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Abstract

Cyanobacteria  are  an  ancient  and  globally  distributed  group  of 
photosynthetic prokaryotes including species capable of fixing atmospheric 
dinitrogen (N2) into biologically available ammonia via the enzyme complex 
nitrogenase. The ability to form symbiotic interactions with eukaryotic hosts 
is  a  notable  feature  of  cyanobacteria  and  one  which,  via  an  ancient  
endosymbiotic event, led to the evolution of chloroplasts and eventually to 
the plant dominated biosphere of the globe.

Some cyanobacteria are still symbiotically competent and form symbiotic 
associations with eukaryotes ranging from unicellular organisms to complex 
plants. Among contemporary plant-cyanobacteria associations, the symbiosis 
formed  between  the  small  fast-growing  aquatic  fern  Azolla  and  its 
cyanobacterial symbiont (cyanobiont),  harboured in specialized cavities in 
each  Azolla  leaf,  is  the  only  one  which  is  perpetual  and  in  which  the 
cyanobiont  has  lost  its  free-living capacity,  suggesting  a  long-lasting co-
evolution between the two partners.

In this  study,  the  genome of  the  cyanobiont  in  Azolla filiculoides  was 
sequenced to completion and analysed. The results revealed that the genome 
is in an eroding state, evidenced by a high proportion of pseudogenes and 
transposable elements.  Loss of function was most predominant in genetic 
categories  related  to  uptake  and  metabolism  of  nutrients,  response  to 
environmental stimuli and in the DNA maintenance machinery. Conversely, 
function was retained in key symbiotic processes such as nitrogen-fixation 
and cell differentiation. A comparative analysis shows that the size of the 
cyanobiont genome has remained relatively stable, and that few genes have 
been completely eliminated, since the symbiotic establishment. Indications 
of  genes  acquired  via  horizontal  gene  transfer  were  discovered  in  the 
cyanobiont genome, some of which may have originated from the bacterial 
community in the Azolla leaf-cavities.

It  is  concluded  that  the  perpetual  nature  of  the  Azolla  symbiosis  has 
resulted  in  pronounced  ongoing  streamlining  of  the  cyanobiont  genome 
around  core  symbiotic  functions,  a  process  not  described  previously  for 
complex  cyanobacteria  or  for  any  bacterial  plant  symbiont.  Further,  the 
status of the genome indicates that  the cyanobiont is at  an early stage of 
adapting to its host-restricted environment and continued co-evolution with 
the plant may result in additional genome reductions. However, although a 
vertical transmission process is already established, the unusual extracellular 
location of the cyanobiont and the intricate nature of the symbiosis, may still  
impose restrictions on such a reductive process.
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Abbreviations and glossary

bp base pair(s)
CDS coding sequence
COG clusters of orthologous groups
cyanobiont cyanobacterial symbiont
DAPI 4',6-diamidino-2-phenylindole
endosymbiont symbiont residing within the body of its host
HGT horizontal gene transfer
IS insertion sequence
kbp kilo base pair(s)
Mbp mega base pair(s)
MGE mobile genetic element
NCBI National Center for Biotechnology Information
NoAz 'Nostoc azollae' 0708
ORF open reading frame

ortholog
a  gene  in  separate  organisms  originating  via 
speciation

paralog a duplicated gene originating within a genome
xenolog a gene acquired from another organism



Chapter 1: Background

1.1 Cyanobacteria
One  of  the  earliest  forms  of  life  to  emerge  on  Earth  were  the 

cyanobacteria [1, 2]. This group of prokaryotes comprise species with a wide 
range  of  morphologies  (unicellular,  filamentous  and  multicellular), 
metabolic  capacities  (e.g.  photosynthesis,  nitrogen-fixation,  secondary-
metabolite synthesis) and habitat occupancy (e.g. fresh-water,  hot-springs, 
marine, arctic). Cyanobacteria are believed to be the inventors of oxygenic 
photosynthesis  [3, 4] and several species are also able to fix atmospheric 
dinitrogen  (N2),  thereby  converting  the  biologically  inaccessible  N2 into 
readily  available  ammonium  (NH4

+).  These  features  make  cyanobacteria 
highly self-sufficient and key players in both past and present ecosystems 
world-wide [5-7].

1.2 Cyanobacteria in symbiosis
A most remarkable feature of cyanobacteria is the ability of some species 

to  form  highly  successful  symbiotic  interactions  with  eukaryotes.  The 
eukaryotic hosts may be unicellular organisms such as the algae Rhopalodia 
gibba [8] and  the  amoeboid  Paulinella  chromatophora [9],  various 
lichenized fungi [10] or complex plant species [11]. In the symbioses formed 
with  unicellular  hosts  such  as  P.  chromatophora and  R.  gibba the 
cyanobionts  (cyanobacterial  symbionts)  are  also  unicellular,  located 
intracellularly and act as photosynthetic (in P. chromatophora) or nitrogen-
fixing  (in  R.  gibba)  symbionts.  In  plant-cyanobacterial  symbioses  the 
cyanobionts  exclusively  function  as  nitrogen-fixing  symbionts  and  reside 
intra- or extracellularly, depending on the host [11, 12]. A common feature 
of  all  plant  cyanobionts  is  that  they  belong  to  the  complex  group  of 
filamentous cyanobacteria capable of cell  differentiation,  the group IV as 
defined by Rippka in 1979  [13]. These cyanobacteria develop specialized 
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nitrogen-fixing  cells  termed  heterocysts,  which  carry  a  thick  cellular 
envelope (reduces diffusion of gases) and lack the activity of the oxygen 
evolving  photosystem  II  (PSII)  complex,  thereby  protecting  the  oxygen 
sensitive nitrogenase enzyme from deactivation [14-16]. Two other routes of 
cell  differentiation  available  to  these  cyanobacteria  are  the  motile  and 
uniform small-celled filaments of hormogonia [17, 18] and the single-celled 
akinetes  which  constitute  a  resting  spore-like  stage  [19].  These 
developmental  modes  are  all  influenced,  and  play  important  roles,  in 
symbioses between cyanobacteria and plants, to varying degrees. Heterocyst 
frequencies  of  cyanobionts  are  generally  increased  considerably  in  plant  
symbioses to supply the host with its total need of combined nitrogen [12] 
and  hormogonia  function  in  the  colonization  of  plant  tissues  [20-22]. 
Akinetes are not observed in all cyanobacterial symbioses with plants, but do 
appear to play an important role in continuity in the  Azolla symbiosis (see 
below).

Almost  all  plant  cyanobionts are facultative, i.e.  have access to both a 
free-living and a symbiotic life-cycle. Additionally, the symbioses formed by 
these species  are  transient  and require  that  new plant  generations  are  re-
infected by the cyanobacteria [11]. The only known exception to these rules 
is the Azolla symbiosis.

1.3 The Azolla symbiosis
Azolla is a genus of small water ferns with a wide distribution in tropical, 

sub-tropical  and  warm  temperate  regions  [23]. The  plants  have  a  high 
nitrogen content and exhibit rapid growth rates, being able to double their 
biomass in as little as two days [24]. These traits have earned Azolla interest 
in research fields such as biofuel production  [25-28], sustainable crop and 
fodder  production  [29,  30] and waste-water  management  [31-33].  Azolla 
forms  a  symbiotic  interaction  with  a  filamentous,  heterocystous  and 
nitrogen-fixing cyanobacterium (Fig. 1) which provides the plant with all its 
required nitrogen and which is in turn fed with carbon fixed by the plant 
[34].  The Azolla symbiosis displays a number of features which are unique 
among known plant-bacteria associations.  The first  is that  the cyanobiont 
resides in specialized cavities on the dorsal side of each Azolla leaf where it 
lines  the  cavity  wall  [35] enclosed  in  a  mucilaginous  matrix.  Azolla  is 
therefore the only known plant to host a symbiont within its photosynthetic 
leaves.  Secondly,  unlike all  other plant-bacteria symbioses,  which require 
that each new plant generation is re-infected by the symbiotic bacteria, the 
interaction between Azolla and its cyanobiont is perpetual. The cyanobiont is 
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maintained between plant generations by an intricate mechanism of vertical 
transmission via the sporocarps, the reproductive organs of the plant  [22]. 
Third, the cyanobiont appears to have lost, at least part of, its autonomy as it  
cannot be cultured isolated from the plant  [36]. Finally, a number of other 
prokaryotes  are  always  found  within  both  the  leaf-cavities  and  the 
sporocarps of  Azolla [22, 37-39] although only little is known about their 
potential  role  in  the  symbiosis  [40,  41].  The  vertical  transmission  and 
obligate nature of the symbiont suggest a long-lasting co-evolution between 
Azolla and its cyanobiont.

1.4 Symbiosis as a major evolutionary force
The discovery that organelles, membrane-bound structures with inherent 

genetic material and specialized functions within eukaryotic cells, evolved 
from  once  free-living  bacteria  which  became  integrated  within  their 
eukaryotic hosts cells via phagocytosis was ground-breaking and showed the 
impact of symbiosis on evolution of life on Earth  [42, 43]. We now know 
that  mitochondria,  which  generate  cellular  energy  via  respiration  in 
eukaryotic cells, and chloroplasts, which utilize light energy to fix carbon-
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Figure 1.  The  Azolla  symbiosis.  A) Fronds  of  Azolla filiculoides  growing on the water 

surface. B) Close-up of the plant stem, showing the interlobed pattern of leaves. C) Scanning 

electron microscope (SEM) micrograph of the leaf-cavity. The leaf has been cut to expose the 

filamentous cyanobiont inside. D) SEM-micrograph of the cyanobiont colony inside the leaf-

cavity. The larger cells in the cyanobacterial filaments are the nitrogen-fixing heterocysts.  

