution of complex
organisms ......................................................................................... 25
Chapter 2. Functional innovation and multi-domain proteins........................ 27
2.0 Functional innovation: A complex gradual process ............................ 27
2.1 De-novo gene birth........................................................................... 27
2.1.0 Detection of orphan genes ......................................................... 28
2.1.1 Characteristics of orphan genes and changes with age ................ 28
2.1.2 Size of the gene birth pool ......................................................... 28
2.2 Innovation by duplication ................................................................. 29
2.2.0 Ohno’s model: Innovation by gene duplication........................... 29
2.2.1 Ohno’s model extended: Duplications driven by demand and
supply ............................................................................................... 30
2.2.2 Probability of innovation via gene duplication............................ 31
2.2.3 Partial gene duplications............................................................ 31
2.3 Horizontal gene transfers .................................................................. 32
2.4 Insertions and deletions .................................................................... 32
2.5 Translocation on the genome ............................................................ 33
2.6 Innovation by fission and fusion ....................................................... 33
2.7 Innovation of multi domain proteins ................................................. 34
2.7.0 Domain rearrangement or shuffling ........................................... 34
2.7.1 Rate of evolution by domain shuffling ....................................... 35
2.7.2 Abundance of multi-domain proteins correlates to genome size .. 37
2.7.3 Defining a phylogenetic model for domain shuffling .................. 37
2.8 Evolution of protein interaction networks (PIN) ................................ 38
2.8.0 Metabolic enzymes ................................................................... 39
2.8.1 Signalling and regulation........................................................... 39
2.9 Estimations regarding evolution of protein domains........................... 40
2.10 Promiscuous folds/domains ............................................................ 40
Chapter 3. Comparative genomics of Planctomycetes .................................. 42
3.0 A brief history of Planctomycetes ..................................................... 42
3.0.0 Discovery of Planctomycetes..................................................... 42
3.0.1 The PVC superphylum .............................................................. 42
3.0.2 The anammoxosome ................................................................. 43
3.0.3 The Gemmataceae .................................................................... 43
3.1 Multicellular rosette formation.......................................................... 44
3.1.0 Multicellularity in bacteria ........................................................ 44
3.1.1 Multicellularity in Planctomycetes ............................................. 45
3.2 Competence ..................................................................................... 45

3.3 Radiation tolerance .......................................................................... 45
3.3.0 Radiation tolerance in prokaryotes ............................................. 45
3.3.1 Radiation tolerance in Planctomycetes ....................................... 46
3.4 Current debate on complex membranes ............................................. 47
3.5 Cell envelope and division cycle ....................................................... 48
3.5.0 Cell wall of gram -ive bacteria................................................... 48
3.5.1 The division and cell wall (dcw) gene cluster ............................. 48
3.5.2 Cell division in gram -ive bacteria ............................................. 49
3.5.3 Exceptions to bacterial cell division and PG cell wall ................. 51
3.5.4 Budding cell division in Planctomycetales and missing genes
for PG biosynthesis ........................................................................... 52
3.5.5 Loss of PG and the evolution of inner membrane complexity...... 53
3.6 The mysterious role complex cell architecture ................................... 53
Chapter 4. Summary of thesis ..................................................................... 55
4.0 Paper I ............................................................................................. 56
4.1 Paper II............................................................................................ 57
4.2 Paper III .......................................................................................... 57
4.3 Paper IV .......................................................................................... 58
4.4 Paper V ........................................................................................... 59
Sammanfattning på svenska........................................................................ 60
Acknowledgements .................................................................................... 62
References ................................................................................................. 64

Chapter 0. Basic concepts and vocabulary in
Evolutionary Biology

Evolution begins at the root of all life; the Deoxyribonucleic acid (DNA).
Each living cell contains its own that is a known to hold the unique genetic
information of the living organism and also known for its ability to continuously evolve and create diversity. The beautiful double helix structure of the
DNA has always mesmerised people, specially scientists and artists. The DNA
double helix consists of two really long strands that are wrapped around each
other and twisted in shape of a helix to condense their size. Each of these two
DNA strands are a really long concatenated sequence of nucleotide bases
Adenosine, Guanine, Cytosine and Thiamine that are bonded with the nucleotide bases Thiamine, Cytosine, Guanine and Adenosine, respectively, on a
complementary strand. Thus, all life is encoded in various combinations of
these four letters and saved on two complementary strands that are twisted
around each other. Usually, the DNA is so long that it has to be further condensed by wrapping it around proteins called histones and nucleosomes.

0.0 The Central Dogma
The evolutionary process occurs at the root of life; however, its effects are
observed in the structure and function of the cell. To understand how the evolution works, one must understand the central dogma: a phenomenon by
which functional machinery is derived from the DNA code. In a process called
transcription, a variety of different types of Ribonucleic acid (RNA) sequences are selectively copied from the DNA, wherein, the Thiamine is replaced by Uracil. Once transcribed, RNAs perform various cellular activities,
however, quite a large amount of the RNAs are messenger RNAs (mRNA)
that are translated into proteins to perform rest of the cellular activities. This
conversion of information encoded on DNA into a functional protein via transcription and translation is referred to as the central dogma. The functional
RNA and translated protein coding mRNA are together referred to as genes
and the complete DNA sequence from a single cell of the organism is called a
genome.
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0.1 Translation
0.1.0 Proteins
Proteins are a chains of consecutive amino acid residues, such that the amino
group of each amino acid bonded with the carboxy atom of the next. The
amino group of the first translated amino acid is not bonded and called the Nterminus of the protein. Similarly, the carboxyl group of the last translated
amino acid is not bonded and called the C-terminus of the protein. Living organisms use only 22 amino acids, called the proteinogenic amino acids, to
create proteins. Each of these amino acids have a different side chain attached
to α-carbon that describes the characteristics of the amino acid in terms of
shape, size and other chemical or physical properties.

0.1.1 Reading frame
The RNAs are translated in to protein by ribosome which reads one codon, a
sequence of 3 nucleotide bases, at a time and attaches a corresponding amino
acid to the protein that is being translated, thereafter moving on to the next
codon. Thus, depending on the start position, the codons on an RNA sequence
can be read in three different frames, called reading frames, each resulting in
a completely different protein sequence.

0.1.2 The genetic code
Usually, there are three codons that encode for protein start/stop sites and rest
of the 61 possible combinations of codons translate into one of the 20 amino
acids. The two remaining amino acids are incorporated into protein by other
mechanisms. As there are much more codons than amino acids, most of the
amino acids are encoded using more than one codon and some by up to six
different codons. Different codons that encode the same amino acid are known
as synonymous codons. Even though synonymous codons encode the same
amino acids, it has been shown for a wide variety of organisms that different
synonymous codons are used with different frequencies. This phenomenon
has been termed codon bias. The genetic code that maps the codons to their
respective amino acids is conserved throughout all domains of life except for
minor differences.

0.2 Evolution
0.2.0 Types of mutations
The process of evolution begins with an alteration/modification of the genetic
code and these alterations/modifications are referred to as mutations. The
12

DNA of a cell can be altered via various mechanisms such as mobile elements,
exposure to stress via oxidation/radiation etc., methylation, recombination or
errors during the DNA replication. All organisms carry recombination and repair systems to revert the mutational changes, however, these systems are also
prone to errors. The common types of mutations are base substitutions, inversions, insertions, deletions and duplications. Two out of three insertions
or deletions in the protein coding regions of the DNA can shift the reading
frame of the protein, thus, known as frameshift mutations. A base substitution in the protein coding regions can change a codon to another synonymous
or non-synonymous codon is called a synonymous or non-synonymous substitution respectively.

0.2.1 Evolutionary forces
There are various mechanisms in nature that frequently mutate, alter, the nucleotide sequence of the DNA, and thus, continuously drive the process of
evolution. However, the eventual proliferation of a certain mutation in the
population is controlled by evolutionary forces that constantly monitor the genomes. Fitness, which is the ability of an organism to survive and proliferate,
is the most important factor that determines the strength and effect of various
evolutionary forces on a certain mutation. Each base in a gene, each gene in a
cellular activity and each cellular activity has a certain functional significance
and accordingly contributes to the fitness of the organism. The fitness benefit
from a certain base, gene or cellular activity is directly proportional to the
probability of its conservation, modification or loss in the future generations.
This distribution of fitness over each base, gene or cellular activity is not fixed
and often changes with the change of environment and internal cellular dynamics.
The mutations that lower the fitness of the organism lower its chance of
survival in the population and the mutations that increase the fitness of an
organism increase its chance of survival in the population. Thus, beneficial
mutations tend to spread more in the population as the organisms that have the
mutation proliferate. On the other hand, deleterious mutations tend to shrink
in the population as the organisms that have that mutation are not able to proliferate. In this manner, deleterious mutations undergo negative selection,
while beneficial mutations undergo positive selection.
The strength of the selective force acting on a mutation is directly proportional to the degree of increase or decrease in the organism’s fitness. For example, a mutation disrupting cell division will be immediately purged from
the population, while a mutation impairing the flagella, which are used by cells
for swimming, might survive for some generation in the population. Many
mutations do not produce any significant functional or phenotypic changes in
the organisms and thus, such mutations do not have a major effect on organism’s fitness. There is little or no selection acting on such mutations, hence
13

they emerge, thrive or are lost in the population via random sampling and this
process is referred to as genetic drift. Most other mutations tend to lower the
fitness of the organisms and thus face negative selection. Occasionally, some
mutations prove beneficial for the organism and are able to evolve under positive selection. There rare beneficial mutations change the paradigm for the
future generations.
Prokaryotic cells are known to optimize all their cellular processes to
achieve maximum growth rate with the given amount of resources. Maximization of growth rate is said to improve fitness of the prokaryotes by optimizing their rate of resource consumption and rate of proliferation. However,
as organisms want to reduce metabolic costs, it creates a reductive pressure
on the size of their genome and proteins. Thus, all deletion mutations in the
genome that do not contribute significantly to the organism’s fitness spread
fast in the population. The reductive pressure has been shown to affect the
protein lengths as well as the overall genome size of prokaryotic organisms.
Without a doubt, selection is the strongest of the known evolutionary forces
and even low amount of selection can sometimes override the effect of other
evolutionary forces such as genetic drift or reductive pressure.

0.2.2 Sequence divergence and homology
Sequence homology has been studied with great interest as it reveals the evolutionary history of the genes and enables us to study their structure and function more systematically. As organisms proliferate they accumulate different
mutations in their genomes thus leading to diversification and speciation. All
the genes sequences that share a common ancestor are said to be homologous.
The homologous sequences that have evolved from the same ancestral sequence via gradual divergence are said to be orthologous. Orthologous genes
tend to conserve their original function and often perform a uniform function
in wide variety of organisms. A group of orthologous genes from many different organisms is called an orthologous gene family. The homologous sequences that have evolved via duplication and divergence are called paralogous. As the original function of the gene is conserved in one of the copies,
paralogous genes evolve more freely; hence, diverge away from the original
function of ancestral gene. In course of time, via further speciation events, a
paralogous gene can form its own orthologous gene family that is said to be
paralogous to the original gene family that conserves its original function.
Transfer of a gene from one organism is to another is quite a widespread
phenomenon that happens via various transfer agents such as viruses and plasmids. Transferred genes or gene clusters are easy to recognise, as their evolutionary history does not coincide with the species history. Homologous genes
that undergo transfer often retain their function but sometimes they might take
up a different function or diverge due to changes in the cellular environment.
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Conserved orthologous genes or core genes that have already acquired a
very specialized function in the cell and are vital for the survival of the organism; thus, these genes evolve under high negative selection. Such genes evolve
very slowly, thus they are the best candidates for deep phylogenies that go far
back in time. Conserved genes can be studied systematically in an evolutionary perspective and their function can be attested in a variety of organisms that
are connected over large evolutionary time periods. Furthermore, it is possible
to trace the divergence of a paralogous gene or transfer events with quite good
accuracy in such genes. Hence, such genes have been the centres of attention
of most comparative genomic studies
In rare cases, two genes without a common ancestor can evolve a similar
structure and/or function. Such genes are said to be convergent. It can be assumed that similar kind of mutational changes can be beneficial for many different organisms because they share the environmental conditions and cellular
context. Thus, large-scale environmental changes are thought have driven
similar kind of changes in many different organisms. For example, multi-cellularity and polyploidy are thought to have evolved more than once independently.