Note that the cyanobiont is closely associated with the plant hair-cells protruding into the  

cavity.  E)  Fluorescence  micrograph  of  the  Azolla  sporocarps  (sp)  and  the  hormogonial 

filaments (h). When the hormogonia enter the sporocarps they differentiate into akinetes (ak).



dioxide  (CO2)  in  all  photosynthetic  eukaryotes,  originate  from 
proteobacterial and cyanobacterial endosymbionts, respectively [44-47]. The 
evolution of chloroplasts, occurring some two billion years ago [7, 48, 49], 
conferred the photosynthetic ability of cyanobacteria to the eukaryotic host, 
thus giving it access to a virtually unlimited source of energy (sun-light) and 
a  key  nutrient  (carbon)  which  eventually  led  to  the  plant  dominated 
biosphere of the globe. Interestingly, molecular evidence suggests that the 
cyanobacterial  ancestor of chloroplasts may have been of the filamentous 
and heterocystous type [50], the only morphological group of cyanobacteria 
which forms symbioses with extant plant hosts.

1.5  When  genomes  collide:  symbiosis  and  organelle 
evolution

The genomes of several obligate endosymbiotic (and parasitic) bacteria 
have been sequenced over the past 10 years (Table 1), such as  Candidatus  
carsonella  ruddii [51],  Buchnera  aphidicola [52,  53] and  Blochmannia 
floridanus [54] which  are  associated  with  insect  hosts  and  appear  to  be 
closely  related  to  proteobacteria,  as  well  as  the  cyanobacterial 
endosymbionts  mentioned above.  These analyses  have  shown that  severe 
genome reductions and loss of gene function occurs as a bacterium makes 
the switch from a free-living state to a host-restricted environment (Fig. 2). 
In such an environment, the supply of certain nutrients from the host (such as 
non-essential amino acids in the Buchnera symbiosis [53] and possibly both 
essential and non-essential amino acids in the  P. chromatophora symbiosis 
[55])  causes  redundancy  and  relaxes  the  selection  pressure  on  the 
corresponding genes in the endosymbiont. In addition, host-restriction leads 
to smaller effective population sizes of the endosymbiont and decreases the 
efficiency of purifying selection  [56]. This initially results in an increased 
proportion of non-coding pseudogenes and mobile genetic elements such as 
transposases  which  are  eventually  removed  by  genomic  deletions,  thus 
decreasing  the  genome  size  of  the  endosymbiont  [56,  57].  Conversely, 
symbiont  genes  which function  in  providing nutrients,  or  which in  other 
ways benefit the host, will be subject to positive selection pressure and are 
effectively retained in the symbiont population. The genomes of current day 
organelles, such as chloroplasts, serve as examples of the final stage of this 
process with extremely small genomes (150-200 kbp) encoding a limited set 
of genes [58, 59]. The initial stages of organelle evolution thus resemble, or 
are identical to, that of extant obligate endosymbionts; i.e. beginning with 
entrapment  of  the  symbiont  and  its  domestication  via  loss  of  autonomy. 
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However,  the ancestor of organelles underwent an additional step of host  
integration when several endosymbiont genes were transferred to the nucleus 
of the host [58, 60]. By necessity, a mechanism to reimport the products of 
these  transferred  genes  to  the  endosymbiont  was  required  and represents 
what is known in chloroplasts today as the TIC-TOC (Translocators of the 
Inner  and  Outer  Chloroplast  membrane)  complexes  [61].  This  further 
cemented  the  association  between the  symbiotic  partners  and pushed the 
endosymbiont towards a “true” organelle.

While there is a general consensus regarding the evolutionary process of 
organelles,  disagreement  exists  on  where  to  draw  the  line  between 
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Figure 2. Model of genomic changes in free-living and host-restricted bacteria. Changes 

occurring  at  the  genomic  level  are  shown  in  boxes  with  dashed  borders  and  conditions 

affecting the bacterial population (in dark-green) are shown below. Co-existing bacteria are 

shown in brown. A) In a free-living state,  bacteria are exposed to varying environmental  

conditions and events  of  gene gain (by duplication or  transfer  of  genes from co-existing 

bacteria or phages) and loss (via deleterious mutations and deletions), occur. Most deleterious 

mutations will be removed from the population by purifying selection. B) In endosymbiosis,  

functions  provided  by  the  host  (e.g.  protection  and  a  stable  nutrient  supply)  causes 

redundancy  in  the  symbiont  genome and  lowers  selection  pressure  on  the  corresponding 

genes. A smaller population size of the symbiont will further increase the effects of genetic  

drift and limited access to other organisms reduces influx of genetic material. In recently host-

restricted  symbionts,  pseudogenes  persist  in  the  genome  but  are  eventually  removed  by 

genomic deletions,  resulting in  a  significantly smaller  genome in  ancient  endosymbionts. 

However, genes which benefit the host (exemplified in darker green within the genome) are  

retained.



endosymbionts and organelles [62, 63]. Some endosymbionts, which display 
high levels of genome reduction and tight obligate associations with their 
hosts,  have  been  suggested  to  represent  examples  of  ongoing  organelle 
evolution  [9,  64-66].  This  view  is  rejected  by  those  who  argue  that 
endosymbiont  gene transfer and protein reimport  is  the criteria by which 
organelles  should be  defined  [62,  67,  68].  However,  in  light  of  a  recent 
report  showing  that  such  an  import  mechanism  may  exist  in  the 
cyanobacterial endosymbiont in P. chromatophora [69] and the active debate 
on the evolution of such mechanisms in organelles [70-73], it is clear that the 
distinction  between  endosymbiont  and  organelle  is  not  particularly 
straightforward.
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Table 1. Some examples of organelles and obligate endosymbiotic and parasitic bacteria.

Symbiont Genome size (Mbp) Protein-coding genes Non-coding DNA Host Reference

Organelles

Chloroplast 0.15 85 49% Arabidopsis thaliana (plant) [74]

Mitochondrion 0.086 19 77% Saccharomyces cerevisiae (yeast) [75]

Mutualists

Candidatus carsonella ruddii 0.16 182 7% Psyllid [51]

Buchnera aphidicola APS 0.64 574 15% Aphid [53]

Wigglesworthia glossinidia 0.70 617 83% Tse-tse fly [76]

Candidatus Blochmannia floridanus 0.71 583 17% Ant [54]

Cyanobiont of Paulinella chromatophora 1.02 867 22% Amoeba [55]

Cyanobiont of Rhopalodia gibba ~2.6 n.d. n.d. Algae [77]

Parasitic

Candidatus Phytoplasma asteris 0.85 750 28% Plant [78]

Chlamydia trachomatis 1.04 895 11% Human [79]

Rickettsia prowazekii 1.11 835 ~24% Louse [80]

Wolbachia pipientis 1.48 1275 19% Mosquito [81]
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1.6 Life finds a way
Although chloroplasts derive from a cyanobacterial ancestor which may 

have closely resembled current  day plant  symbionts  [50], the intimacy of 
plant-cyanobacteria associations and the extent  of  integration between the 
partners vary considerably in comparison to insect-bacteria symbioses and to 
the interactions between unicellular hosts and cyanobacterial endosymbionts 
described above. It is tempting to judge the complexity of a symbiosis (and 
its evolutionary importance for host and symbiont) by the cellular location of 
the symbiont, its mode of transmission, or the degree of interdependence of 
the symbiotic partners. However, these characteristics are often displayed in 
varying  degrees  and combinations  among known symbioses  which  make 
broad  generalizations  difficult.  For  instance,  in  the  Gunnera-Nostoc 
symbiosis the cyanobacterium becomes intracellular [20] whereas in cycads 
the cyanobionts are located extracellularly in the cortical layer of the root  
[82]. Both of these associations are however transient, as is the symbiosis 
between plants and the nitrogen-fixing bacteria  Frankia and Rhizobiaceae 
which may be located both intra- and intercellularly  [83]. Although these 
associations confer a great fitness advantage to the plants neither is obligate 
to  host  nor  symbiont.  Additionally,  recent  reports  indicate  that  genome 
degradation may occur also in obligate extracellular symbionts [84-86].

The  Azolla symbiosis, in which the cyanobiont is located extracellularly 
(although  inside  the  plant  body),  is  the  only  known  plant-bacterial 
association which is obligate (to the cyanobiont) and the only to involve a 
vertical  transmission  mechanism  of  the  symbiont  [22,  36].  Thus,  Azolla 
harbours two domesticated cyanobacteria which provide it  with unlimited 
carbon  (the  intracellular  chloroplasts)  and  nitrogen  (the  extracellular 
cyanobiont).

This emphasises the view that symbiosis has evolved several times and 
taken  on  many  forms,  likely  driven  by  various  circumstances  such  as 
physiological  and morphological  compatibilities  and species  co-existence. 
The  Azolla symbiosis  may provide clues as  to how cyanobacteria  evolve 
under an exclusively host-restricted regime.
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1.7 Aim
The  primary  aim  of  this  thesis  was  to  investigate  the  genome  of  the 
cyanobiont  in  Azolla  filiculoides,  assess  to  what  extent  the  co-evolution 
between host  and symbiont  has  influenced the genomic properties  of  the 
latter, and search for clues as to how this once free-living cyanobacterium 
evolved to become an obligate nitrogen-fixing entity. This was accomplished 
by whole-genome shotgun sequencing of the cyanobiont genome, its analysis 
and comparison to other genomes of free-living cyanobacteria,  symbionts 
and organelles.
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1.8 Comments on the methodology

1.8.1 Strains and cyanobiont isolation
The  Azolla genus  comprises  seven  species,  each  harbouring  a  species-
specific cyanobiont population [87, 88]. The species Azolla filiculoides was 
chosen  for  analysis  based  on  its  use  in  several  publications  describing 
various aspects of the symbiotic association (e.g. [89-91]) and its availability 
at our lab.

The  sequencing  project  of  any  organism  must  start  with  sufficient 
material from which high-quality, and preferably contaminant-free, genomic 
DNA can be extracted. This posed a problem for the  Azolla symbiosis for 
two reasons.  First,  the cyanobiont  cannot  be cultured separately from the 
plant and secondly,  Azolla harbours numerous other prokaryotes which are 
present both in the leaf-cavity and in the sporocarp, often in close proximity 
to the cyanobiont [22, 92]. To overcome these problems the cyanobiont was 
isolated directly from the leaves of greenhouse cultured  Azolla filiculoides 
using a technique similar to the “gentle-rolling method” described previously 
[93]. Potential contaminants (originating from both plant material, including 
chloroplasts, and non-cyanobacterial prokaryotes) were removed by repeated 
density gradient centrifugations. The purity of the sample was investigated 
by a combination of microscopy and denaturing gradient gel electrophoresis 
(DGGE)  which  showed  that  the  washing  procedure  resulted  in  axenic 
samples.

1.8.2 Genome analysis and comparative genomics
The  increase  in  genomic  information  over  the  past  few  years  has  been 
monumental, owing mainly to cost reductions and higher efficiency of large-
scale DNA sequencing. The primary bottle-neck in gaining knowledge about 
the genomes of sequenced organisms currently lies in the genome analysis  
itself. Most newly sequenced genomes undergo a first round of automatic 
annotation  involving  detection  of  gene  locations  and  similarity-based 
product assignments of the predicted open reading frames (ORFs). It is then 
up  to  researchers  with  biological  insight  of  the  organism in  question  to 
scrutinize the automated predictions and to manually add or change gene 
annotations. While the first  automated steps can be performed on modern 
computer systems in a few minutes, the manual annotation of genomes may 
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take  several  months  or  even  years.  However,  modern  algorithms  and 
software  used  to  predict  genes  and  infer  their  function  are  robust  and 
generally  provide a  good overview of  genomes on which to base further 
detailed analyses. The increased amount of publicly available genomic data 
also aids comparative genomic studies and make it possible to put genomic 
information into a larger perspective.

The  Azolla cyanobiont  genome  was  subjected  to  both  automatic 
annotation and a manual detailed analysis of specific genes and metabolic  
pathways  and  comparisons  to  large  datasets  of  sequenced  cyanobacterial 
genomes were performed.  It  should  be noted,  however,  that  parts  of  the 
genome remain unexplored and constitute an interesting starting point for 
further research. Additionally, the comparative analysis relies on access to a 
representative  set  of  sequenced  genomes.  A  number  of  cyanobacterial 
genomes have been sequenced over  the  past  10 years  although these are 
biased towards the marine unicellular species. Future sequencing efforts will 
hopefully provide a dataset representing the true cyanobacterial diversity.
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Chapter 2: Initial characterizations

2.1 Phylogeny
The taxonomic identity of  the  Azolla cyanobiont  has been a  matter  of 

debate ever since the first detailed descriptions of the symbiosis emerged. 
Eduard Strasburger classified the cyanobiont as Anabaena azollae in 1884, a 
name which stuck in the literature. The use of molecular methods have not 
helped to clarify the taxonomy and while some still argue that the cyanobiont 
belongs  to  the  genus Anabaena [94-96] others  believe  it  to  be  closer 
affiliated with the  Nostoc genus  [87] or to neither of these genera  [97]. A 
close relationship with Nostoc has also been inferred from the formation of 
hormogonia by the cyanobiont, a character ascribed exclusively to this genus 
[13]. However,  the  nomenclature  of  cyanobacteria,  which  for  historical 
reasons is  governed both by the botanical  and bacterial  code and largely 
based on morphological characters, may require a significant revision in the 
new genomic era as indicated by several recent studies (e.g. [98-101]).

A phylogenetic analysis based on concatenated alignments of large sets of 
orthologous  single-copy  genes  present  in  >50  cyanobacterial  genomes 
(papers I and II) identified two major clades in the cyanobacterial lineage  
(Fig. 3), in line with previous reports [102-104]. One of these clades, Clade 1 
(Fig. 3), comprised a mix of unicellular and filamentous cyanobacteria (the 
latter  including  all  heterocystous  species)  with  various  habitats  (marine, 
fresh-water,  terrestrial  and  hot-springs)  and  physiological  capacities  (e.g. 
nitrogen-fixation, symbiotic competence and lack thereof). The other major 
clade, Clade 2 (Fig. 3), was considerably more uniform and consisted solely 
of unicellular and mostly marine cyanobacteria.

These analyses also indicated that the Azolla cyanobiont is not the closest 
relative  to  either  the  Anabaena or  Nostoc species,  but  instead  forms  a 
sistergroup  to  two  cyanobacteria  belonging  to  the  genera 
Cylindrospermopsis and Raciborskii (Fig. 3). This finding thus lends support 
to the hypothesis laid forth by Baker and co-workers in 2003 [97].

Because cyanobacterial plant symbionts have generally been ascribed to 
the  genus  Nostoc the  name  'Nostoc  azollae'  0708  was  chosen  for  the 
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cyanobiont strain in A. filiculoides upon submission of the genome to NCBI. 
The quotes  indicate  that  the  name itself  is  not  validly published and the 
numbers refer to the date of DNA isolation from the strain (August 2007). 
However,  since  only  one  valid  species  name  (Anabaena  azollae)  of  the 
Azolla cyanobiont existed in the NCBI taxonomy database upon submission, 
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Figure 3. Maximum likelihood tree of the Azolla cyanobiont ('Nostoc azollae' 0708) and 

57 related cyanobacterial species.  The tree is based on a concatenated alignment of 288 

single-copy orthologs (see Paper II for more details). Two major clades are evident: Clade 1  

consists  of  species  with  diverse  phenotypes  (shown  by  coloured  boxes)  while  Clade  2 

comprise unicellular and mostly marine species. The highlighting shows species forming fully  

developed heterocysts with normal pattern formation (dark-green), and those forming only 

terminal or partially developed heterocysts (light-green). Numbers at nodes indicate bootstrap 

values (when <100). Bar, 0.3 expected substitutions per site.



'Nostoc azollae'  0708 was assigned to the genus  Anabaena. Consequently, 
there  still  exists  some  confusion  regarding  the  nomenclature  of  the 
cyanobiont in Azolla, but for the remainder of this thesis it will be referred to 
by its strain name 'Nostoc azollae' 0708 (“NoAz” in an abbreviated form) or 
simply “the cyanobiont”.

2.2 Genome overview
The  genome  of  'Nostoc  azollae'  0708  was  sequenced  to  27.9  x  total 

coverage using a combination of Sanger and 454 pyrosequencing and was 
found to consist of one chromosome and two plasmids (Genbank accession 
numbers: CP002059, CP002060, CP002061). In the current version of the 
genome,  available  in  the  public  NCBI  database,  the  number  of  predicted 
genes differs slightly from that reported in paper I. This is due to somewhat 
different annotation criteria used upon submission of the genome to NCBI. 
In the remainder of this thesis, all numbers correspond to the current version 
of the genome.

In total, the genome comprises 5,486,145 bp (base pairs) with a 38% G+C 
content,  which is  relatively low in  relation to  cyanobacteria  with similar 
morphotypes (Table 2). Four complete rRNA operons and a set of 44 tRNA 
genes,  representing  the  full  set  of  amino  acids,  are  encoded  on  the 
chromosome. The two plasmids, 110 kb and 22 kb in size, together make up 
2% of both the total genome size and number of encoded genes (Fig. 4). No 
large homologous regions were identified between the plasmids, or between 
either plasmid or the main chromosome, indicating that neither plasmid has 
arisen  by  recent  chromosomal  duplication  events.  The  larger  of  the  two 
plasmids,  however,  shows  some  sequence  similarity  and  gene  order 
conservation to plasmids in closely related strains belonging to the  Nostoc 
and Anabaena genera.
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Table 2. Genome properties of 'Nostoc azollae' 0708 and cyanobacterial species with similar morphotypes (sorted by %G+C)

Species Genome size (Mbp) %G+C %Coding Protein-coding genes Pseudogenes tRNA Plasmids

'Nostoc azollae' 0708 5.49 38 52 3,651 1,670 44 2

Raphidiopsis brookii D9 3.19 40 86 3,007 0 42 n.d.

Cylindrospermopsis raciborskii CS-505 3.88 40 85 3,448 1 42 n.d.

Anabaena variabilis ATCC 29133 7.11 41 82 5,710 41 48 4

Nostoc sp. PCC 7120 7.21 41 83 6,129 0 70 6

Nodularia spumigena CCY9414 5.32 41 82 4,860 0 38 n.d.

Nostoc punctiforme PCC 73102 9.01 41 77 6,690 373 88 5

n.d. indicates that the genome has not been closed and the number of potential plasmids is unknown
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Of a total of 5,321 predicted ORFs (open reading frames) 1,670 (31%) are 
pseudogenes, representing an exceptionally high proportion in cyanobacteria 
as  well  as  in  most  bacterial  genomes.  These  pseudogenes  have  reading 
frames interrupted either by stop-codons or other genes, or contain frame-
shifts. The coding-fraction of the cyanobiont genome totals 52% which is 
lower than in any other cyanobacteria sequenced to date.  The number of 
pseudogenes on the larger of the two plasmids even outweighs the number of 
functional ORFs (63 vs 51). A high proportion of mobile genetic elements 
(MGEs)  were  also  identified  in  the  genome.  These  primarily  represent 
insertion sequences (ISs) and transposases of which a significant number are 
short  fragmented  and  presumably  non-functional  pseudogenes. 
Transposases,  or  fragments  thereof,  were  found  throughout  the  genome 
including on both plasmids. In total, 14% of the genome is occupied by ISs, 
some of which have inserted into other genes which indicate that they may 
participate  in  gene  inactivation  in  the  cyanobiont  (Vigil-Stenman  et.  al., 
unpublished).
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Figure 4. Map of the main chromosome, and plasmids (P1, P2) of the ‘Nostoc azollae’ 

0708 genome. The distribution of pseudogenes (red) and insertion elements or their remains 

(blue), are indicated. Predicted genes are shown in grey. The larger plasmid has the highest  

proportion of  pseudogenes.  Note that  the occurrence  of  insertion  elements  appears  to  be 

correlated with the distribution of pseudogenes.