0.3 Variation in rate of evolution among lineages
The variation in the rate of evolution is rather large among various lineages.
Each organism evolves at a different rate depending on various factors; some
of them are stated below. Mutations are usually caused via exposure to stress
via oxidation/radiation etc., DNA methylation, recombination or errors during
the DNA replication. Availability of biological systems that promote or repress mutations, such as mobile elements, DNA replication, recombination
and repair systems that prevent or revert the mutational changes vary in different organisms. The accuracy, efficiency and abundance of these systems
also varies among different lineages.
DNA replication during cell division is one of the major sources of mutations. As the germ cells divide only once during each reproductive cycle, organisms with short generation time tend to gather more mutations over a
shorter period of time as compared to organisms with longer generation time.
Genome size is quite an important factor in deciding the rate of evolution
of the species. Organisms with larger genome size have more genes which
increases the probability of evolution of novel genes. Larger genomes are also
known to face less reductive pressure, which increases the chance of functional growth.
Furthermore, changes in environment or the cellular dynamics are known
to boost the rate of evolution of the affected genetic systems and eventually
the organism. Thus, the rate of evolution of every gene or organism does not
remain the same throughout evolutionary history.
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0.4 Phylogenetics
Among all the possible mutations, base substitution mutations accumulate in
a systematic and traceable manner; hence they have been commonly used to
infer evolutionary history of the nucleic acids as well as proteins. We must
bear in mind that other mutations such as insertions and deletions can also be
responsible for a speciation event, however such cases are rare and can sometimes be due to convergence. Phylogenetic inferences usually do not account
for such mutation events.
Base substitution models are mathematical models that are trained individually on each dataset during the phylogenetic analysis. The most commonly used base substitution model currently is the General time reversible
model (GTR) [1]. GTR was considered to be computationally very expensive
when it was first described, however, with the growing computational power
it soon became a default choice for nucleotide-based phylogenies.
The protein phylogenies are quite often based on amino acid substitutions
instead of base substitutions, as amino acid substitution models are known to
perform much better for phylogenetic inference. Unlike base substitution
models the amino acid substitution models are empirical models wherein the
transition rates between various amino acids are numerically described. Each
amino acid substitution model is slightly different based on the dataset that
was used to calculate the transition rates.
Various parts of the protein go through different evolutionary pressures
over time and the circumstances. Moreover, each residue has its own characteristics and thus, chance of a certain amino acid substitution of each residue
varies depending on whether it is buried/exposed, whether it is in the membrane spanning region, whether it is exposed to cytoplasm, periplasm or extracellular environment, functional or structural role of the residue, number of
base substitutions required for a particular amino acid substitution. Phylogenetic models try to compensate for this by implementing Rate Heterogeneity
models. CAT (Bayesian Mixture Model) and gamma models of rate heterogeneity are most commonly applied to the substitution models in order to compensate for the heterogeneity within the protein [2-4]. However, it is still an
on-going research on how to incorporate different substitution models in a
phylogeny depending on the various evolutionary constraints on different
parts of the protein.
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Chapter 1. Protein structure and evolution

1.0 Structural components of a protein
1.0.0 Elementary folds
The basic structure of a protein can be described with the secondary structural
elements such as helices, ß-sheets and the disordered segments that consist of
turns, bends, coils etc. Various combinations of one or many of these elements
make up more complex structural folds and a combination of one or many of
those elementary folds make up a complete protein structure called as the tertiary structure. The Structural Classification of Proteins (SCOP) database released in Feb 2009 shows about 1200 unique elementary folds in total [5]. The
SCOP database was created using proteins with experimentally resolved structures available at that time. Since then, structures of many new proteins have
been resolved, however, very few novel folds have been discovered. Thus, it
is believed that folds described in the SCOP database make up a more or less
comprehensive set of conserved structural units that are responsible for all
proteomic diversity within the three domains of life.

1.0.1 Disordered regions
The disordered regions in proteins have been observed to be dynamic in structure and have been referred to as fluid or fuzzy. The amino acid composition
in the disordered regions is also different from the folded regions. Proline
along with some other amino acids like Glycine and Serine has been found to
be overrepresented in the disordered regions. Proline, which has the most rigid
confirmation among the proteinogenic amino acids, often creates stearic hindrance and prevents the neighbouring amino acids from forming hydrogen
bonds. As the disordered regions are not able to fold and form hydrogen
bonds, they sustain a higher free energy state. Proteins with disordered regions
have a shorter half-life as compared to static folded proteins. Thus, to have
disordered sections in the protein is an expensive investment for the organism.
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1.1 Function of disordered regions
Usually proteins are not completely disordered or static, rather they can be
placed on a spectrum from static to completely disordered, based on the number of dynamic states that protein region can acquire [6]. Disordered regions
are flexible or fluid in nature and sometimes consist of binding motifs, thus,
they enable the proteins to interact with other biomolecules, recruit binding
partners and sometimes act as protein hubs. In some cases, proteins with disordered regions have been shown to have multiple stable states and many interactions or different binding partners [7]. For these reasons, disordered protein regions are said to play an important role in signalling and regulation.
Some disordered proteins facilitate post-translational modifications and localization signals. Furthermore, proteins with disordered regions diffuse faster in
a crowded cell environment, and thus can be shuttled more quickly to their
functional site and transported more easily through pores/channels [8]. Thus,
complex organisms with large genomes, large functional repertoire and spatially organized cell functions would benefit most from higher linker lengths.

1.2 Evolution of static folds vs. disordered regions
Disordered segments of the proteins are rarely conserved, however, albeit the
low sequence similarity, the disordered regions of orthologous proteins have
been shown to conserve their function and maintain similar kind of flexibilities. Proteins tend to fold and form hydrogen bonds in order to minimize their
free energy state, therefore, a disordered region can only accumulate mutations that do not allow it to fold. It has been observed that random mutations
in the disordered regions have a high chance of mutating it into a folded domain, hence, the disorder/flexibility has to be conserved by the same evolutionary forces that act on folded domains. However, the choice of amino acid
substitutions that don’t alter the function of disordered region is quite high.
Hence, the amino acid sequence diverges quite fast in the disordered regions
and it is hard to trace their evolutionary history or derive any phylogenetic
inference. Disordered regions quite often contain binding motifs to interact
with other proteins or ligands. Binding motifs must co-evolve among all binding partners; hence, the binding sites with multiple binding partners can be
very highly conserved. However, binding motifs are also not good candidates
to trace evolutionary history of the protein.
Folded domains need to be structurally conserved to preserve its function;
hence most mutations in the folded regions are deleterious or lethal. Mutations
in the genetic code of the protein can change its amino acids and affect the
structure and function of the protein. However, some amino acids such as I &
V, R & K or S & T have very similar side chains and can be easily exchanged
without any major effect on the protein structure or function. Thus, under
18

various structural and environmental constraints on the folded protein region,
some of its amino acids can be more easily replaced than others. Nonetheless,
overall the folded domains evolve gradually and clearly depict the speciation
and duplication patterns, and that is why they are the basis of all protein sequence alignment and phylogenetic studies.
The substitution/transition rates among various amino acids have been
studied using sequence alignments from different conserved domain databases
to build amino-acid substitution models such as JTT and WAG [9]. The recently popular LG amino-acid substitution model has been built using the
Treebase and Pfam database [10]. The amino acid substitution models are used
for doing protein sequence alignments and phylogenies.

1.3 Role of translation and chaperones
1.3.0 Translation and folding into a functional state
In the translation process, the protein-coding gene is fed into the ribosome,
which reads one codon at a time and adds the corresponding amino acid to the
protein sequence. As the protein is being translated out of the ribosome it simultaneously folds by forming hydrogen bonds with other amino acids in order
to minimize its free energy state. Sometimes proteins are not able to fold into
their functional state during translation and need help of the chaperones. Once
translated the protein structure can change further due to post-translation modifications and binding with other proteins, ligands or nucleic acid. The minimal energy state of a protein is dependent on the surrounding environment;
hence protein structure can alter when it is inserted into a membrane or transferred to a compartment with different pH, temperature or solvent composition.
Some parts of the protein are resilient to folding due to incompatibility of the
conformations of the amino acids in that region. Such regions are often referred to as disordered regions or linkers, that lack a fixed structure and proportion of the disordered region varies between different proteins.

1.3.1 Protein disorder implies high entropy
Disordered regions sustain a higher free energy state compared to folded regions of the protein, which reduce their free energy by forming hydrogen
bonds. Thus, disordered proteins trade a little bit of their thermostability
against flexibility and intractability and are more prone to misfolding and aggregation [11]. Most of the chaperone machinery is conserved throughout all
three known domains of life [12]. The translation and chaperone machinery in
eukaryotes have adapted during the process of evolution to efficiently fold the
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eukaryotic proteins that are larger and more disordered compared to prokaryotes [13].

1.3.2 How do eukaryotes adapt to long multi-domain proteins
and increased disorder?
Although the translation and chaperone machinery are quite conserved between prokaryotes and eukaryotes there are some clear differences in their
function. Eukaryotes have a slower translation rate that is believed to facilitate
co-translational folding of multi-domain proteins by allowing them more time
to fold before the next domain is translated, and thereby preventing misfolding
and aggregation of proteins. Thus, the deceleration of translation rates in eukaryotes are thought to have either coevolved with or facilitated the expansion
of multi-domain proteins in eukaryotes [14, 15]. The homologs of HSP60 in
eukaryotes, TriC, and bacteria, GroEL, have some subtle differences in physiology and functional mechanism [16]. In eukaryotes the TriC is recruited to
freshly translated protein chains by HSP70 homologs or other upstream factors such as Prefoldin for the purpose of folding. However, it has been observed that quite often the proteins involved in signal transduction are transferred from HSP70 to HSP90, instead of TriC, for completion of the folding
process as well as conformational regulation [17, 18]. The exact structure and
function of the HSP90 protein is yet to be resolved, however, it is pretty evident that this protein plays quite an important role of protein folding in eukaryotes and most probably in bacteria as well [19]. Due to the minimalistic nature of most known Archaea and minimal requirement of signalling and regulation, it is quite likely that they have lost the HSP90. It will be quite interesting to see the various dissimilarities between the bacterial and eukaryotic
homologs of the HSP90 protein and to investigate how the HSP90 has evolved
in the bacteria with higher genomic and cellular complexity.

1.4 Rough non-linear correlation between protein length
and its disordered fraction
1.4.0 Evolution of big proteins: Challenges in folding, transport
and operation
Among proteins with similar length, eukaryotic proteins tend to have significantly larger disorder regions when compared to the prokaryotic proteins [12].
Prokaryotes are said to reduce the size of their proteins and specifically the
disordered regions due to the reductive pressure on their proteomes [20]. In
paper I, we observed that on an average the proportion of disordered region
per protein is directly, but not linearly, proportional to the protein length.
20

Thus, the average proportion of disordered region in smaller proteins is
smaller as compared to larger proteins.
As described in the next chapter, the size of proteins that originate via denovo birth is rather small. Consistent to this, proteins are thought to have been
smaller during the early stages of the evolutionary process. With time the proteins have grown rather long in some of the modern lineages; specifically, in
the more complex organisms. From the structural perspective, bigger proteins
present a lot of challenges in terms of folding. The multi-domain architecture
and increased disordered regions in the large proteins are believed to assist the
protein folding process [21].
  

 
!" # 









 

      

    







   

Figure 1. The mean disordered fraction of the total length, fraction without structural domain assignment, estimated for proteins with similar length at each point
from 10-1600 amino acids. Proteins that were 5 amino acids short or long were considered to be similar length, thus giving a window size of 11 amino acids. The disordered fraction was calculated separately for bacteria, Planctomycetes, Myxococcales
and eukaryotes using all proteins with assigned domains in Pfam database.

Small proteins can be easily transported from one functional site to another in
the crowded cell environments, however, with the increase in the protein size
a substantial decline has been observed in the diffusion rate [22]. Thus, it is
logical that larger proteins accumulate more disordered regions, which provide fluidity and motility to the proteins [8]. Small globular proteins are
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transported easily channelled across the membranes, while large globular proteins will face a major challenge. Thus, a large globular protein is usually not
favourable for the organism unless it is embedded in the membrane or part of
a large multimeric complex that does not require movement within the cell.
Proteins that are part of signalling and interactions usually require some motility, thus large proteins that involved in interaction networks are expected to
accumulate more disordered regions.