Chapter 3: State of the genome

3.1 Genomic streamlining
A common feature of bacterial endosymbiont genomes is the streamlining 

around essential  symbiotic  functions,  such  as  amino acid  biosynthesis  in 
insect-bacteria  associations  [56].  A  characterization  of  all  genes  in  the 
Azolla cyanobiont  according  to  categories  in  the  COG  (Clusters  of 
Orthologous  Groups)  database  [105] revealed  that  pseudogenes  are  not 
randomly distributed in genomic functions  of NoAz (p-value of a  χ2 test 
<0.001). An over-representation of pseudogenes was found in for instance 
the categories Replication, recombination and repair (L), where a significant 
proportion can be attributed to remains of transposase ORFs, and in genes 
involved  in  Secondary  metabolite  biosynthesis  and  metabolism  (Q)  and 
Signal transduction mechanisms (T) (Fig. 5). A notable finding was the loss 
of function in the DNA replication initiator,  dnaA (L category), suggesting 
an  impairment  in  cyanobiont  cell  multiplication.  However,  although  the 
product of this gene is regarded as essential to bacteria [106] it is absent in 
the  insect  endosymbionts  Candidatus  Blochmannia  floridanus [54] and 
Wigglesworthia glossinidia [76] and a cyanobacterial dnaA mutant has been 
shown to exhibit wild-type growth characteristics [107]. Bacteria are known 
to  utilize  DnaA-independent  mechanisms  for  genome  replication  under 
certain conditions [108, 109] and it is possible that NoAz relies on the same 
or a similar type of method to replicate its genome.

Other notable pseudogenes in the L category included the DNA repair 
genes recD and alkA, one of two copies of the helicase gene recQ, as well as 
two DNA topoisomerase genes which modulate DNA topology [110, 111]. 
Genes involved in DNA repair are often eliminated from endosymbionts [56] 
and loss of functional copies in NoAz may have promoted the accumulation 
of pseudogenes in the genome. However, the retainment of most DNA repair 
genes suggests that the mutation rate in NoAz is not as high as in some other 
obligate endosymbionts.
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The  loss  of  function  in  Signal  transduction  mechanisms  (T  category) 
corresponded mainly to inactivated protein kinase genes and genes encoding 
proteins with response regulator/receiver domains. Additionally, the NoAz 
genome contained a lower proportion of paralogs (duplicated genes) in this 
gene  category  compared  to  the  genomes  of  most  other  cyanobacteria  in 
Clade 1 (Fig. 3 and 10). Signal transduction genes allow bacteria to respond 
effectively to external stimuli and are often abundant in organisms that are  
exposed to varying environments  [112,  113]. Notably, the genome of the 
facultative plant symbiont  N. punctiforme  contains a significant proportion 
of genes related to signal transduction mechanisms which may play a role in 
symbiotic  interactions  such  as  during  plant  infection  and  symbiosis 
establishment  [114]. The perpetual nature of the  Azolla  symbiosis and the 
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Figure 5. Distribution of genes and pseudogenes within COG categories. A) Percentages 

signify the amount  of  pseudogenes in  each functional  category.  A  χ2 test  shows that  the 

distribution of pseudogenes within COG categories is non-random. B)  χ2 residuals.  Large 

positive values indicates a stronger over-representation of pseudogenes while large negative 

values indicate stronger under-representation. (B) = Chromatin structure and dynamics, (C) = 

Energy  production  and  conversion,  (D)  =  Cell  cycle  control,  cell  division,  chromosome 

partitioning,  (E)  = Amino acid transport  and metabolism,  (F)  = Nucleotide transport  and 

metabolism, (G) = Carbohydrate transport and metabolism, (H) = Coenzyme transport and 

metabolism, (I) = Lipid transport and metabolism, (J) = Translation, ribosomal structure and 

biogenesis,  (K) = Transcription,  (L)  = Replication,  recombination and repair,  (M) = Cell 

wall/membrane/envelope  biogenesis,  (N)  =  Cell  motility,  (O)  =  Posttranslational 

modification, protein turnover, chaperones, (P) = Inorganic ion transport and metabolism, (Q) 

=  Secondary  metabolites  biosynthesis,  transport  and  catabolism,  (R)  =  General  function 

prediction  only,  (S)  =  Function  unknown,  (T)  =  Signal  transduction  mechanisms,  (U)  = 

Intracellular trafficking, secretion, and vesicular transport, (V) = defence mechanisms.



relatively stable niche represented by the plant leaf-cavities is likely to have 
reduced selective constraints on signal transduction genes in the cyanobiont 
population, similar to the pattern seen in other endosymbionts [53, 76, 115]. 
The few genes in this category which are retained in the NoAz genome, 
particularly those shared exclusively with  N. punctiforme  (paper II),  may 
play essential roles during the vertical transmission of cyanobionts and in 
cyanobiont response to specific developmental  cues (possibly imposed by 
the plant) in the Azolla symbiosis.

A full functional set of genes involved in the formation of photosystem I 
and  II  as  well  the  cytochrome  b6/f  complex,  the  latter  involved  in 
photosynthetic electron transport, was detected in the cyanobiont genome. 
However, two genes involved in pigment biosynthesis which are conserved 
in  all  sequenced  cyanobacterial  genomes  were  found  to  have  lost  their  
function in NoAz (paper II). The ubiquitous distribution of these genes in 
cyanobacteria indicates that they play essential roles within the phylum and 
their loss of function in NoAz offers an explanation to the obligate nature of 
the cyanobiont. When cultured separately from Azolla, cyanobiont cells have 
been shown to exhibit rapid photobleaching and eventual cessation of growth 
[36].  It  thus appears that  the shielding chloroplast  canopy in  Azolla  leaf-
cavities has allowed the cyanobiont to shed some genes essential to pigment 
biosynthesis.  The  retainment  of  genes  involved  in  core  photosynthetic 
processes suggests that the cyanobiont is still photosynthetic and that some 
energy shuttling via the photosystems to other cellular functions (such as the 
nitrogenase) may occur, as previously indicated [27, 116, 117].

Several  genes involved in  uptake and metabolism of  nutrients such as 
nitrate, urea, bicarbonate, phosphonate and iron, were found to have been 
deactivated or completely lost in the NoAz genome. This indicates that the 
cyanobiont  has  adapted  to  a  more  or  less  exclusively  nitrogen-fixing 
phenotype, and is supplied with  a rich set of nutrients  which consequently 
has decreased positive selection on numerous genetic functions.

The primary role of the cyanobiont in the Azolla symbiosis is to provide 
the  plant  host  with its  total  nitrogen demand,  a  role  which relies  on  the 
formation of heterocysts,  a  specialized cell-type in which the nitrogenase 
enzyme  is  expressed  and  nitrogen-fixation  takes  place.  Heterocyst 
differentiation is known to involve complex regulatory pathways [15, 16, 18, 
19], and proper synthesis of the nitrogenase enzyme requires expression of 
several  structural  and  accessory  genes  which  are  organized  in  a  highly 
conserved  region,  the  nif gene  cluster,  in  cyanobacteria  [118,  119].  As 
expected, the genome of the Azolla cyanobiont contained a full set of genes 
for heterocyst differentiation and synthesis of the nitrogenase complex. The 
nif gene cluster in the NoAz genome was also found to be relatively compact 
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in comparison to closely related cyanobacteria and contained no excision 
elements commonly found in other heterocystous species  [114,  120,  121] 
(Fig.  6).  The  glnA (glutamine  synthetase;  GS)  and  GOGAT  (glutamate 
dehydrogenase)  genes  which assimilate  nitrogen fixed by  the  nitrogenase 
were also detected in functional copies in the genome. The expression of  
cyanobiont GS has however been shown to be negatively regulated in the 
Azolla  symbiosis  [90,  93,  122,  123] while  GS activity  is  upregulated  in 
Azolla  hair-cells  closely associated with the  cyanobiont  population in  the 
leaf-cavities [91]. This suggests that the Azolla cyanobiont releases ammonia 
to  the  plant  but  also  relies  on  its  own GS-GOGAT cycle  to  support  its 
nitrogen demand, in line with previous results [124, 125].

These results show that loss of function is not a random process in the 
NoAz genome but rather that genes critical to the role of the cyanobiont in 
the Azolla symbiosis are under a regime of positive selection.