1.4.1 Methodological insights
The disordered content of a protein can be predicted with fairly good accuracy
nowadays, which can be useful in large-scale comparative studies that use
proteins. Large scale homology search and protein alignment methods like
blast search can be improved by calculating the folded/disordered region in
each protein. Furthermore, structural assessment of proteins by predicting motifs, folds, coils and disordered regions in a protein can improve the prediction
of evolutionary patterns of different regions, thus substantially improve the
methods currently available for protein homology searches, alignment and
phylogenies.
Clustering of genes into orthologous gene families is the core foundation
for most of comparative analysis done during this thesis. The currently available clustering tools suffer from high number of false negatives and false positives that are result of partially homologous sequences. Such partial homology is usually a result of paralogization followed by fusion, fission, domain
shuffling (explained in next section). In paper I, we have used aligned length
filters, such that the homology search results with alignment length shorter
than a certain proportion of the length of aligned proteins is discarded for the
further analysis.
We observed that proportion of conserved folded length varies between
different proteins, thus a single aligned length filter cannot be used on all
genes. The disordered region in each protein must be assessed before deciding
an aligned length. However, estimating the disordered length of each protein
is a very slow and laborious task, therefore, we have clustered orthologous
protein families using multiple different aligned length filters and then crossvalidated the orthologous families.
From the results described in the previous section, we know that the proportion of disordered length is usually higher in the longer proteins. There is
a non-linear correlation between disordered region and protein length that can
used to filter partial hits in the homology search results. At the same time,
removing such noise would save computation time during large-scale proteome comparisons such as orthologous clustering. The correlation between
protein length and proportion of conserved folded length is not perfectly logarithmic or asymptotic, however, it seems to be quite close to them. We have
tried to use different variable aligned length filters in which the minimum
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required proportion of aligned protein length decreases logarithmically with
the increase in protein length. When the orthologous protein families were
examined using sequential comparison and phylogeny, the orthologous protein families inferred using one of the variable aligned length filters gave much
higher overall accuracy as compared to the protein families inferred using constant aligned length filters. During our analysis we have cross validated the
orthologous protein families using all the aligned length filters.

1.5 Proteomic complexity in organisms
1.5.0 Systematic variation of total, folded and disordered length
of the proteins within the three domains of life
Studies have shown that protein lengths vary quite systematically among the
three domains of life. Proteins from prokaryotes tend to be only two thirds as
long as those from eukaryotes [20, 23]. It has been also shown that most of
this difference in protein length is due to increase in disordered lengths. Thus,
a similar systematic variation can be observed in the proportion of disordered
length per protein length between prokaryotes and eukaryotes. The precise biological phenomenon behind the systematic variation in the average protein
length and proportion of disordered length is yet to be confirmed, however,
multiple factors such as internal organisation of a cell, cell membranes, cell
size, ecological conditions and reductive pressure have been proposed to effect how organisms conserve these lengths. Additionally, eukaryotes also contain a larger proportion disordered regions per protein length as compared to
the prokaryotes [20].

1.5.1 Bacterial exceptions to prokaryotes: Loss of reductive
pressure
The variation in the average protein length per organism in eukaryotes is much
higher as compared to prokaryotes. This variation in average protein length is
also apparent in the average proportion of disordered region per protein per
organism in eukaryotes. On the other hand, prokaryotes tend to be more uniform in terms of average protein length and average proportion of disordered
length per protein. As described in paper I, Planctomycetes, Myxococcales
and a few other organisms emerged as outliers in terms of the average proportion of disorder region per protein and seem to follow a middle trend between
prokaryotes and eukaryotes. We observed a sudden loss of reductive pressure
on the proteome of these organisms that showed substantial higher disordered
regions as compared to other prokaryotes (Figure 2). However, it is not very
clear which biological factors are responsible for lack of reductive pressure on
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the proteomes of these prokaryotes and what evolutionary advantages do they
provide to counterbalance the reductive pressure.
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Figure 2. The mean linker/disordered length per protein was calculated separately
for each organism using all proteins with assigned domains in Pfam database.

1.5.2 Criticism to the increased disordered regions in some
bacteria
Are all these disordered regions in Planctomycetes and Myxococcales really
disordered? In fact, these could be unknown unique domains, novel domain
extensions given the fact that both Planctomycetes and Myxococcales show
many novel and unique features unlike any other bacteria. We saw similar
results from two different databases, i.e. Pfam database and Superfamily database, however, both databases are biased by the currently available sequenced data, nonetheless, it is still quite intriguing to observe such a phenomenon.

1.5.3 Coverage of structural domain assignments
In paper I we observed that Pfam and SCOP structural domains could be assigned to only 60-70% of the proteins in the Planctomycetes genomes. Some
earlier studies have shown that the structural domain assignments using SCOP
cover on an average 60-65% of the proteins per genome [5, 24]. Hence, most
of the analysis done using structural domains excludes 40% of genomic data
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that does not have assigned domains. Furthermore, SCOP domain assignments
are known to consist of higher false positives while Pfam domain assignments
are known to consist of higher false negatives. Thus, SCOP domains were
assigned to a slightly higher fraction of proteins than the Pfam domains.

1.6 Expansion of signalling networks and functional
organization in bacteria
1.6.0 Growth in functional repertoire implies increase in
regulation
Compared to eukaryotes, prokaryotes have smaller genome size, lesser activities going on in the cell and are generally less complex. The signalling and
regulation systems in prokaryotes also are not as elaborate and complex as in
the eukaryotes. Functions are quite elaborately organized in the eukaryotic
cells, whereas the functions in prokaryotic cells are least organized if at all.
However, when organisms become more complex and acquire larger functional repertoire, they are obliged to expand their regulatory networks and organize their cellular activities. Regulation requires signalling, which further
requires protein interaction, thus, growth in functional repertoire requires
growth in signalling and protein interaction networks.

1.6.1 More signalling implies even more signalling
Disorder regions in the proteins makes proteins more available for binding and
thus promote protein interactions. However, as the protein interaction networks in a cell grow and the number of proteins with disordered regions increases, the probability of anomalous interactions and protein aggregation increases. Studies have shown that often the disordered proteins, which perform
signalling and regulatory functions in the cell, are themselves quite tightly
regulated [25]. Thus, the regulation and signalling related genes grow at an
accelerated rate with increase in functional repertoire [25, 26].

1.6.2 Functional organization: A key step in evolution of
complex organisms
Complexity of the organism can be described in terms of the extent of functional organization in the organism. Functional organization can be achieved
via chromatin modifications such as DNA methylations, chromatin folding via
histones, compartmentalization and spatial segregation of cellular activities.
Even more elaborate functional organization can be achieved by dividing
functions into specialized groups of cells or tissues as observed in
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multicellular organisms. As all kinds of functional organization requires signalling and protein interaction, complexity can thus be quantified in terms of
the size of signalling and protein interaction networks. Multicellularity is considered to be one of the keystones to evolution of complex organisms and we
anticipate that such a phenomenon is facilitated by a simultaneous evolution
of novel signalling mechanisms.
We discovered a few bacterial taxa that are comparable to some of the eukaryotes in terms of proteome characteristics, and genomic complexity, thus,
blurring the divide between prokaryotes and eukaryotes. Our results show an
increase in protein interactions, signalling and regulatory systems in these bacteria, therefore, we expect an increase in organization of cellular activities as
compared the other prokaryotes. One of these bacterial taxa with increased
disordered regions was Myxococcales. Bacteria of this taxa are known to go
through cell specialization during spore formation. Another one of these bacterial taxa consisted of Planctomycetes have been shown to form Rosetta-like
multi-cellular structures, intracellular membrane structures and many other
phenotypes that are unique to bacteria. Furthermore, transcription has been
shown to be spatially segregated from translation in bacterium G. obscuriglobus, which belongs to the Gemmataceae family of the Planctomcyetes phylum (Front cover) [27]. Thus, these bacteria with exceptionally high fraction
of protein disorder are expected to be more complex and their cellular activities are expected to be more organized. The comparative genomic analysis in
paper I shows that the increase in functional organization is enforced via expansion of signalling and protein interactions in the bacteria of Gemmataceae
family.
Our knowledge of life forms is hindered by our methods to search new
organisms and it is believed that the diversity of life on earth is many folds
larger than our current knowledge. Thus, the discovery of increased functional
organization and complexity among bacteria is probably just the tip of the iceberg. The variation in complexity of organisms can be expected to be rather
large within each domain of life, and this variation is already quite visible
among the known eukaryotes.
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Chapter 2. Functional innovation and multidomain proteins

2.0 Functional innovation: A complex gradual process
New genes that provide new functionality are the key to evolution of new organisms with higher fitness. So, what bring about functional innovation and
how does it happen? Given the basic mechanisms that drive evolution, the
process of functional innovation is definitely not trivial. The evolutionary history of the genes from modern lineages shows that functional innovation is a
gradual process that involves multiple mutation events and changing evolutionary pressures over a long period of time. Comparative genomics and evolutionary studies elucidate the mechanisms behind functional innovations that
have played a vital role in evolution of modern lineages.

2.1 De-novo gene birth
One of the mechanisms that drives functional innovation is de-novo gene birth.
Emergence of a ribosomal Shine-Dalgarno motif and start-stop codons in a
downstream non-coding region of a promoter creates an orphan gene, which
is a precursory novel gene born via de-novo innovation [28, 29]. With no negative selection acting on them, orphans are not conserved and they evolve very
freely and quickly. Thus, most of them are lost. Sometimes, one of these orphans can evolve a useful function in the cell and thus get conserved under
low negative selection. Thus, birth of a novel gene from non-coding sequence
may seem less likely. However, around 10-20% of all the genomes are estimated to be occupied by orphan genes, which is quite a significant fraction of
the genome, implying that de-novo gene birth is not as unlikely [28, 30]. About
10-20% of the orphan genes are thought to be a part of mobile elements, thus,
adopting mobile elements is a key mechanism of de-novo gene birth [31, 32].
The orphan holding fraction of the genomes is referred here as the gene birth
pool.
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2.1.0 Detection of orphan genes
Orphan genes are described based on lack of homology with known proteins
using blast or other tools that are used to detect homologies and sequence similarity. Pseudogenisation results in fast diversification of the gene and is usually a result of fission, degradation, replacement or loss of fitness benefit due
to environmental changes or change in internal cellular dynamics. Some of the
orphan genes can be expected to be a result of pseudogenisation or fast diversification, which are hard to detect using homology detection tools. Thus, in
addition to the de-novo genes born from non-coding regions, the gene birth
pool also consists of some percentage of recycled genes in form of pseudo
genes. This also implies that all orphans are not born from the non-coding
genome.

2.1.1 Characteristics of orphan genes and changes with age
Most orphans have been found to have a random amino acid sequence and
lack known structural folds, motifs or conserved domains [33]. However, it
has been shown using phylostratigraphy that genes mature and specialize with
time [33]. The taxa-specific orphans, genes conserved only within the given
taxa, from the older ancestors tend to be many folds longer, have a higher
amino acid composition bias, a higher codon bias, and have a considerably
higher GC bias when compared to the taxa-specific orphans from modern ancestors, species or individuals [34, 35]. As, we move deeper into the phylogeny the number of taxa specific orphans drops very quickly to less than 5% in
a short evolutionary time [30]. This seems reasonable as very few of the orphans will be able to evolve an essential/core functionality. Thus, most of
them would eventually diverge, degrade or put back into the gene birth pool.
Additionally, some studies have shown that proteins generally tend to gain
domains and become longer with time, wherein the newest gained domains
were found to be fastest diverging [36].

2.1.2 Size of the gene birth pool
A detailed feasible description of how orphan genes evolve is still missing and
it is not quite clear how these genes are able to survive without much fitness
benefit. Moreover, the size of the gene birth pool is definitely remarkable
given the metabolic cost that an organism would pay to keep so much nonfunctional genome. Does it have some alternative undiscovered function to be
beneficial in some way to the organisms that afford such a big gene birth pool?
Prokaryotic proteomes evolve under a reductive pressure to ensure growth
rate maximization; however, eukaryotes have been shown to be less prone to
reductive pressure and are somehow able to compensate for it. When proteomes evolve under reductive pressure, they tend to lose non-functional genetic
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content quite quickly. Irrespective of this, the gene birth pool in bacteria seems
to be as big as the eukaryotes. We assume that the mechanisms, such as mobile
elements, that are working towards maintenance of the gene birth pool are way
more efficient than reductive pressure. However, a comprehensive assessment
of these mechanisms is required to confirm that 10-20% of the genome is indeed dedicated to the gene birth pool.

2.2 Innovation by duplication
Duplication of the genetic content is known to contribute most towards functional innovation. The most common type of duplication is tandem duplication that is usually a result of recombination between direct repeats in the sequence. The size of tandem duplications can vary from a whole gene cluster
to a single gene or even a part of the gene. Tandem duplication creates directly
repeated sequences lying next to each other, thus increasing the probability of
further duplication as well as removal via recombination.

2.2.0 Ohno’s model: Innovation by gene duplication
The model of functional innovation by gene duplication and divergence was
popularised by Susumu Ohno in his book, ‘Evolution by gene duplication
(1970)’ [37]. Most genes in any genome are conserved under certain amount
of negative selection based on their contribution to organism’s fitness. In case
of a gene duplication event, one of the copies, whichever starts to diverge first,
can diverge more freely and develop a new function while the original function is conserved in the other copy. This process has been termed as neofunctionalization. One major dilemma in the process of neofunctionalization is
that the copy that diverges must be constantly protected from the reductive
pressure or genetic drift that can remove or degrade it respectively, and at the
same time it should be allowed to diverge. Thus, the diverging copy of the
gene must evolve under a fine balance of 1. negative selection for the degrading or deleterious mutations, 2. genetic drift from the original function and 3.
positive selection of innovative mutations, which is known as Ohno’s dilemma.
Another quite famous application of Ohno’s model is via subfunctionalization, where the original gene is supposed to have more than one function
and the gene duplicates diverge such that those functions are divided among
the copies [38].
Some Planctomycetes have more than one copies of Type II Secretion System (T2SS) gene cluster, and such a phenomenon has been observed in many
other bacteria as well [39, 40]. One could hypothesise that some of these duplicate gene cluster are a case of subfunctionalization wherein alternative copies are better in secretion of some specific proteins or molecules. Type IV Pili
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(T4P) is a homologous system that shares a common ancestor with the T2SS,
however T4P has been shown to functional in DNA uptake. There is a good
chance that the ancestral system to T2SS and T4P also went through initial
subfunctionalization and then eventually underwent neofunctionalization.
Such hybrid variations of the Ohno’s model have been observed in many
cases.

2.2.1 Ohno’s model extended: Duplications driven by demand
and supply
Most genes constantly evolve to increase the efficiency and precision of their
function to suite the changing external environment and internal cellular conditions. Similarly, promoters and other regulatory elements, which control the
expression of a gene, must evolve with changing conditions to be able to make
the protein available in ideal amount, at the precise time and precise location.
Thus, genes often need to adapt to a sudden change in the environment or
inner cellular dynamics. Some of these situations demand an increase in the
expression of that gene and some others can benefit from increased expression
even though it is not an ideal solution. From the supply perspective, tandem
duplication is one of the most common types of mutations and it can be effortlessly used to increase the expression of a gene by creating a copy or copies
of the required gene. Increased gene dosage, the number of repetitions of a
gene on the genome, to boost a certain cellular activity is a quite commonly
observed phenomenon. These copies of the gene are under much less negative
selection compared to the previously single gene, and thus these copies diverge more freely [37, 41]. Over several generations, many of these copies
would catch deleterious mutations and get removed from the population and
some others might get beneficial mutations to improve the efficiency of the
gene. While many of the copies are lost over time, the organism continuously
tries to optimize the gene dosage using the most efficient gene variants. This
cycle of amplification of most beneficial gene variants and loss of the other
copies continues until a single gene variant has adapted completely to changes
that drove the process in the first place. During this process of gene amplification, there is a high probability that some of the copies of the gene might
acquire beneficial mutations that would lead to new function as well [42].
In paper I & IV, we observed massive amplification of a gene that is putatively involved in transport across periplasm, in most Planctomycetes, and
some Verrucomicrobia and Lentisphaerae as well. Homologs of this so called
SBP_bac_10 gene were highly multiplied some members of the Armatimonadetes phylum as well. These members of the Armatimonadetes phylum have
also been shown to possess internal membrane structures like the PVC bacteria. These proteins use the N-terminus signal domain that is usually used by
the pilin forming proteins of T2SS and T4P. We suspect that these genes have
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amplified to compensate for transportation problems that membranes present
in these organisms.

2.2.2 Probability of innovation via gene duplication
It is reasonable to think that genes that evolve under lower negative selection
are not so conserved and can adapt to the environmental or cellular changes
faster, thus the probability for innovation via gene duplication should be less
in such genes. The probability of gene duplication is expected to be directly
proportional to the negative selection acting on the protein or the amount of
fitness benefit provided by the gene. However, the overall probability of functional innovation via gene duplication is also dependant on the prevalence of
the duplication events, which are known to be reasonably high. Moreover, selection pressure can vary over a large timescale and the same gene can use
different strategies to adapt under different conditions. Ohno’s model of duplication and divergence is thought to be the key evolutionary mechanism
since the birth of the last universal common ancestor (LUCA), since it allows
for fast expansion of the functional repertoire and can be applied to the evolution of polyploidy, to possess two or more copies of chromosomes, via whole
genome duplication [42].
Events of gene divergence without duplication cannot be denied. In paper
II we saw that Many of the Planctomycetes have either lost or modified their
peptidoglycan beyond recognition, thus inflicting a major wave of adaptive
events on many of the genes involved with the cell wall. MreB, FtsQ and
MurE proteins are involved in the cell division and cell wall biogenesis in
bacteria and evolve under high negative selection. However, genes encoding
both of these proteins were found to be diverging in some Planctomycetes
without any traces of duplication events.
The inner membrane of Planctomycetes is often detached from the outer
lipopolysaccharide (LPS) membrane and is folded into complex structures.
Thus, the cell envelope in Planctomycetes has undergone severe changes and
some of the cell apparatuses that are attached to the cell envelope seem to be
under high selective pressure to adapt to these changes. Protein transport channels BamA and Secretin that transport proteins across outer LPS membrane
have grown substantially longer in the periplasmic part of the proteins.

2.2.3 Partial gene duplications
Such duplications can often result in gene extension or domain duplication in
a protein-coding gene. It is quite feasible that the repeat domains such as
WD40, LRR, HEAT, TPR, Ankyrin and SH3 etc. often use recombination
based on direct repeats to increase or decrease their copy number in a gene
during the adaptation process.
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2.3 Horizontal gene transfers
A DNA sequence can sometimes get transferred from one organism to another via various transfer agents such as phages, viruses, transformation etc.
There is substantial amount of transferred content in most genomes. However,
when the phylogenetic algorithms were not so well developed, it was quite
hard to detect transferred genes. Some researchers even assumed “gene transfer” to be the major way of evolution. Owing to the phylogenetic tools available today, transferred genes or gene clusters are much easier to recognise.
Evolutionary history of transferred genes doesn’t coincide with evolutionary
history of the species. When a gene is transferred to a new organism it can
undergo multiple possible outcomes. In one case, the transferred gene might
not be able perform its original function and it may find itself beneficial in a
similar or sometimes different cellular activity or metabolic pathway and
thenceforth adapt to its new function. In a yet another scenario the transferred
gene might not be beneficial to organism in any way and thus undergo
pseudogenization. While gene duplications reduce the negative selection on
the gene, a transfer event can randomize the negative selection acting on the
gene depending on how it is used in its new host organism.
Horizontal gene transfers are more frequent in between closely related species compared to the transfers among distantly related species or between different domains of life [43]. Certain types of genes are more prone to transfers
than the others and this can be attributed to their adaptive or multifunctional
nature. Gene encoding metabolic enzymes, ATP binding cassette transporters,
CRISPR systems etc. are quite often found among the genes whose evolutionary history doesn’t coincide with the species history [44].

2.4 Insertions and deletions
Two out of three insertion or deletion events within a protein coding gene
result in a frameshift mutation which can result in either gene fusion or fission
that are discussed in a later section. The multiple sequence alignments of most
orthologous gene families confirm the presence of small insertion and deletion
mutation events within the genes, and the number of accumulated insertion
and deletion events tends to increase with the increase in evolutionary distance
of the aligned homologous genes. Thus, small insertion and deletion events
seem to be quite common during evolution.
Prokaryotic genomes evolve under reductive pressure; hence the deletions
events that do not cause loss of fitness proliferate fast in the population. However, most deletions that remove many genes or even a part of a gene are likely
to result in loss of fitness. Thus, only non-functional parts of the genes or genome are available to undergo deletions.
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Large insertions in a non-genic region bring in more functional genes in
exchange of higher metabolic cost for the extra genome and proteins. Thus,
large insertions only survive in a population if they are a good bargain between
functional growth and metabolic cost. Almost all the insertions within a gene
tend to inactivate the gene, except for small insertions in non-functional parts
of the gene. Thus, large insertions within the genes are quite uncommon as
they deactivate the gene.
In paper III we observed a case where two Resolvase encoding genes located on complementary strands have split the comEC gene in Gemmata obscuriglobus into three parts. Two large insertions containing phage genes separate the three parts of the gene, thus inactivating the gene. It is intriguing how
this insertion got fixed in the population.

2.5 Translocation on the genome
Genes are able to translocate on the genome using various mechanisms such
as transposition, inversion or a phage transfer within the strain etc. In some
cases, translocation can be after a duplication event, such that the original gene
copy stays at the original position. After translocation, a gene might find itself
under a new promoter and effector, thus changing its expression profile. In
case of a duplication followed by a translocation event, the gene could lose its
full effect of gene dosage and thus diverge even more freely. Thus, translocation can have a major effect on the evolution of a gene.

2.6 Innovation by fission and fusion
Genes that are implicated in the same cellular machinery or activity often tend
to co-localize on the genome, thus, it is very likely that a frameshift mutation
would eventually fuse those genes. Contextually, the fused proteins can sometimes be more efficient in their function and hence go through positive selection; for example, the murB and ddl genes of the bacterial division and cell
wall cluster have been fused in many bacteria. During gene fusion, the proteins
get concatenated at their corresponding C and N terminus along with the noncoding gap sequence between them. Gene fusion has been observed to be a
common source of novel domain architectures and is known to result in novel
functional proteins 4-5 times more often than fission [45]. Nonetheless, we
noted that the gene encoding BamA has undergone fission in some of the
Planctomycetes as part of the adaptation to the changes in cell envelope
(shown in paper II).
Fusion/fission events do not always lead to fusion of two proteins or fission
of a protein into two. Some fusion events might result in extension of either
of the termini into the non-coding region. Similarly, fission might result in
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retraction of either of the termini of the protein. Such fission/fusion events
result in the extension or retraction of the disordered regions at N and C terminus of the proteins. However, the N-terminus of proteins often consist of a
conserved transport signal; thus, the extension and retraction events are more
common in the C-terminal of proteins.

2.7 Innovation of multi domain proteins
2.7.0 Domain rearrangement or shuffling
A majority of the proteins the living organisms consist of a single globular
structure with flanking disordered segments. Very few proteins in each organism contain more than one structured segment that are separated by disordered
segments. Such proteins are referred to as multi-domain proteins. Multi-domain proteins are usually formed via fusion or domain duplication events as
described in above sections. However, often multi-domain proteins have been
found to undergo many different domain rearrangements via a mixture of
variable number of fusion, fission, domain duplication, gene duplication, domain divergence, gene divergence, insertion, deletion and trans-localization
events. Furthermore, it has been noted often that the history of the events leading to such domain rearrangements in the gene cannot be easily traced implying that these events happen over a very short period of time. When novel
multi-domain proteins are compared among distantly related species they appear to be randomly shuffled, thus, domain rearrangements are often referred
to as domain shuffling. The mutation events leading to domain rearrangements are usually traceable by increasing the resolution in terms of closely
related organisms. However, in most cases such resolution is not easy to
achieve. Some studies have found that the domains at the protein termini are
more volatile during the domain shuffling process [46]. They also showed a
rough comparison of various events during domain shuffling.
Domain shuffling is a commonly observed phenomenon in both prokaryotes and eukaryotes, however, numerous questions about the process are still
unanswered and a working evolutionary model is still missing. During the domain shuffling process, each rearrangement of the domains in a protein must
maintain a minimal fitness benefit to avoid deletion or degradation. In an ideal
case, protein/proteins with a novel domain arrangement must be able to replace the function/functions of the ancestral protein/proteins. However, it is
expected that the function of a protein goes through significantly greater
change during the domain shuffling process as compared to divergence via
base substitutions. In some cases, the fusion of two proteins is easily feasible
when they participate in the same cellular activity or pathway and they are
able perform their individual functions properly even while being fused. Furthermore, the individual domains might need to adapt their function and
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structure in a new context. Thus, the choice of domain combination and domain order is rather limited for the protein during evolution via domain shuffling process. It has been shown that the sequential order in which the domains
combine is quite conserved [47].

2.7.1 Rate of evolution by domain shuffling
It has been noted that genes diverge at a much faster rate during the domain
shuffling process as compared to innovation via gene duplication and base
substitutions [48]. Moreover, it is pretty clear from the available data that domain shuffling is a rapid process and a high resolution of closely related species is required to be able to trace the evolutionary history of individual events
during domain shuffling. However, such resolution is not always available.
We have described three examples of domain shuffling with domain architectures that are unique to Gemmata-like organisms. Even with quite reasonable
number of close relatives, the events leading to different domain arrangements
seem to be clearly traceable in only two of the three domain architectures, as
described in paper I.
Type II secretion (T2SS) and Type IV pili (T4P) apparatus are very common in bacteria and can sometimes consist of 2-3 paralogous copies. In one
of the examples of domain shuffling, we observed that parts of the T2SS and
T4P channel protein, Secretin, have fused with extra cytoplasmic function
(ECF) sigma factor proteins in many different domain arrangements and history of most of these genes could be traced. In another example to domain
shuffling, we saw WD40 repeat domains were fused into the C-terminus of
the ECF sigma factor proteins and had gone through domain duplications and
fusion with some other domains. The evolutionary history of the domain shuffling process could not be traced in this case. In addition, it was observed a
case where domains that are usually involved in replication were undergoing
the domain shuffling process.
The number of multi domain proteins has consistently increased from the
last common ancestor of Gemmataceae to the Gemmata family, hence, a large
number of domain shuffling events are expected to have occurred in those
ancestors. However, such high numbers of multi-domains proteins were observed in some other bacteria as well. Overall, we saw that the phenomenon
of domain shuffling is source of novel domain architectures in three different
types of proteins, hence, it could be one of the preferred models of evolution
for multi-domain proteins (shown in paper I).
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Figure 3. Multidomain proteins in complex bacteria. Using all the proteins with assigned domains in Pfam database 29.0, (A) the total number of proteins with 4 or
more Pfam domains are plot against the average protein length per organism, (B) the
ratio of proteins with 4 or more Pfam domains are plot against the total CDS, and
(C) total number of proteins with 4 or more domains are plot against the Total CDS.
Each dot represents an organism. Figure 3B has been discussed on paper I.
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Fusion was much more commonly observed than fission in the above examples of shuffling process. The sequential order of the domains was found
to be conserved in various rearranged homologs of the multi-domain proteins.
Intriguingly, the sequential order of the co-localized genes, which had not undergone fusion yet, was found to be conserved and it coincides with the preferred sequential order of the structural domains within these genes.