3.2 Genomic features related to cyanobiont development
The Azolla life-cycle involves sporocarp germination, leaf maturation and 

eventual senescence, and formation of new sporocarps [22, 126, 127]. After 
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Figure  6.  Illustration  of  the  conserved  gene  region  related  to  N2-fixation  in 

cyanobacteria. The  structural  genes  for  the  nitrogenase  enzyme (nifHDK)  are  shown in 

black. Hypothetical genes are shown in light-grey. Arrows indicate the reading direction for 

sets of genes. DNA excision elements are shown as lines within gene reading frames and the  

length  of  the  element  is  given  below.  Vertical  bars  for  C.  raciborskii  and  the  R.  gibba 

cyanobiont indicate that the genomes are not closed.



sporocarp germination, leaves are formed at the plant apex, displacing older 
leaves towards the base of the plant and resulting in an age gradient (from 
apex to base) along the Azolla stem. This developmental pattern of the plant 
is mirrored also in the cyanobiont population. At the plant apex, cyanobiont  
cell  division  is  highest,  cells  are  small  and  filaments  contain  very  few 
heterocysts  [89,  128].  As  leaves  mature,  the  frequency  of  heterocysts 
increases to 20-30%, nitrogenase activity reaches a peak, cyanobiont cells 
become enlarged and cell division is diminished [89, 128, 129]. Preliminary 
studies carried out during this doctoral project showed that the DNA content 
of  cyanobiont  cells  (measured  by  confocal  fluorescence  microscopy) 
increased  in  the  first  three  leaves  from the  apex,  followed  by  a  gradual 
decrease in subsequent leaves (Fig. 7A). Additionally, immunolocalization 
of the cell division protein FtsZ showed that the cyanobiont formed proper 
cell division rings (Fig. 7B) and that the proportion of cells exhibiting the 
division ring correlated with cyanobiont cell division frequency throughout 
the plant age gradient.

Successful regulation of cyanobiont growth in the  Azolla  symbiosis can 
be  considered  imperative,  as  the  fast-growing  bacterial  partner  may 
otherwise outgrow the plant and shift the association to a parasitic mode. It is 
evident that some forms of regulatory mechanisms are acting on cyanobiont 
growth-rate, but the exact nature of this regulation is unknown. The presence 
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Figure 7. DNA content and FtsZ immunolocalization in the Azolla cyanobiont. A) DNA 

content measured by DAPI fluorescence intensity in vegetative cells of the cyanobiont along  

the Azolla age gradient. The y-axis corresponds to arbitrary units (AU) of DAPI fluorescence 

and the x-axis shows the age of leaves, counted from the plant apex. Standard deviation of  

values  are  shown  by  the  vertical  lines  for  each  bar.  B)  Immunolocalization  of  the  FtsZ 

protein.  The  image  is  a  combination  of  intensities  from Alexa-488 secondary  antibodies  

(green)  and  cyanobiont  autofluorescence  (red).  White  arrows  indicate  the  FtsZ-ring  in 

different stages of formation.



of functional cell-division genes in the NoAz genome, and proper formation 
of the FtsZ-ring, shows that the cell-division machinery is fully functional in 
the  cyanobiont.  However,  the  impairments  in  DNA  replication  and 
maintenance  functions  may  have  caused  a  reduction  in  the  inherent 
cyanobiont growth-rate and allowed the plant to more efficiently impose its 
own growth regime. Additionally, the severe deactivation of nutrient uptake 
genes suggests that the cyanobiont is highly dependent on specific nutrient 
sources supplied by the plant. Thus, restricting nutrient supply to older leaf-
cavities should efficiently regulate cyanobiont growth further.

3.3 An early stage of domestication?
In most free-living bacteria,  pseudogenes and insertion sequences (ISs) 

are effectively removed from populations through purifying selection and a 
bias  towards  genomic  deletions  [57,  130].  In  endosymbionts,  however, 
decreased population sizes in combination with genetic drift and a high level 
of redundancy in functions provided by the host may result in the fixation of 
deleterious mutations and consequently a proliferation of both pseudogenes 
and  ISs  [56,  57].  These  genetic  elements  are  eventually  removed  from 
anciently host-restricted endosymbionts while their presence may be readily 
observed in genomes of endosymbionts in recently established associations 
[56, 57, 131].

Two main lines of evidence suggest that the  Azolla  cyanobiont is in an 
early stage of adaptation to its host-restricted environment. The first of these 
is the high proportion of pseudogenes and insertion sequences found within 
the genome. Most  of  the pseudogenes in NoAz still  share relatively high 
sequence similarity to functional genes in other organisms, indicating that 
they  have  had  limited  time  to  deteriorate  since  inactivation.  Secondly,  a 
parsimony  reconstruction  of  genome  sizes  at  internal  nodes  in  the 
cyanobacterial lineage (paper II and Fig. 8), shows that the size of the NoAz 
genome has remained more or less stable during evolution within the plant.  
Similarly, an estimation of gene content in the last free-living ancestor of 
NoAz showed that only a small amount of genes have been completely lost 
since the cyanobiont became host-restricted.

The  exact  age  of  the  Azolla  symbiosis is  unknown.  Although  fossil 
records and molecular evidence suggests that the plant is between 90 and 
140  million  years  (My)  old  [132-134],  it  is  not  known  when  the 
cyanobacterial  association  was  established.  Nevertheless,  the  age  of  the 
symbiosis is likely younger than the aphid-Buchnera  association which is 
estimated to 160-280 My [135] and characterized by extensive reductions in 
endosymbiont genome size and gene content [53, 115].
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3.4 Acquired genes
Bacteria may acquire novel properties by the acquisition of genes from 

other species which may or may not be closely related to the recipient, a  
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Figure 8. Reconstruction of genome sizes in the cyanobacterial lineage.  Sizes at specific 

internal nodes are given and for extant genomes in the right margin. Species names have been  

abbreviated (refer to paper II for full names) but are ordered as in Fig. 3. Genomes within  

Clade 1 appear to have undergone considerable expansions and reductions, while a single  

event of genome reduction has occurred in the ancestor of Clade 2 species. Note that the size 

of the NoAz genome has remained relatively stable since its last known free-living state.



process known as horizontal gene transfer (HGT). The extent to which this 
process  has  shaped the genomes  of  bacteria  is  actively debated (see  e.g. 
[136-138]), but it is generally agreed that HGT has played a major role in 
bacterial evolution and continues to influence genomes of extant bacteria. In 
fact, a majority of gene families may have been subject to horizontal transfer  
during the evolution of prokaryotes [139, 140]. Indeed, cyanobacteria are no 
exception  and several  events  of  gene exchange have been reported,  both 
within the  phylum  [141-143] and between cyanobacteria  and other  phyla 
[144-147]. The frequency of HGT between bacteria naturally relies on the 
physical proximity of organisms and, as a consequence, free-living bacteria 
exposed to  environments  with a  diverse  distribution of  organisms should 
have  a  higher  chance  of  acquiring  genes  compared  to  host-restricted 
endosymbionts which are faced with limited sets of co-existing species. In 
addition, the detection of gene transfers relies on the maintenance of these 
genes in the recipient genome. Studies have shown that most horizontally 
transferred genes in  bacteria have been acquired relatively recently  [148] 
suggesting that  a  significant  proportion of  these genes  have been purged 
from  bacterial  genomes,  probably  due  to  lack  of  a  conferred  fitness 
advantage [149].

The  leaf-cavity  of  Azolla has  been  shown  to  inhabit  not  only  a 
cyanobacterial population but also a cohort of other prokaryotes with mixed 
morphologies and taxonomic affiliations [38, 39, 92], some of which are also 
transferred  together  with  the  cyanobiont  to  new plant  generations  in  the 
Azolla sporocarps [22]. This has earned members of this non-cyanobacterial 
community the term “bactobionts” and although their  putative role in the 
symbiosis has remained elusive it has been suggested that they participate in 
formation of the mucilaginous matrix which lines the cavity walls of Azolla 
leaves [40], or contribute to the nitrogen fixed in the symbiosis [41].

The  proportion  of  horizontally  transferred  genes,  estimated  by  a 
combination of sequence similarity and composition based methods, were 
found to be similar in the genome of 'Nostoc azollae' 0708 and free-living 
cyanobacteria  (Paper  III).  Thus,  despite  a  constant  close  association  and 
ample  opportunity  for  genetic  exchange  with  other  prokaryotes,  the 
frequency of putative xenologous genes in NoAz is not markedly higher than 
in  cyanobacterial  genomes in  general  and  significantly  lower  than  in  for  
instance Trichodesmium erythraeum which is also known to co-exist with a 
rich community of microorganisms  [150,  151].  A possible explanation to 
these results is that transferred genes have a lower chance of conferring a  
fitness advantage, and are consequently lost by lack of positive selection, in 
the  highly  specific  host-restricted  niche  occupied  by  the  cyanobiont  as 
compared to the more variable environment which free-living cyanobacteria 
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are exposed to.
Xenologous genes in the NoAz genome were identified both as functional 

gene copies and as pseudogenes in various stages of degradation. Functional 
protein-coding  xenologs  were  mostly  related  to  genes  involved  in 
biosynthesis of the bacterial cell  wall or in the formation of extracellular 
structures.  As  an  example,  a  cluster  of  genes  involved  in  saccharide 
biosynthesis,  some  of  which  appear  to  have  been  acquired  by  a  single 
transfer event, were identified on the main chromosome in NoAz (Fig. 9).  
This suggests that horizontally transferred genes in NoAz are involved in 
formation of  the  mucilaginous  polysaccharide-rich  matrix  which  encloses 
both the cyanobiont  and bactobiont  population in  Azolla leaf-cavities and 
sporocarps  [22]. The retainment of these genes in the NoAz genome also 
indicates that they contribute in some way to the symbiosis, possibly aiding 
in adherence to plant tissue or by facilitating nutrient exchange between the 
symbiotic  partners  [91].  Xenologous  genes  were  also  identified  on  the 
plasmids in NoAz, although to a lesser extent than on the main chromosome. 
A  pair  of  putative  xenologs  on  the  larger  of  the  two  plasmids  showed 
similarity to the virulence associated proteins (Vap) B and C. These genes 
belong to a family forming a toxin-antitoxin (TA) operon in bacteria which 
are  involved  in  plasmid  maintenance  during  cell  division  [152].  Toxin-
antitoxin genes are frequently transferred between bacteria but are mostly 
lacking in host-associated species [153]. Interestingly, VapBC proteins have 
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Figure 9. Example of putative xenologous genes in NoAz. Orange and red triangles indicate 

genes identified as xenologous by one and ≥2 screening methods, respectively (see paper III 

for  details).  The  phylum  of  putative  donors  is  shown  in  brackets  after  product  names. 