2.7.2 Abundance of multi-domain proteins correlates to genome
size
Eukaryotic genomes carry much more multi-domain proteins than prokaryotes
and the phenomenon of domain shuffling has been observed quite often and
in many different kinds of proteins in eukaryotes [24, 49]. The number of
multi-domain proteins in an organism is directly proportion to the size of total
coding sequence, which is the cumulative length of all proteins in its proteome. Thus, organisms with smaller total coding sequence can be expected to
have less multi domain proteins and visa-versa. However, the variation in
number of multi-domain proteins is larger in organisms with larger genomes.
Thus, eukaryotes tend have a much higher variation in the number of multidomain proteins due to variation in their genome sizes. In many eukaryotes,
multi-domain proteins represent a much higher fraction of the total coding
sequence. Multi-domain proteins have been said to be crucial in the evolution
of the complex organisms.
As stated in the previous studies just like disordered proteins, multi-domains proteins are quite often involved in cell signalling that is much more
complex in eukaryotes [24, 49, 50]. Indeed, proteins involved in signal transduction were often found to consist of multiple domains and some of them
were going through the domain shuffling process (shown in paper I).

2.7.3 Defining a phylogenetic model for domain shuffling
Conserved genes evolve under high negative selection and mainly by base
substitution mutations, thus these genes can be studied systematically and
their evolutionary history can be traced very far back in time. Thus, conserved
orthologous genes have been studied quite thoroughly and their functional and
interaction activities are quite well established.
Resolving evolutionary history of novel domain arrangements is a much
more complicated process, and thus new evolutionary models and methods
need to be described for the domain shuffling process. Some efforts have been
made to study domain rearrangements in a systematic manner, and to describe
a systematic behaviour or flow of such events, however, we are far from a
working evolutionary model that can be used to trace the history of such

37

events [50-52]. Some of the major problems that need to be addressed are described here.
First of all, defining the domain arrangements in various homologs is
highly dependent on the methods used to detect the domains. A major improvement in the domain detection methods is required so that they are able
to detect the slightly diverged as well as the substantially diverged domains.
Furthermore, estimations of divergence rates of each domain in each protein
is required. Such estimations can be achieved via comparison to the same domain in other homologs.
Secondly, the architecture of the protein might change drastically after each
domain rearrangements event. Thus, the proteins that have evolved from a
common ancestor via domain rearrangement are hard to detect by automated
tools. Some studies have applied custom approaches to detect homologs resulting from a domain shuffling process, however, a standard tool to detect
such homologs is still missing [53].
Last but not least, to create an evolutionary model for domain shuffling we
would need to estimate rates of each type of mutational events and rate of
occurrence of common domain combinations among the known cases of domain shuffling. It is needless to say, to put all these rates together with the
divergence rates of the individual domains and build a unified model for domain shuffling is quite a challenge.

2.8 Evolution of protein interaction networks (PIN)
Proteins that interact with other proteins, nucleotides and lipids are responsible for important cellular processes broadly characterised under signalling,
regulation and metabolism. The interaction affinity of a protein varies depending on their binding strength and duration of binding. When a protein interacts
with another protein that interacts with more proteins and so on, they are said
to be part of a common protein interaction network. Most proteins with one or
more interaction partners are usually part of a bigger interaction network. Proteins that have many interaction partners are referred to as hub proteins. Thus,
the evolution of a protein interaction network and the proteins involved that
interaction network is dependent on multiple elements. Any change in one
protein’s activity could affect the activity of its interaction partners and so on.
Hence, one of the ways of evolution of an interaction network is to just tweak
its interactions and it is also considered one of the most common ways. For
example, a protein may tweak its interaction by varying the binding affinity
with its interaction partners. However, functional innovation is also quite common among the protein involved with protein interaction networks.
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2.8.0 Metabolic enzymes
Enzymes evolve under a very broad range of negative selection. Some enzymes are involved in core cellular processes and are very critical for the survival of the organism, such as biosynthesis of lipids, nucleotides, most amino
acids. Many of these core metabolic pathways exist in all three domains of life
and are deemed to be have been present in the last universal common ancestor
(LUCA).
However, there are other enzymes that provide added functionality and advantage to the organism in their current environment. Many genes encoding
the methanogenic metabolic enzymes have been found to be transferred between Archaea and Bacteria, which can be attributed to the ability of metabolic enzymes to perform a uniform function irrespective of the cellular context [54]. Enzymes, known as broad-specificity enzymes, are able to catalyse
a similar reaction for multiple different substrates. Some other enzymes,
known as promiscuous enzymes, are able to perform enzymatic activities
other than its main activity for which the enzyme evolved. However, the main
activity of promiscuous enzymes evolves under negative selection and their
side activities usually evolve under neutral selection. Due to multiple factors
such as easy adaptability to new cellular context, broad specificity and promiscuity; horizontal transfer followed by adaption of metabolic genes in the new
host has been observed to be one of the key modes of evolution among metabolic genes [55].

2.8.1 Signalling and regulation
Regulatory genes have been found to evolve under low negative selection and
are rarely conserved across distant lineages [56]. Novel signalling and regulatory proteins must evolve using the various modes of functional innovation as
described earlier in the chapter. Studies state that about 45% of the regulatory
networks in E. coli and yeast evolve by duplication [57]. Among the rest of
protein interactions, domain shuffling is one of the key modes of functional
innovation. Domain shuffling of DNA-binding domains with various sensors
and signalling domains has been frequently observed.
Increase in the functional repertoire of the organism requires expansion of
regulation and signalling networks. As the regulation and signalling networks
become more complex they expand faster than the functional repertoire of the
organism [26]. Thus, proteins involved in signalling and regulation are highly
abundant in more complex organisms.
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2.9 Estimations regarding evolution of protein domains
The biological diversity on earth is enormous. Earth is supposed to consist of
at least 13.6 million species that can be further multiplied by number of subspecies, strains and their abundance [58]. One can say that the number of living organisms on earth are countless. It has been estimated that there are at the
very least 1010 unique proteins in all domains of life [58]. However, many of
the proteins that have different sequence and/or function share the same structural folds. Overall 1200 unique structural folds have been described in the
SCOP database released in February 2009 and even with the exponential increase in the sequenced genomes the number has not gone up as drastically as
expected [5]. Thus, the number of unique structural folds in the proteins are
expected to be in the order of 103 [58].
It is quite a hard task to estimate of the abundance of living organisms on
our planet as one adult human being alone is estimated to contain roughly 1014
microbes in the gut microbiota [59]. The abundance of prokaryotic microbial
cells on our planet has been roughly estimated to be above 1030 with a turnover
rate of 1029 cells per year [60]. Another three digits can be added to the above
number to roughly estimate the number of proteins in all prokaryotes and number of proteins that are part of the gene birth pool in these organisms. Based
on such numbers, one would expect a high rate of de-novo origin of folds,
however, most of the folds are said to have emerged before the last universal
common ancestor (LUCA) [58]. Hence, the number of folds that have evolved
de-novo after the LUCA is rather low. Recent phylostatigraphy studies have
shown that the de-novo evolution of novel genes is high but most of these
genes are subsequently lost over time [30]. Similarly, it could be possible that
most of the newer folds are eventually lost and only very few survive the wrath
of evolutionary forces over longer evolutionary periods. Thus, the evolutionary forces, which are responsible for retaining beneficial genes and eliminating what is not beneficial for survival, very rarely allow a novel protein to
become fixed over a long period of time.
The number of conserved folds that have evolved via convergent evolution
is even lower and has been estimated between 0.4 – 4 % [61]. However, it
cannot be ignored that many simple domains such as various different ß-sheet
repeat domains (WD40, PQQ etc.) are quite hard to differentiate via amino
acid conservation models. It is likely that many of these domains have evolved
more than once independently or through each other.

2.10 Promiscuous folds/domains
Structural folds follow the power law, which means that some folds are quite
generic and multifunctional while most of the folds perform specific functions
and are found only in a few related protein families [62]. The property of
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having multiple functions or a generic function is referred to as promiscuity,
and such structural folds are referred to as promiscuous folds/domains. Some
structural folds are very generic and are found in many different proteins that
perform different functions in a wide variety of organisms within the different
domains of life. The function of such domains is also generic, such that they
can perform the same function in multiple different protein contexts. In some
cases, it has been observed that a domain can diverge and adapt a novel function, thus further expanding its horizons for promiscuity [47]. Promiscuous
folds present a major reservoir for evolution of multi-domain proteins and for
the evolution of lineage-specific signalling networks [56]. Promiscuous folds
such as SH3, PH, PDZ and WD40 that contribute in a wide variety of cellular
activities and are part of wide variety of multi-domain proteins are adopted
more often during the evolution via domain shuffling [46, 56, 63].
The bacterial sigma factors and eukaryotic Serine/Threonine/Tyrosine Kinases are mostly multi-domain proteins that are found in many different domain combinations along with other promiscuous domains [56, 63]. Interestingly, the number of ECF sigma factors and the Serine/Threonine/Tyrosine
Kinases are substantially high in Gemmataceae. Additionally, Gemmataceae
have a large number of proteins with PQQ (ß-propeller) and WD40 (ß-transducin) domains, which are involved in protein-protein interactions, and LRR
(α-ß horse shoe fold), which is known to be involved in interaction with proteins, nucleotides and lipids. As shown in paper I, the number of proteins in
Gemmataceae with each of these domains was among the highest in prokaryotes.
We conclude that the signalling and interaction networks in Gemmataceae
have indeed expanded quite significantly as compared to most other bacteria.
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Chapter 3. Comparative genomics of
Planctomycetes

3.0 A brief history of Planctomycetes
3.0.0 Discovery of Planctomycetes
The first species from the Planctomycetes phylum was observed and photographed by Nándor Gimesi in 1924 from a sample of Lake Lagyamanyos, Budapest. Due to its resemblance to planktonic fungi Nándor named the genus
as Planctomyces, meaning ’floating fungus’, and the species as bekefii. Much
later in 1973, Pirellula staleyi became the first species of the Planctomycetes
phylum to be isolated in pure culture [64]. In 1974, a thorough morphological
study was done using the available species of the Planctomyces genus. This
study systematically describes the morphological features such as stalk and
multicellular rosettes of these bacteria [65, 66]. The distinctive internal morphology of Planctomyces, their relatively large cell size and tendency to form
rosettes, enabled the discovery of many new species that would later form the
Planctomycetes phylum.
Eventually, Gemmata obscuriglobus was isolated and cultivated in 1984
and Isosphaera pallida was isolated in 1987 [67, 68]. Pirellula staleyi, Planctomyces bekefii, Gemmata obscuriglobus and Isosphaera pallida are the currently known major representative species that comprise of the order Planctomycetales. Planctomycetales together with Candidatus Brocadiales (Anammox bacteria) and Phycisphaeraceae comprise of the Planctomycetes phylum.
The order Candidatus Brocadiales consists of a single taxonomical family
known as Candidatus Brocadiaceae and they from the most deeply branched
clade among the known Planctomycetes [69, 70].

3.0.1 The PVC superphylum
It has been shown by multiple studies that phylum Planctomycetes shares a
common ancestor with the Verrucomicrobia, Lentisphaerae and Chlamydia
phyla and they are together known as the PVC superphylum [71, 72]. All PVC
bacteria share some very unique and interesting characteristics. The cell wall
has been found to be highly shrunk or lost in most PVC bacteria, furthermore
the cell division systems in PVC bacteria are also quite different from most
bacteria and vary a lot even among different taxa within PVC [72, 73]. The
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inner membrane in the PVC bacteria has been observed to be disconnect from
the outer membrane at several places and vesicle like structures has been observed in the enlarged periplasmic regions [74, 75]. The earlier reports had
claimed these features to be cellular compartments, however the exact structure of the inner membrane in PVC bacteria is still in debate[14].
The PVC superphylum is closely related to the phylum Omnitrophica,
which largely consists of magnetotactic bacteria. O. terrae, P. mikurensis, T.
immobilis and Gemmataceae sp. CJuql4 were found to have the actin homolog
MamK, which is required by the magnetotactic bacteria to align the magnetosome. Furthermore, some members of the Verrucomicrobia phylum have
been shown to perform methane oxidation [76].