Pseudogenes are indicated by “*”. The region contains numerous glycosyl transferase genes 

which may be involved in polysaccharide formation in NoAz.



been shown to play a role in regulation of bacterial growth  [153, 154] and 
their function in the cyanobiont may be similar (see chapter 3.2). However,  
considering the selfish-nature of TA genes  [155, 156] the function of the 
VapBC xenologs may not extend beyond their continued propagation in the 
cyanobiont population.

Loss  of  function  had  mostly  affected  xenologs  related  to  restriction 
enzymes,  methylases  and  ribonucleases  which  are  often  horizontally 
transferred  in  bacteria  [157] and  constitute  defence  mechanisms  against 
viruses  which  infect  bacteria  (phages)  [158].  Their  deactivation  in  the 
cyanobiont  genome suggests that  the  Azolla leaf-cavity itself  offers some 
protection against phage invasions.
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Chapter 4: Evolutionary aspects

4.1 Genome evolution and adaptive potential
The formidable  diversity  of  cyanobacteria  is  reflected  not  only  in  the 

various  morphologies,  physiological  capacities  and  habitat  selection  of 
species within the phylum, but also at the genome level. The sizes of known 
cyanobacterial  genomes range almost  10-fold from just over one to more 
than nine Mbp and coding sequences from roughly 1,200 to >8,000. During 
the  billion  years  of  cyanobacterial  evolution,  a  range  of  niche-specific 
environmental and competitive forces has likely acted on these species and 
may have shaped individual genomes to uniquely reflect the characteristics 
displayed.  However,  the  two  major  clades  identified  within  the 
cyanobacterial lineage (paper II), being largely supported in previous studies 
[102-104, 142], did show some general evolutionary trends.

One  of  these  clades  (Clade  1;  Fig.  3)  comprised  all  morphologically 
complex cyanobacterial species, i.e. filamentous and heterocystous, as well 
as some unicellular members. This clade also contained species which are 
able  to  fix  nitrogen  and  hold  symbiotic  competence,  including 'Nostoc 
azollae'  0708. The other major clade (Clade 2; Fig. 3) consisted solely of 
unicellular  and  mostly  marine  species.  This  pattern  of  complexity  and 
variability was reflected also in genome size fluctuations within the lineage 
(Fig. 8).  While genome evolution in Clade 1 appears to involve a mix of 
gains and losses,  a single event  of genome reduction has occurred in the 
ancestor of Clade 2 cyanobacteria. Notably, both extremes of genome sizes 
were represented in Clade 1, with N. punctiforme [114] and cyanobacterium 
UCYN-A  [159] harbouring  the  largest  and  smallest  genomes  of 
cyanobacteria, respectively. Genome size was not clearly correlated with cell 
differentiation,  although  all  filamentous  and  heterocystous  cyanobacteria 
contained  genomes  >3  Mbp.  C.  raciborskii  and  R.  brookii,  the  closest 
relatives of NoAz which harbour the smallest genomes in the heterocystous 
clade, may however be on their way to lose the cell differentiation potential  
as both species display impairments in heterocyst development [160].

A large set of orthologous genes, including data on gene paralogs, was 
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used to estimate the number of duplicated genes in species of the different 
clades.  Gene  duplications  are  thought  to  be  a  strong  driving  force  for 
adaptive  behaviour  in  bacteria  as  having  more  than  one  copy of  a  gene 
provides a genetic resource on which different selection pressures can act  
and  thereby  promote  success  in  changing  environments  [113,  161-163]. 
Consequently, gene duplications should be favoured by bacteria which are 
faced  with  varying  environmental  conditions  and  disfavoured  in  bacteria 
residing in highly specialized niches, such as the host-restricted environment 
of endosymbionts.

In general, the number of paralogs was found to be higher in Clade 1 than 
in Clade 2 cyanobacteria (Fig. 10) and a strong positive correlation between 
paralogs  and genome size  was  evident  in  the  former  clade,  in  line  with 
previous studies on bacteria in general [161, 164, 165]. Some of the highest 
paralog numbers were evident in Acaryochloris marina, Nostoc punctiforme, 
Crocosphaera watsonii  and  Microcystis aeruginosa, all of which represent 
cyanobacteria with significant adaptive potential, symbiotic competence or 
highly plastic genomes [114, 166-169].

Gene family expansion in Clade 1 was identified primarily in relation to 
Signal transduction mechanisms, indicating an increased capacity to respond 
to changing environmental stimuli, while paralogs in Clade 2 cyanobacteria 
were  mainly  focused  in  the  Membrane  biogenesis  and  Protein  turnover 
functional categories. The NoAz genome contained relatively few paralogs, 
mostly confined to some highly duplicated transposases.

It is apparent that cyanobacteria in Clade 1 employ a strategy of genome 
and gene family expansions which allow these species access to a number of 
developmental  capacities  (e.g.  cell  differentiation),  physiological  abilities 
(e.g. nitrogen-fixation and symbiosis), and a wide range of habitats. This is 
exemplified by the symbiotically competent  N. punctiforme and A. marina, 
of which the latter contains the largest number of duplicated gene families 
among cyanobacteria (Fig. 10). The  Azolla cyanobiont represents a unique 
case  of  severe  genome  erosion  induced  by  a  symbiotic  restriction.  The 
maintenance,  and  likely  also  the  initial  establishment,  of  the  Azolla 
symbiosis  is  anchored  in  the  flexibility  of  the  cyanobiont,  i.e.  cell 
differentiation (heterocysts, akinetes and hormogonia) and nitrogen-fixation. 
Thus,  a  high  adaptive  potential  of  the  free-living  ancestor  to  the  Azolla 
cyanobiont may have facilitated its ultimate entrapment in a highly specific 
niche (symbiosis).

38



4.2 Fate of the genome
Given  the  abundant  pseudogenes  and  mobile  genetic  elements  in  the 

genome of 'Nostoc azollae' 0708 it is clear that gene deactivation currently 
outranks gene deletions  in  the  cyanobiont  population.  If  the  evolutionary 
process of host-restricted endosymbionts (i.e. gene deactivation followed by 
deletions [56, 57]) is acting also on the Azolla cyanobiont, the NoAz genome 

39

Figure  10. Paralogs  and their  distribution  within  COG categories  in  cyanobacterial 

genomes.  The plot on the left shows the quantity of paralogs within genomes. The x-axis 

represents the percentage of orthologous protein groups which contain paralogs and the colour 

of circles shows the total number of paralogs, for each genome. Numbers in the right margin 

of the plot shows the average number of gene copies for paralogs. The right plot shows the 

distribution of paralogs in COG categories. Species are ordered as in Fig. 3 and Fig. 8 and  

COG abbreviations  are  as  in  Fig.  5.  Note  that  paralogs  are  more  abundant  in  Clade  1  

cyanobacteria which also  have a higher distribution in the signal transduction category (T). 

Categories related to chaperone functions (O) and membrane biogenesis (M) contain more 

paralogs in Clade 2 cyanobacteria.



will gradually be reduced further. Removal of the parts of the genome which 
represents non-coding pseudogenes and transposable elements would result 
in a size comparable to the closest  relatives of 'Nostoc azollae'  0708:  C. 
raciborskii (3.9 Mbp) and R. brookii (3.2 Mbp). However, the question is if 
the same pattern of genome evolution seen in other obligate cyanobacterial 
endosymbionts, such as those in R. gibba [77] and P. chromatophora [9, 65], 
or in the insect endosymbionts, such as  Buchnera [52, 53] and Candidatus 
[66], can be applied to the Azolla cyanobiont.

The primary role  of  the  Azolla  cyanobiont  lies  in  nutrient  supply (via 
nitrogen  fixation)  to  its  host.  This  task  is  identical  to  that  of  the 
cyanobacterial  endosymbiont  in  R.  gibba,  and  similar  to  that  of  the 
cyanobiont  in  P.  chromatophora (carbon  fixation)  and  most  insect 
endosymbionts  (amino  acid  biosynthesis).  The  genome  of  the  R.  gibba 
endosymbiont, estimated to 2.6 Mbp  [77], is still relatively large and, like 
the  Azolla  cyanobiont, displays characteristics of a recently host-restricted 
organism,  such  as  numerous  transposases  and  pseudogenes  and  retained 
DNA repair  genes  [77].  The  P.  chromatophora  cyanobiont,  on the  other 
hand, appears to have undergone a more long-lasting co-evolution with its 
host as it has a high coding proportion (78%) and contains no transposable 
elements and few pseudogenes [55]. However, its genome size of 1.02 Mbp 
is  still  an  order  of  magnitude  larger  than  chloroplast  genomes,  and 
comparable  to  its  closest  cyanobacterial  relatives.  It  may  indeed  be  that 
genome reductions are more limited in cyanobacterial endosymbionts than in 
their  proteobacterial  counterparts  in  insect  hosts,  and  significant  loss  of 
genetic material in the former may require large-scale transfer of genes to the 
host nucleus, as was the case in chloroplast evolution  [58, 170]. There are 
indications  that  some  degree  of  endosymbiont  gene  transfer  (EGT)  has 
occurred  in  the  P.  chromatophora symbiosis  [171] as  well  as  in  other 
intracellular  symbioses  [172, 173]. Whether EGT is also occurring in the 
Azolla symbiosis remains to be established, but it is interesting to note that  
the  cyanobiont  has  access  to  the  plant germ  line  during  the  vertical 
transmission via  Azolla  sporocarps, at which time the cyanobacterium also 
releases  DNA-containing  vesicles  [22].  However,  the  maintenance  of 
transferred genes may be severely limited due to lack of function in the host 
genome, and any form of protein reimport to the cyanobiont is likely to be 
restricted by its extracellular location.

A further restriction on genome reduction in the  Azolla  cyanobiont may 
be  the  numerous  and  complex  cellular  processes  needed  to  maintain  the 
symbiosis,  which are not  required in obligate intracelluar  endosymbionts.  
These  include  cell  differentiation  of  heterocysts  and  akinetes  as  well  as 
motile hormogonia filaments. Additionally, the cyanobiont has retained both 
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nitrogen-fixing and photosynthetic  capacity,  and  the activity  of  the  latter 
process  may  provide  essential  energy  to  the  former  [27,  117].  These 
developmental and physiological requirements likely impose a constraint on 
genome reductions  in  the  cyanobiont,  and  may not  allow the genome to 
shrink  to  the  same  extent  as  in  unicellular  endosymbionts.  The  Azolla  
cyanobiont differs from most other obligate endosymbionts in other aspects 
as  well,  such  as  that  it  resides  in  a  symbiotic  environment  shared  with 
numerous  other  prokaryotes.  Considering  that  horizontal  gene  transfer  is 
likely frequent among bacterial species  [137-139, 148, 174], the influx of 
genetic  material  to  the  Azolla  cyanobiont  should  be  higher  than  in 
intracellular  endosymbionts  which  have  only  limited  access  to  gene 
acquisition.  Although  most  horizontally  acquired  genes  are  probably 
transient  guests  in  the  NoAz genome  [130,  136,  149],  they may provide 
additional weight against the deletional bias of bacterial genomes [57, 130] 
and thereby reduce the rate of genome reductions in the cyanobiont. This 
may be even more significant if the acquired genes represent transposases or 
other mobile genetic elements, which are inherently prone to proliferation in 
genomes. Transposable elements may also infer a level of genome plasticity 
required for the cyanobiont to respond to cues from the host during plant  
development, or during the vertical transmission process. Such a requirement 
would impose a positive selection on transposase functions, as proposed to 
operate in some free-living and symbiotic bacteria  [168, 175], and prevent 
the removal of transposable elements from the genome.

The current status of the 'Nostoc azollae'  0708 genome is not likely to 
represent a final and stable end-state and the pattern of genome reduction in 
the cyanobiont is similar, in some regard, to other obligate endosymbionts 
but  significantly  different  in  other  aspects.  A  key  determinant  of  the 
differences seems to be the extracellular location of the  Azolla  cyanobiont 
and the reason why the cyanobiont has not become integrated within cells of 
the  plant  is  intriguing.  Given  that  the  morphologically  similar  Nostoc 
cyanobiont in Gunnera is able to enter, and perform nitrogen fixation, within 
plant cells  [20] there does not appear to be any obvious restriction to this 
type of integration, unless of course the inability lies with Azolla itself. An 
answer to its continued extracellular location in the  Azolla  symbiosis may 
simply  be  that  it  was  competent  enough  upon  establishment  of  the 
association as to preclude the need for further integration within the host, 
again stressing that ”life finds a way”.
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Chapter 5: Final remarks

5.1 Conclusions
This  work  describes  the  first  genome  analysis  of  an  obligate  and 

perpetually  maintained  cyanobacterial  plant  symbiont  and  comparative 
studies of the genome to those of free-living and endosymbiotic bacteria.  
The main conclusions of this thesis are:

• that  the  perpetual  host-restricted  life-style  has  allowed  severe 
degradations to occur within the genome of the Azolla cyanobiont

• that this degradation has not randomly affected the genome but is 
rather  reflected  in  functions  which  are  likely  redundant  in  the 
symbiosis, such as the capacity to take up and metabolize various 
nutrients  and  pigment  biosynthesis.  These  lost  functions  likely 
provide an explanation to the lack of cyanobiont autonomy. In 
contrast,  functions  vital  to  the  symbiosis  and  its  maintenance, 
such  as  nitrogen-fixation  and  heterocyst  differentiation  are 
retained

• that  the  state  of  the  cyanobiont  genome is  representative  of  a 
bacterium which has recently been host-restricted, indicated by 
the numerous pseudogenes and insertion sequences which are still 
evident and the estimated low decrease in genome size and few 
completely eliminated genes

• that genomic changes characteristic of host-restricted intracellular 
endosymbionts may also take place in symbiotic cyanobacteria 
located extracellularly

• that  the  once  free-living  ancestor  of  'Nostoc  azollae'  0708 
belonged to a major  cyanobacterial  clade with a  high adaptive 
potential which likely facilitated the establishment of the  Azolla 
symbiosis and the subsequent entrapment of the cyanobiont

• that some genes have been acquired by horizontal transfer to the 
cyanobiont  genome,  putatively from prokaryotes  co-existing in 
the Azolla leaf-cavity, and that some of these genes may play an 
active role in symbiotic functions
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5.2 Future perspectives
The results and conclusions presented in this thesis are primarily based on 

in  silico genomic  analyses.  Therefore,  these  findings  should  be  further 
validated  by  studying  the  transcription,  expression  and  regulation  of 
predicted  genes  and their  activities,  both  in  vitro and  in  vivo during  the 
symbiotic  life-cycle  of  the  Azolla cyanobiont.  Although  results  from 
metabolic activity studies have been reported in  Azolla  cyanobionts,  most 
deal specifically with rates of nitrogen-fixation, photosynthesis or hydrogen 
production  [27,  28,  117,  125,  129,  176,  177].  A proteomic  study of  the 
cyanobiont  in  Azolla  filiculoides was  also  reported  recently  [90] and  all 
identified proteins in that analysis were found in functional  copies in the 
cyanobiont genome. However, these proteins were restricted to those most 
highly  expressed  [90].  The  now  available  genomic  sequence  provides  a 
starting point for more specific analysis of gene expression patterns, such as 
of the putative xenologous genes identified in this work.

Finally, further sequencing of cyanobionts from additional Azolla species 
would  allow a  more  comprehensive  comparative  genomic  analysis  to  be 
made. Although the overall pattern of genome erosion in Azolla cyanobionts 
is likely to be similar (i.e. streamlining around nitrogen-fixation), it cannot  
be ruled out  that  such sequencing efforts  would reveal  different  genomic 
adaptations and evolutionary paths taken by specific cyanobiont populations. 
Sequencing of the Azolla genome, as well as the genomes of the bactobionts 
(or  metagenome of the bacterial  community)  in  the  leaf-cavity,  may also 
provide key insights into the evolutionary driving forces in this multi-partner 
symbiosis.

43



Acknowledgements

I  want  to  thank  my  supervisor  Birgitta  Bergman  for  giving  me  the 
opportunity to work on this project, for the many interesting discussions we 
have  had  and  for  her  unrelenting  and  inspiring  belief  that  anything  is 
possible.

I would also like to thank all my colleagues at the Department of Botany, in 
particular  Liang,  Theo, Johan,  Karolina and Johannes for their  invaluable 
help and support.

A huge thank-you also to my family and friends, and especially to Emma for 
her moral support and for putting up with me during long work-hours, and 
when my mind has strayed to cyanobacteria and bioinformatics.

This work was supported financially by The Swedish Energy Agency, The 
Swedish  Research  Council  Formas  and  the  Knut  and  Alice  Wallenberg 
Foundation.

44



References

1.  Schopf  JW:  Microfossils  of  the  Early  Archean  Apex  chert:  new 
evidence of the antiquity of life. Science 1993, 260:640-646.

2.  Schopf  JW:  Fossil  evidence of  Archaean life.  Philos.  Trans.  R.  Soc.  
Lond., B, Biol. Sci 2006, 361:869-885.

3. Summons RE, Jahnke LL, Hope JM, Logan GA: 2-Methylhopanoids as 
biomarkers  for  cyanobacterial  oxygenic  photosynthesis.  Nature 1999, 
400:554-557.

4. Buick R: When did oxygenic photosynthesis evolve? Philos. Trans. R.  
Soc. Lond., B, Biol. Sci 2008, 363:2731-2743.

5. Kopp RE, Kirschvink JL, Hilburn IA, Nash CZ:  The Paleoproterozoic 
snowball  Earth:  A  climate  disaster  triggered  by  the  evolution  of 
oxygenic  photosynthesis.  Proc  Natl  Acad  Sci  U S  A 2005,  102:11131–
11136.

6.  The  ecology  of  cyanobacteria  -  their  diversity  in  time  and  space . 
Dordrecht: Kluwer Academic Publishers; 2000.

7. Rasmussen B, Fletcher IR, Brocks JJ, Kilburn MR: Reassessing the first 
appearance  of  eukaryotes  and  cyanobacteria.  Nature 2008,  455:1101–
1104.

8. Prechtl J, Kneip C, Lockhart P, Wenderoth K, Maier U-G: Intracellular 
spheroid bodies of Rhopalodia gibba have nitrogen-fixing apparatus of 
cyanobacterial origin. Mol Biol Evol 2004, 21:1477–1481.

9.  Marin  B,  Nowack  ECM,  Melkonian  M:  A  plastid  in  the  making: 
evidence for a second primary endosymbiosis. Protist 2005, 156:425–432.

10. Rai A:  Cyanobacterial-fungal symbiosis: The cyanolichens. In  CRC 
handbook of  symbiotic cyanobacteria.  edited by Rai  A Boca Raton  Fla. 
CRC Press; 1990:9-41.

45



11.  Usher  KM,  Bergman  B,  Raven  JA:  Exploring  cyanobacterial 
mutualisms. Annu Rev Ecol Evol Syst 2007, 38:255–273.