3.0.2 The anammoxosome
Bacteria from the Candidatus Brocadiaceae family are known to be able to
oxidise ammonia to dinitrogen gas, hence they are also known as the Annamox bacteria. The existence of ammonia oxidising organisms and their importance in the nitrogen cycle was predicted long back in the history, however,
the first anammox bacteria were discovered much recently in 1995 and classified alongside the Planctomycetes [77]. Thus, anammox bacteria are quite
widely studied due to their important role in the nitrogen cycle and its effect
on ecology [78]. The enzymatic pathway for oxidizing ammonia uses specialized ladderane lipids, hopanoids and a special organelle known as the anammoxosome. Anammoxosome is an enclosed compartment used by annamox
bacteria to perform the oxidative process. Electron microscopy images show
that anammoxosome occupies most of the space inside an anammox bacterium
while all the cellular mass can be found at the periphery of the cell [79]. Such
an organelle is quite unique to bacterial domain of life and it has often been
compared to the eukaryotic organelles such as hydrogenosome and mitochondria.

3.0.3 The Gemmataceae
Gemmataceae have been studied with keen interest due a very complex inner
cell membrane/membranes that appear to fold and fuse into multiple compartments. However, the exact structure and function of these membranes is still
unknown, and in special cases such membrane have been shown to form in
other bacteria [80]. Most of the studies on Gemmataceae are based on Gemmata obscuriglobus, which has long been the only isolated, cultured and sequenced representative of the Gemmataceae family. G. obscuriglobus has
been shown to engulf quite large molecules such as the green fluorescence
protein and dextran into the periplasm, analogous to the endocytosis in eukaryotes [81]. Similar uptake of large molecules has been shown in Planctopirus
limnophila as well [80]. The process of transcription and the translation in G.
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obscuriglobus are spatially segregated within the cell [27]. Such spatial segregation substantiates the hypothesis of increased functional organization and
overall complexity, enforced via expansion of signalling, protein interaction
networks, in these bacteria. However, there is lack of studies that could validate the presence above phenomena throughout the Planctomycetes phylum
or within selective taxa.
Many new members to the Gemmataceae family have been isolated and
sequenced in the past 5 years. Gemmataceae being the highlight of our studies
we have sequenced and annotated 2 new genera of the Gemmataceae family,
each consisting of a single species, and one new species of the Gemmata genus.

3.1 Multicellular rosette formation
3.1.0 Multicellularity in bacteria
Bacteria and Archaea are considered to be the simplest living organisms because of their tiny size and little or no functional organization. This study
sheds light on the cellular and genomic complexity among the bacteria, as well
as largely expanded regulatory networks substantiating that not all bacteria are
simple. Multicellularity is thought to be one of the major innovations during
evolution that expanded the scale of functional organization to a multicellular/organismal level and simultaneously increased the selective fitness of the
compound organism many folds. Multicellularity is thought to have emerged
multiple times convergently and various individual taxa of bacteria are known
exhibit diverse multicellular behaviour during a part of their lifespan or under
specific conditions [82, 83].
Biofilm formation is ubiquitous in bacteria and can be referred to as the
most basic kind multicellular structure that is found among bacteria. Cell-tocell signals are said to play a key role in development of a bacterial biofilm,
which consists of bacteria that exhibit social behaviour leading to enhanced
virulence [84]. Filamentation of physically connected bacteria is a slightly
more complex multicellular phenomenon that has been observed among several taxa including several Cyanobacteria, Actinobacteria, some Desulfobulbaceae, Lachnospiraceae, Chloroflexus, Beggiatoa, Thioploca and Entotheonella [85]. However, the detailed structure and behaviour of the multicellular
filaments vary in-between different taxa. Cyanobacteria of the Oscillatoriales
order have been observed to form oscillating spiral filaments, which are used
by these bacteria to search for light together [86]. Furthermore, cell specialization and morphologically identifiable cell types have been observed in some
filamentous bacteria of the phylum Cyanobacteria [86, 87].
Another completely different multicellular structure is a spore, which is
formed by Myxococcales bacteria as a response to starvation [88]. During
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spore formation, cell specialization and division of labour among cells has
been observed in these bacteria [89]. Another variation of the sporulation process has been reported in a bacterial species known as Ktedobacter racemifer
[90]
Finally, the most complex multicellular structures among bacteria are
formed by the magnetotactic bacteria, which have been found to exist in multicellular state throughout their lifecycle [91]. Magnetotactic bacteria belong
to the Desulfobacteraceae family, which belongs to the same taxonomical order as the filament forming bacteria of the Desulfobulbaceae family, called
Desulfobacterales [92].

3.1.1 Multicellularity in Planctomycetes
Many organisms from the Planctomycetes phylum are known to form a rosette
like multicellular structure which consists of cells fastened at a point using
long stalk like organelle [62, 63]. Zavarzinella formosa, which belongs to the
Gemmataceae family, also forms rosettes similar to the ones that have been
observed in various other Planctomycetes (Front cover) [93]. However, it is
not very clear what environmental stimulus triggers the multicellular behaviour in these cells and what is the function of a rosette [94, 95].

3.2 Competence
The ability to import foreign DNA into the cell for either digestion or recombination is known as Competence. As described in paper III, almost all
Planctomycetes contain a comprehensive set of genes required for competence
in bacteria, except G. obscuriglobus. The gene encoding competence protein
ComEC has been disrupted in G. obscuriglobus. T. immobilis, which is one of
the earliest diverging species of Gemmataceae, is able to uptake DNA without
external stimuli. Thus, being naturally competent, T. immobilis, presents an
ideal organism for transformation/transfection. Recently, a method for transfecting T. immobilis was developed and tested by my co-supervisor, Benjamin
Yee. This is one of the easiest and most effective methods for genome editing
among the Planctomycetes.

3.3 Radiation tolerance
3.3.0 Radiation tolerance in prokaryotes
Exposure to high frequency radiations like ultra-violet rays, x-rays and gamma
rays causes double stranded breaks in the DNA and severe oxidative damage
to the proteins and associated compounds. While most prokaryotes are quite
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sensitive to such high frequency radiations, some rare ones have adapted
themselves to survive quite large amounts of ionizing radiations (IR). Among
bacteria, Deinococcus spp. And Rubrobacter spp., are known to be the most
IR tolerant and are able to survive IR greater that 10 kilogray [96, 97].
Almost all organisms are able to repair DNA damage, however, double
stranded break repair often produces some errors and as the amount of radiations increase these repair pathways become inefficient. Thus, bacteria that
can survive large amounts of IR are thought to have highly efficient DNA
repair pathways, specially the double stranded break repair pathways [98, 99].
Many studies have tried to search for the DNA repair mechanism that enables
bacteria to survive from exposure to IR, however, the mechanism doesn’t
seem to be straight forward and is expected to vary among different bacteria.
An extensive number of gene-knock-out experiments on the Deinococcus spp.
have shown that DdrA, a double stranded break repair protein, has maximum
effect on the IR tolerance of these bacteria [99]. However, DdrA-knockout
mutants of the Deinococcus spp. still retain 50% of the IR tolerance as the
wild type.
Simultaneously, quite a lot of research has shown that oxidative stress tolerance and efficiency of proteome repair apparatus also play an equally crucial
role in the cell survival after the exposure to IR [96]. In addition, multiple
other factors also contribute towards IR tolerance; such as the capacity to
avoid protein oxidation, maintain a good Fe/Mn ratio and efficient repair of
Fe-S clusters and active removal of toxic compounds like Hydrogen peroxide
and O2 [100-104]. Furthermore, it cannot be denied that the regulation of all
the above pathways during stress conditions can affect the efficiency and accuracy of the pathways [105].
Some studies have suggested a major role of condensed chromatin [105],
thick cell wall, Carotenoids [106] and polyploidy in boosting the IR tolerance
[107]. However, studies that validate the role of these factors in IR tolerance
are missing.

3.3.1 Radiation tolerance in Planctomycetes
G. obscuriglobus is the sole organism among Planctomycetes in which the IR
tolerance has been described. In G. obscuriglobus, 61.4% cells have been
shown to survive 1000 Gy ionizing radiations (IR) in a 10 days old culture
[107]. Lieber A. at al., 2008 have proposed NHEJ pathway as the main double
stranded break repair mechanism using RecA and ATP-dependant DNA ligases. However, they could not find Ku-like proteins that are usually involved
in the NHEJ pathway. They also proposed condensed chromatin as a major
reason for elevated IR tolerance in G. obscuriglobus.
As shown in paper III, the gene encoding DdrA protein in the Deinococcus
sp. is also present in a few other extremophilic bacteria including some Planctomycetes. The gene seems to have been transferred between Deinococcus46

Thermus ancestor and the common ancestor of Isosphaeraceae and Gemmataceae. We observed enhanced IR tolerance among all four Gemmataceae
strains available to us, including T. immobilis. Given the availability of the
genetic system for T. immobilis we decided to perform a few gene knockout
experiments to test the role various proteins, specially DdrA, in IR tolerance.
In a gene-knock-out experiment we found that the DdrA-mutant strain of T.
immobilis showed only 50% radio-tolerance as compared to the wild type.
This result was highly consistent with the analogous study on Deinococcus
spp. It is highly likely that all Isosphaera and Gemmataceae that contain the
gene encoding DdrA show enhanced IR-tolerance.
All organisms in the Gemmataceae family have a comprehensive set of
Recombination and Repair genes. The genes for the Base excision repair, Mismatch repair, Nucleotide excision repair and homologous recombination were
found to be conserved in all the Gemmataceae. However, the genes encoding
RecBC, which are usually involved in double stranded beak repair, are missing in Gemmataceae bacteria, furthermore, T. immobilis is also missing the
genes encoding RecOR.
Both, Isosphaeraceae and Gemmataceae have a good repertoire of genes
for oxidative stress tolerance and proteome repair. Some of these genes seem
to have been transferred from the other IR tolerant species (e.g. DeinococcusThermus and Rubrobacter), however we did not see any genes that were conserved among Planctomycetes or sub-taxa. The SufBCD genes, that are responsible for the assembly and repair of proteins with [Fe-S]x clusters during
oxidative stress [108] have been lost in the most recent ancestor of Gemmataceae. All in all, Planctomycetes seem to have a somewhat diverse set of
proteome repair and oxidative stress resistance genes due to which might affect their capacity survive IR.

3.4 Current debate on complex membranes
The inner cell membrane of bacteria of the Planctomycetes phylum are a bit
more complex as compared to the other PVC bacteria. Bacteria from the Gemmataceae family of the Planctomycetes phylum are known to have the most
complex inner membrane (front cover). Some earlier studies have even
claimed that Gemmataceae cells are compartmentalized [14]. Some later studies produced high resolution 3D images of these cells, however, they were not
able to identify any enclosed compartments [109]. Nonetheless, the inner
membranes of Gemmataceae bacteria have been observed to fuse, detach and
fold in various shapes. Hence, we suspect that many novel membrane coat
proteins might have emerged in these bacteria. As shown in paper I, many
proteins with alpha helical repeat domains, such as ‘TPR’ and ‘HEAT’, were
found among the orthologous protein families that are unique to Gemmataceae
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and conserved in all of them. Some of these proteins might be implicated in
the membrane manipulation function.
Gemmataceae have been shown to harbour tubulovesicular networks in one
of the recent studies (front cover) [110]. Tubulovesicular networks such as the
Golgi apparatus perform protein sorting and recycling in eukaryotes, however
their function in Gemmataceae has not been identified. Furthermore, the presence/absence of such networks is yet to be confirmed in the other members of
the Planctomycetes phylum. Another interesting yet unexplained feature of
Planctomycetes are the crateriform structures on outer surface of these bacteria. Two different kind of crateriforms have been observed, wherein the
smaller crateriforms have been mostly found near the reproductive pole, while
the larger crateriforms are spread more randomly [80].

3.5 Cell envelope and division cycle
3.5.0 Cell wall of gram -ive bacteria
The cell envelope of gram -ive bacteria consists of an outer lipopolysaccharide
(LPS) layer, a cell wall and an inner cell membrane. The cell wall lies in the
periplasm, which is the area between outer LPS layer and inner cell membrane. The bacterial cell wall is made of peptidoglycan (PG), which is a multilayered mesh-like framework made up of repeated units of disaccharide-peptide glycan strands. The PG shell gives a rigid structure to the cell and maintains the osmotic/turgor pressure inside the cell.
The biosynthesis of PG initiates inside the cytoplasm, where enzymes
called MurABCDEF and Ddl synthesise the Lipid II precursor. The Lipid II
precursor is then attached to the membrane and then proteins MraY and MurG
perform the subsequent steps of Lipid II synthesis. The Lipid II is then flipped
over into the periplasm by FtsW, where it goes through the final steps of PG
synthesis. Penicillin-binding proteins (PBPs) perform the steps of transglycosylation and transpeptidation [111], and subsequently, LD-Transpeptidases
form the LD-cross linkages. LD-Transpeptidases are also responsible for
binding the peptidoglycan to other D-amino acids and LPPs, which link the
cell wall to the outer membrane [112, 113].

3.5.1 The division and cell wall (dcw) gene cluster
The genes responsible for biosynthesis of peptidoglycan (PG) cell wall synthesis are conserved throughout the bacteria and are mostly located on a genomic loci called the dcw gene cluster. [114]. Genes encoding MurA and LDTranspeptidases and PBP proteins, except for FtsI, are not part of the dcw
cluster. Cell division genes FtsQ, FtsL, FtsA and FtsZ are also part of the dcw
cluster. Gene encoding FtsB is often located outside the dcw gene cluster. The
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dcw gene cluster also encodes proteins MraZ, and MraW which do not directly
participate in the cell wall biogenesis or cell division.

3.5.2 Cell division in gram -ive bacteria
The cells must maintain homeostasis, a state of internal conditions required
for normal function of the cell, during the reproductive cycle. Thus, the cell
envelope and cytoplasm must replenish itself in the daughter cells such that
both of them are identical to their parent. The daughter cells must also replenish the proteins in the cytoplasm, as well as membranes, to their original concentrations as in the parent. Thus, biosynthesis of outer (LPS), biosynthesis of
inner membrane, transport of membrane proteins and PG biosynthesis are
tightly bound to the cell division process. This study is focussed on physical
division of the cell into daughter cells, which involves cell elongation, septum
formation and cytokinesis.
MreB is a bacterial actin filament that circles the inner surface of the inner
cell membrane and plays a very important role in maintaining the cell shape
and cell elongation [115]. At the beginning of elongation phase, MreB complex (includes MreBCD and RodA) is connected to the PG synthesis apparatus
via RodZ. Once connected MreB complex drives the rotation of PG synthesis
apparatus around the cell resulting in cell elongation. [116]. Genes encoding
MreBCD and RodA are usually found together in a single gene cluster in bacteria, referred to as MreB gene cluster in this thesis.
FtsZ is a bacterial tubulin that circles the inner surface of the inner cell
membrane like MreB and plays a very important role in septum formation and
cytokinesis. During the pre-septal phase, the MreB complex is replaced by the
FtsZA and FtsQLB complexes. The FtsQLB and FtsZA complexes drive the
rotation of PG synthesis apparatus around the septum and synthesize the septal
PG. Proteins FtsN, FtsK and FtsEX are said to be involved in activation of
FtsZA complex, DNA transport and membrane stabilisation, respectively,
during the cell division process [112].
The final septation or cytokinesis involves the PG hydrolysis at the division
septum that is done by amidases such as AmiABC [117].

49

50

 
 




 
 



 







%*



6

"

  
0


 


"



75 

" 



  

# 5 

# 5 

4 55 
5

 
 


  
 4

  

-







 

  

 



 







 

  











   










121(2
131#14-

0 .%')

  

 ! " #$%

& %''



 .%*

 + ,%'

!-.%'*/

%*

 

$

 ( %')

Figure 4. A schematic showing the divergence, and eventual loss, of genes implicated in division and peptidoglycan biosynthesis in an evolutionary context. Co-evolution of novel cell division mechanisms and the complexity of inner membrane
structures is also shown. Ultrastructure of the model organism from each taxon is
shown beside the taxon name[69, 75, 79, 118-124].

3.5.3 Exceptions to bacterial cell division and PG cell wall
Mollicutes, which are members of the bacterial phylum Tenericutes are known
to lack the PG cell wall. The dcw gene cluster in most Mollicutes includes
only mraZ, mraW, ftsZ and one gene encoding a hypothetical protein [125].
Some Mollicutes like Ureaplasma urealyticum lack the gene for FtsZ as well.
The loss of FtsZ in E. coli is known to stall the cell division process. Only a
few exceptional bacteria are able to undergo cell division without FtsZ. Such
as, the FtsZ null mutant of Mycoplasma genitalium has been shown to manage
feasible cell divisions [125] and FtsZ-independent proliferation has also been
artificially shown in FtsZ null mutants of Streptomyces venezuelae and Streptomyces coelicolor, which are able to divide by means of branching [126].
However, the FtsZ null mutants of these bacteria are not able to divide as easily and undergo an abnormal and inefficient division.
The bacterial tubulin protein FtsZ is also missing in all members of the
phylum Chlamydia and Planctomycetes. However, it has been shown that
even without FtsZ, Candidatus Brocadiales and Phycisphaeraceae of the
Planctomycetes phylum divide by binary fission like process, while Chlamydia divide by a polarized binary fission process [69, 127, 128]. FtsZ is quite
conserved in bacteria and evolves under quite high negative selection. The
loss of FtsZ in the ancestors of Ureaplasma, Chlamydia and Planctomycetes
shows that those ancestors had lost the negative selection pressure on the gene
for FtsZ. Given the difference in genomic, environmental and cellular aspects
of each of the three taxa, the reason behind the loss of negative selection pressure on gene for FtsZ is expected to be different in each of them.
The PVC bacteria are known for complex inner cell membrane, which is
often disconnected from the outer cell membrane at some places inside the
cell. The PG synthesis apparatus, MreB complex and FtsZA-FtsQLB complexes, are either bound to, or function from inside the inner cell membrane.
Thus, as shown in paper II, a complex or detached inner membrane could
cause a major hinderance in PG synthesis or rotation of FtsZ and MreB.
Hence, we suspect that the ancestors of Chlamydia and Planctomycetes had
evolved to be less dependent on FtsZ for septal PG synthesis, which lead to
the eventual loss of FtsZ in these bacteria.
On the other hand, the genes encoding MreB complex and the PG synthesis
apparatus seem to be well conserved in Chlamydia and are able to perform
their functions irrespective of the complex inner membrane. In fact, MreB, is
said to supplant the function of FtsZ in Chlamydia and drive rotation of PG
51

synthesis apparatus during septal PG synthesis [129]. The phylogenetic evidence showed that MreB is more conserved in Chlamydia compared to the
sister phyla. Additionally, MreB was found to be highly conserved in Candidatus Brocadiaceae and Phycisphaeraceae bacteria of the Planctomycetes
phylum suggesting that it might be compensating for the loss of FtsZ in these
bacteria as well.

3.5.4 Budding cell division in Planctomycetales and missing
genes for PG biosynthesis
The members of the Planctomycetales order of the Planctomycetes phylum
divide by budding which is a unique trait among bacteria [118]. The common
ancestor of Planctomycetes is suspected to have managed an improvised binary fission even after loss of FtsZ, and thus, it was able to maintain its fitness.
Eventually, bacteria from Candidatus Brocadiaceae and Phycisphaeraceae
family have undergone further adaptations to the improvised binary fission
process, while bacteria from Planctomycetales order have evolved a novel
budding based cell division process.
Budding cell division is physically quite different from binary fission and
is expected to cause drastic changes to reproductive process. However, budding is similar to polarized cell division in the sense that the daughter cell
receives newly synthesised cell membranes, cell wall, lipopolysaccharide
(LPS) layer and membrane proteins. As shown in G. obscuriglobus, the budding process also requires additional cell machinery, such as the apparatus to
create a tiny constriction from where the daughter cell will bud (front cover)
[118]. The genetics underlying the budding cell division and proteins involved
in the constriction at the budding site are still unknown. Interestingly, budding
does not seem to involve cell elongation or septum formation steps.
As described in paper II, budding cell division seems to involve a slightly
different division machinery and it is less dependent on the genes involved in
cell elongation, septal PG synthesis and hydrolysis. Hence, the high negative
selection pressure that usually drives the evolution of the genes involved in
PG biosynthesis and cell division is expected to have diminished in the budding bacteria of Planctomycetales order. It is quite likely that the loss of negative selection lead to the divergence and eventual loss of many PG synthesis
genes in most of the budding Planctomycetes. Phylogenetic evidence showed
that some of the remaining genes were evolving/adapting under low negative
selection, such as MurE (in clade represented by R. baltica), MreB (in clade
represented by P. limnophila), and FtsQ (in Gemmataceae). Thus, the cell wall
of most budding Planctomycetes has either been lost or diverged considerably
from the PG.
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3.5.5 Loss of PG and the evolution of inner membrane
complexity
As shown in paper II, after the evolution of budding cell division in the ancestor of Planctomycetales, most daughter taxa have lost the genes involved
with PG synthesis and assembly. At the same time, the complexity inner membrane seems to have amplified in these PG lacking bacteria of Planctomycetales phylum. Furthermore, we observed substantial structural changes in
some of the highly conserved membrane channel proteins. Such adaptations
in the membrane channels are expected to be the result of evolving cell envelop in these bacteria.
Among Planctomycetales, only bacteria from the taxa represented by P.
limnophila seem to possess all the genes from dcw gene cluster, as well as
MreB gene cluster. However, the gene encoding MreB in these bacteria was
found to be much less conserved as compared to other bacteria suggesting a
reduced negative selection. MreB must be going through major adaptive
changes due to increased complexity of the inner membrane in the bacteria of
the P. limnophila clade.
The dcw gene cluster in rest of the bacteria of Planctomycetales order consist barely of murB, ftsQ and sometimes murE. The MreB gene cluster seems
to have been lost completely in these bacteria that lack the dcw gene cluster.
Given the complexity of the inner membrane in Gemmataceae, MreB rotation
and PG assembly are quite impossible. Thus, the loss of PG and evolution of
complex inner membrane are linked to each other. We suspect that the loss of
PG assembly machinery could have provided the freedom for the cells to
evolve more complex inner membrane. Which in turn would lead to more
problems in PG assembly and further loss of PG assembly machinery.

3.6 The mysterious role complex cell architecture
The complex membrane structures in Gemmataceae often remind of the organelles involved with energy production. Resource consumption and energy
production is one of the most important aspects of life. Thus, researchers have
often tried to study role of these membrane in supplying energy. PVC specific
“Cytochrome C” domains and “DUF1501” domains are heavily expanded
among PVC bacteria [130]. These domains are often found together on the
genome and have been hypothesised to be involved in the membrane specific
electron transport. In another study, expansion of proteins with beta-alpha architecture (beta sheets followed by alpha helices) has been reported among
the Planctomycetes [121] and these proteins have shown to be attached to the
tubulovesicular membrane structures in G. obscuriglobus [110]. The authors
suspect a major role of these proteins in the membrane folding activity in
Planctomycetes. A search for proteins with beta-alpha architecture using an
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alternative “Pfam domains” based approach confirmed the expansion of such
proteins among Planctomycetes. However, a “Cytochrome C” domain was
found attached to the C-terminus of all of these proteins. Thus, these proteins
are also expected to be involved in the membrane specific electron transport
and redox reactions.
The complex cell membrane in Planctomycetes has evolved gradually from
much simpler cell architectures as observed in other PVC bacteria. Simultaneously, the functional machinery associated with these complex membranes
must have also gradually evolved. The definitive role of these membrane still
remains an unsolved mystery. Nonetheless, these membranes must be really
useful, so much so that these organisms are willing to bargain their protective
shell, peptidoglycan, in return.
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Chapter 4. Summary of thesis

The aim of this thesis was to resolve the genetics behind various unique phenotypes that have been observed among Planctomycetes. Our main focus was
on the Gemmataceae family, which seems most intriguing and yet quite unexplored among the Planctomycetes. Thus, we started by sequencing the genomes of three novel Gemmataceae strains. This thesis describes a comprehensive comparative genomic analysis of the Planctomycetes bacteria, with a
focus on Gemmataceae.
In this study, the proteomes of the bacteria from Planctomycetes phylum
were compared to proteomes of other bacteria using the best available methods. Genomes of the members of PVC superphylum and various other model
organisms were used for comparative analysis. Grouping together orthologous
proteins from various species has been the holy grail of the comparative analysis. Grouping of orthologous proteins enables us to perform a more detailed
sequential and structural comparisons within the orthologous group. Hidden
Markov Model (HMM) search and Pfam domain assignments were also quite
helpful in detecting deeper homologies, and thus the function of the proteins.
Furthermore, large scale proteome databases such as SCOP and Pfam were
used for a thorough comparative analysis across the three currently acknowledged domains of life. Proteomes of novel Gemmataceae, and all the organisms in the above databases, were analysed and compared to find protein characteristics with systematic and consistent patterns in various organisms.
We have come a long way since the Darwinian era. Growing knowledge of
molecular biology and genetics has led to a profound growth in our understanding of various evolutionary processes and their mechanisms. My approaches and interpretations are based on the fundamental concepts of molecular biology, genomics and evolution, which is the expertise of our lab. I have
tried to dig deep into the basic fundamentals of evolution, and use them to
understand the evolutionary choices and fates of organisms. This thesis unravels the genetics behind some unique and mysterious features of Planctomycetes, such as complex lifestyles, a modified cell envelope and radiotolerance. In addition, this thesis also includes a simple method for transfecting in
one of the Gemmataceae bacteria.
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4.0 Paper I
This paper presents a comprehensive description and annotation of Gemmataceae family using genomes of G. obscuriglobus and three other newly
sequenced genomes. The most notable feature of the Gemmataceae genomes
is the vast expansion of mobile elements and large CRISPR arrays, specifically in G. obscuriglobus. Additionally, we noticed large expansions of proteins with some specific domains. Some of these protein domains are mostly
found in Eukaryotes, and are involved in signalling and protein interactions.
This paper also presents an improvised cross-validation based method for
clustering orthologous proteins. Based on the correlation between total length
and the length of conserved domains in a protein, we were able to improve our
methods for large scale protein comparisons and clustering of orthologous
proteins. Using this method, proteins from genomes of available Planctomycetes and related out-groups were clustered into orthologous groups. The
orthologous groups that are gained in the common ancestor and are unique to
Gemmataceae are also described in this paper. All in all, this paper is the base
foundation of all the work presented in this thesis.
Gene flux, the gain and loss of orthologous proteins, was inferred in the
ancestors of Planctomycetes using parsimony. The results showed a substantial amount of gene paralogization in Gemmataceae family. A big fraction of
these new paralogs was involved in protein interactions and signalling, thus
supporting the hypothesis of increased functional organization in the Gemmataceae family. Signalling and protein interaction networks contribute quite
significantly towards functional organization, a feature common to all complex organisms. However, signalling and protein interaction networks evolve
quite fast and are usually conserved only within closely related lineages such
as a taxonomical family.
Increased protein disorder and increased number of multi domain proteins
were observed in the proteomes of complex bacteria, including the Gemmataceae family. Lastly, the paper includes three examples of multi-domain
proteins with novel domain combinations and a fresh insight into the process
of domain shuffling.
We expect an expansion of signalling and protein interactions in the other
bacterial lineages that show complex lifestyles and increased disordered content. The evolution of complex lifestyles in bacteria must be analysed in comparison to the evolution of complex eukaryotes to infer the similar aspects
among the two.
All the bioinformatic analysis in this paper was performed by me.
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4.1 Paper II
The PVC bacteria are known for complex inner cell membranes and this complexity of inner membrane is amplified among Planctomycetes, specially
Gemmataceae. Furthermore, due to lack of detectable peptidoglycan (PG) and
lack of genes involved in PG synthesis, these bacteria have always been under
the scrutiny of microbiologists. A recent study claimed to have sited PG in all
Planctomycetes, however, a reassessment of their results showed that PG is
missing from most sub-taxa of the Planctomycetales order of Planctomycetes
phylum.
Recent findings have revealed that PG synthesis pays a central role in the
cell division process. This study is focussed on understanding the novel cell
division processes and complex inner membranes in Planctomycetes, in the
light of these new findings and evolution. Phylogenetic patterns of the genes
encoding cell division and PG synthesis apparatus show that rising complexity
of inner membrane in PVC bacteria might have reduced the negative selection
pressure on ftsZ and led to its eventual loss in Planctomycetes. The loss of
gene encoding FtsZ in turn lead to evolution of novel cell division processes
such as modified binary fission and budding. The evolution of a novel budding
cell division is expected to have reduced the negative selection pressure on
division and PG synthesis apparatus in Planctomycetales bacteria, thus leading to gradual loss of the genes involved in division and PG synthesis, and
further complication of the inner membrane. The experiments validating the
loss of PG in Gemmataceae were done by Benjamin Yee and Cornellius J.
Wijaya. Later, the experiments were redone and validated by Christian Seeger.
The cell apparatus that is part of the cell envelope has been going through
major adaptive changes among the Planctomycetes. Severe adaptations to the
outer membrane channels, such as secretin in T2SS, T4P and BamA were observed in these bacteria. Additionally, we observed a conserved gene cluster
encoding a novel ExbBD proton channel and dynamin like protein that is
unique to Gemmataceae.
I performed all the bioinformatic analysis in this paper.

4.2 Paper III
This paper describes a method for transfecting a new Gemmataceae bacterium, T. immobilis. The method was used for genetically modifying T. immobilis in various ways. Competence is bacterial tool for uptake of DNA that, if
carrying homologous regions, is used for repair or horizontal transfer via recombination, or else, used as food. T. immobilis was found to be naturally
competent and can uptake DNA without any external stimuli. Furthermore, T.
immobilis harbours the simplest genome among the sequenced Gemmataceae
genomes, as it consists of minimum mobile elements and duplicated regions.
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Due to its simplicity, the genome of T. immobilis was the easiest to sequence
and assemble. Thus, T. immobilis is the simplest and most suitable candidate
among Gemmataceae for transformation and genetic modification.
The genetic system was then used to test the role of Phytoene desaturase,
which is involved in chromatin pathway, bph2, which is a histone like protein
and DdrA, which is a Rad52 homolog involved in double stranded break repair
in Deinococcus bacteria. My contribution to this paper was mostly theoretical
in form of ideas, and computational analysis such as verifying primers, inferring phylogenies etc. My pivotal contribution to this paper was the discovery
of DdrA in Planctomycetes and its shared ancestry to the DdrA protein in the
Deinococcus bacteria.
This paper shows the presence of genes associated with ‘competence’ in all
Planctomycetes, thus showing their ability to transform. ComEC is one of the
most conserved competence related proteins. The gene encoding ComEC has
been recently split into three different parts in G. obscuriglobus due to two
phage insertions. Thus, G. obscuriglobus might have lost it capability to transform and hit an evolutionary dead end.

4.3 Paper IV
3D structure of Gemmataceae has been a controversial for decades. The major
controversy is regarding the extra intra cellular compartments that have been
shown in G. obscuriglobus by many studies. Contradicting studies have
shown that all compartments are connected at various junctions, thus denying
the existence of an extra intra cellular compartment. To search for additional
compartments in T. immobilis, high-resolution 3-dimensional images of T. immobilis were produced using FIB-SEM tomography. Analyses of several 3D
structures confirmed that all T. immobilis cells contain only one cytoplasmic
compartment and one periplasmic compartment. T. immobilis and G. obscuriglobus belong to the same taxonomical family, Gemmataceae, thus our study
provides further evidence against intra-cellular compartmentalization in G.
obscuriglobus.
This paper is aimed at classification of cell envelope proteins in T. immobilis by using methods based on subcellular fractionation and mass spectrometry. The results indicate the presence of majority of proteins in their respective cellular loci. Strangely, some of the replication and repair proteins were
enriched in the outer membrane fraction. Thus, we suspect that DNA replication in T. immobilis might be tightly associated to the cell envelope.
My main contribution this paper was the analysis of proteins with
SBP_bac_10 Pfam domain. Proteins consisting of ‘SBP_bac_10’ (Substrate
Binding Protein) domain and a prepilin cleavage motif are present in large
numbers in Gemmataceae and most other Planctomycetes. These proteins
were highly enriched in the both outer and inner membrane fractions of T.
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immobilis. Phylogenetic analysis showed species or genera specific conservation patterns for most of these proteins. It is highly likely that these proteins
mediate the transport of molecules through the complex and enlarged periplasmic space.
I was also involved in laying a foundation for this paper in from of genome
description, functional annotation and orthologous clustering.

4.4 Paper V
This paper shows the expression of proteins in four Gemmataceae species, T.
immobilis, Gemmataceae sp. CJuql4, G. obscuriglobus and G. massiliana
Soil9 using mass spectrometry method. The results confirmed the expression
of many of the proteins that are unique to Gemmataceae and conserved in all
sub-species. 28 of these putatively novel proteins are expressed in all four
species. Interestingly, most of the novel proteins contain signal peptides or
transmembrane domains. Thus, these proteins represent potential adaptations
to the modified cell envelope.
Gemmataceae was lost the fba gene, which is implicated in the glycolysis
and gluconeogenesis pathway, and is conserved in most bacteria. However,
Gemmataceae do contain the pentose phosphate pathway, which has necessary enzymes that can suppliant for the lost functionality. This study provides
many potential genes for further research.
I was involved in laying a foundation for this paper in from of description,
functional annotation and orthologous clustering of the Gemmataceae genomes.
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Sammanfattning på svenska

En växande kunskap inom molekylärbiologi och genetik har lett till en ökad
förståelse av de mekanismer och processer som driver evolutionära förändringar. Vi har kommit en lång väg sedan Darwins era. Och under det senaste
årtiondet har det också blivit möjligt att producera stora samlingar av data från
organismer som inte går att att odla i laboratorierna. Tillsammans med tekniska framsteg inom strukturbiologi har strukturbestämningar kunnat göras
för ett mycket stort antal proteiner. Genom att studera dessa stora datasamlingar är det möjligt att få en fördjupad förståelse för proteinernas storlek,
sammansättning och struktur och hur skiljer sig åt mellan de tre stora domäner
inom evolutionsbiologin; den mellan bakterier, eukaryoter (tex djur eller växter) och archéer.
Proteinerna kan skilja sig åt på många olika sätt. Några är flytande och
saknar en statisk struktur, och dessa kan ha till uppgift att sköta kontakten
mellan proteiner. Stora proteiner har ofta problem att flytta runt i cellen, och
är därför i många fall mer oordnade än de mindre. Baserat på kunskap om
proteiners sekvenser och förändringar över tiden har metoder utvecklats för
att gruppera organismer baserat på hur deras proteiner är genetiskt släkt med
varandra.
Proteiner hos eukaryota organismer är vanligtvis längre och mer oordnade
än proteiner hos prokaryota celler. På grund av de stora proteinernas egenskaper så har eukaryota celler ofta en mycket större och mer komplex repertoar av proteiner för signalering, interaktion och reglering, vilket ökar sannolikheten för funktionell organisation och komplexitet. Intressant är att vissa
bakterier också har en stor andel av längre proteiner, och att dessa bakterier
har en mer komplex livsstil. Upptäckten av komplexa prokaryota celler visar
att the ryms en väldigt stor variation av celltyper även inom den prokaryota
domänen.
Bakterier som hör till gruppen Planctomycetes, bland dem bakterier som
tillhör familjen Gemmataceae, är några av de få bakterier som har en större
andel oordnade proteiner. En bioinformatisk analys visade på en stark ökning
av proteiner involverade i signalering eller proteininteraktioner inom gruppen
Gemmataceae. Den mer komplexa uppsättningen av proteiner passar ihop
med de mer komplex cellulära funktionerna och den ovanliga cellulära arkitekturen hos dessa bakterier. Egenskaper som annars är förknippade med eukaryoter.
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Det har publicerats många kontroversiella studier av cellmembranets och
cellväggens sammansättning hos Planctomycetes. En noggrann utvärdering av
tidigare rapporter, och en systematisk fylogenetisk analys har bekräftat avsaknaden av gener för peptidoglykan (viktig beståndsdel i bakteriecellers cellvägg) inom vissa arter hos Planctomycetes. Förlusten av FtsZ-genen som är
essentiell för celldelning hos de allra flesta bakterier har lett till att dessa bakterier förökar sig via avknoppning istället för genom celldelning. Vi tror att
denna evolutionära process lett till att gener för syntes av en cellvägg som
består av peptidoglykan gått helt förlorad hos Gemmataceae och de flesta
andra Planctomycetes. De här förlusterna möjliggjorde en fortsatt utveckling
av cellmembranets komplexitet, med markanta förändringar av annars konservativa membranproteiner och transportproteiner. Detta visar att förlust av gener paradoxalt nog kanske kan möjliggöra en evolutionär utveckling av en
komplex cellarkitektur. Detta kan också ge insikter omkring hur den eukaryota
cellstrukturen eller mitokondriernas membran kan ha utvecklats hos våra tidiga förfäder.
T. immobilis inom Gemmataceae har en något enklare arvsmassa än de
andra arterna och lämpar sig därför särskilt väl för experimentella studier. Vi
har studerat förekomsten av proteiner i cellen och också försökt lokalisera
dessa proteiner inom celler. Vi har dessutom utvecklat ett genetiskt system för
T. immobilis som nu gör det möjligt att inaktivera gener och studera hur fenotypen förändras. Vi har till inaktiverat genen för reparationsproteinet DdrA
och kunnat bekräfta att detta protein bidrar till toleransen mot radioaktiv och
ultraviolett strålning. Resultaten från denna avhandling har bidragit till ökad
förståelse för de genetiska förändringar som bidragit till den cellulära komplexiteten och andra anmärkningsvärda egenskaper hos bakterier som tillhör
gruppen Planctomycetes.
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