12.  Bergman  B,  Ran  L,  Adams  DG:  Cyanobacterial-plant  Symbioses: 
signalling  and development.  In  The  Cyanobacteria:  Molecular  Biology,  
Genomics  and  Evolution.  edited  by  Herrero  A,  Flores  E Sevilla:  Caister 
Academic Press; 2008:447-473.

13. Rippka R, Deruelles J, Waterbury JB, Herdman M, Stanier R:  Generic 
assignments,  strain  histories  and  properties  of  pure  cultures  of 
cyanobacteria. J Gen Microbiol 1979, 111:1–61.

14. Fay P, Stewart WD, Walsby AE, Fogg GE: Is the heterocyst the site of 
nitrogen fixation in blue-green algae? Nature 1968, 220:810-812.

15. Golden JW, Yoon H-S:  Heterocyst development in Anabaena.  Curr.  
Opin. Microbiol 2003, 6:557-563.

16.  Haselkorn  R:  Heterocyst  differentiation  and  nitrogen  fixation  in 
cyanobacteria. In Associative and Endophytic Nitrogen-fixing Bacteria and  
Cyanobacterial Association. edited by Elmerich C, Newton WE New York: 
Springer; 2007:233–256.

17.  Herdman  M,  Rippka  R:  Cellular  differentiation:  Hormogonia  and 
baeocytes. In Cyanobacteria. edited by Lester Packer ANG Academic Press; 
1988, 167:232 - 242.

18.  Meeks  JC,  Elhai  J:  Regulation  of  cellular  differentiation  in 
filamentous cyanobacteria in free-living and plant-associated symbiotic 
growth states. Microbiol. Mol. Biol. Rev 2002, 66:94-121; table of contents.

19.  Adams  D,  Duggan  PS:  Heterocyst  and  akinete  differentiation  in 
cyanobacteria. New Phytologist 1999, 144:3–33.

20.  Bergman  B,  Johansson  C,  Söderbäck  E:  The  Nostoc–Gunnera 
symbiosis. New Phytologist 1992, 122:379–400.

21. Rasmussen U, Johansson B, Bergman B: Early communication in the 
Gunnera-Nostoc symbiosis: plant-induced cell differention and protein 
synthesis in the cyanobacterium. Mol Plant Microbe Interact 1994, 7:696–
702.

22.  Zheng  W,  Bergman  B,  Chen  B,  Zheng  S,  Guan  X,  Rasmussen  U: 

46



Cellular  responses  in  the  cyanobacterial  symbiont  during  its  vertical 
transfer between plant generations in the Azolla microphylla symbiosis. 
New Phytol 2009, 181:53–61.

23.  Wagner  G:  Azolla:  A  review  of  its  biology  and  utilization.  The 
Botanical Review 1997, 63:1-26.

24. Tung HF, Shen TC:  Studies of the Azolla pinnata-Anabaena azollae 
Symbiosis: Growth and Nitrogen Fixation.  New Phytologist 1981, 87:pp. 
743-749.

25. Vincenzini M, Margheri M, Sili  C:  Outdoor mass culture of Azolla 
spp.:  yields  and efficiencies  of  nitrogen fixation.  Plant  and Soil 1985, 
86:57-67.

26. Newton JW: Photoproduction of molecular hydrogen by a plant-algal 
symbiotic system. Science 1976, 191:559-561.

27.  Peters  GA,  Evans  WR,  Toia  RE:  Azolla-Anabaena  azollae 
Relationship: IV. Photosynthetically Driven, Nitrogenase-catalyzed H(2) 
Production. Plant Physiol 1976, 58:119-126.

28.  Peters  GA,  Toia  RE,  Lough  SM:  Azolla-Anabaena  azollae 
Relationship:  V.  N(2)  Fixation,  Acetylene  Reduction,  and  H(2) 
Production. Plant Physiol 1977, 59:1021-1025.

29. Kaizzi CK, Ssali H, Nansamba A, Vlek PLG: The potential benefits of 
Azolla, Velvet bean (Mucuna pruriens var.  utilis) and N fertilizers in 
rice  production  under  contrasting  systems  in  eastern  Uganda.  In 
Advances in Integrated Soil Fertility Management in sub-Saharan Africa:  
Challenges and Opportunities.  edited by Bationo A, Waswa B, Kihara J, 
Kimetu J Springer Netherlands; 2007:423-434.

30.  Lumpkin T,  Plucknett  D:  Azolla: Botany,  physiology,  and use as a 
green manure. Economic Botany 1980, 34:111-153.

31.  Forni  C,  Cascone  A,  Fiori  M,  Migliore  L:  Sulphadimethoxine  and 
Azolla filiculoides Lam.: a model for drug remediation. Water Res 2002, 
36:3398-3403.

32. Rahman MA, Hasegawa H: Aquatic arsenic: Phytoremediation using 
floating macrophytes. Chemosphere 2011.

47



33.  Ghorbanzadeh  Mashkani  S,  Tajer  Mohammad  Ghazvini  P: 
Biotechnological  potential  of  Azolla  filiculoides  for  biosorption  of  Cs 
and Sr:  Application  of  micro-PIXE for  measurement  of  biosorption. 
Bioresour. Technol 2009, 100:1915-1921.

34. Kaplan D, Peters G: Interaction of carbon metabolism in the Azolla-
Anabaena symbiosis. Symbiosis 1988, 6:53-67.

35. Moore A: Azolla: Biology and agronomic significance. The Botanical  
Review 1969, 35:17-34.

36. Tang LF, Watanabe I, Liu CC:  Limited Multiplication of Symbiotic 
Cyanobacteria  of  Azolla  spp.  on  Artificial  Media. Appl  Environ 
Microbiol 1990, 56:3623–3626.

37.  Nierzwicki-Bauer SA, Aulfinger H:  Ultrastructural  characterization 
of eubacteria residing within leaf cavities of symbiotic and cyanobiont-
free Azolla mexicana. Current Microbiology 1990, 21:123-129.

38.  Si-Ping  Z,  Bin  C,  Xiong  G,  Wei-Wen  Z:  Diversity  analysis  of 
endophytic bacteria within Azolla microphylla using PCR-DGGE and 
electron microscopy. Chinese Journal of Agricultural Biotechnology 2008, 
5:269-276.

39.  Plazinski  J,  Taylor  R,  Shaw W,  Croft  L,  Rolfe  BG,  Gunning  BES: 
Isolation of Agrobacterium sp., strain from the Azolla leaf cavity . FEMS 
Microbiology Letters 1990, 70:55 - 59.

40.  Forni  C,  Haegi  A,  Gallo  M  del,  Caiola  MG:  Production  of 
polysaccharides by Arthrobacter globiformis associated with Anabaena 
azollae in Azolla leaf cavity.  FEMS Microbiology Letters 1992,  93:269 - 
273.

41.  Braun-Howland  EB,  Lindblad  P,  Nierzwicki-Bauer  SA,  Bergman  B: 
Dinitrogenase  reductase  (Fe-protein)  of  nitrogenase  in  the 
cyanobacterial  symbionts  of  three  Azolla  species:  Localization  and 
sequence of appearance during heterocyst differentiation.  Planta 1988, 
176:319–322.

42.  Margulis  L:  Origin  of  eukaryotic  cells:  evidence  and  research  
implications for a theory of the origin and evolution of microbial, plant, and  
animal cells on the Precambrian earth. New Haven: Yale University Press; 
1970.

48



43. Sagan L: On the origin of mitosing cells.  J. Theor. Biol 1967, 14:255-
274.

44. John P, Whatley FR:  Paracoccus denitrificans and the evolutionary 
origin of the mitochondrion. Nature 1975, 254:495-498.

45. Andersson SGE, Karlberg O, Canbäck B, Kurland CG: On the origin of 
mitochondria: a genomics perspective.  Philos. Trans.  R. Soc.  Lond.,  B,  
Biol. Sci 2003, 358:165-177; discussion 177-179.

46. Reyes-Prieto A, Bhattacharya D:  Phylogeny of Calvin cycle enzymes 
supports Plantae monophyly. Mol Phylogenet Evol 2007, 45:384–391.

47. Moreira D, Guyader HL, Philippe H: The origin of red algae and the 
evolution of chloroplasts. Nature 2000, 405:69–72.

48. Falcón LI, Magallón S, Castillo A: Dating the cyanobacterial ancestor 
of the chloroplast. ISME J 2010, 4:777-783.

49.  Yoon  HS,  Hackett  JD,  Ciniglia  C,  Pinto  G,  Bhattacharya  D:  A 
molecular  timeline  for  the  origin  of  photosynthetic  eukaryotes.  Mol.  
Biol. Evol 2004, 21:809-818.

50. Deusch O, Landan G, Roettger M, Gruenheit N, Kowallik KV, Allen JF, 
Martin  W,  Dagan  T:  Genes  of  cyanobacterial  origin  in  plant  nuclear 
genomes point to a heterocyst-forming plastid ancestor.  Mol Biol Evol 
2008, 25:748–761.

51. Nakabachi A, Yamashita A, Toh H, Ishikawa H, Dunbar HE, Moran NA, 
Hattori  M:  The  160-kilobase  genome  of  the  bacterial  endosymbiont 
Carsonella. Science 2006, 314:267.

52.  van  Ham  RCHJ,  Kamerbeek  J,  Palacios  C,  Rausell  C,  Abascal  F, 
Bastolla  U,  Fernández JM,  Jiménez L,  Postigo M,  Silva FJ,  Tamames J, 
Viguera E, Latorre A, Valencia A, Morán F, Moya A:  Reductive genome 
evolution  in  Buchnera  aphidicola.  Proc.  Natl.  Acad.  Sci.  U.S.A 2003, 
100:581-586.

53. Shigenobu S, Watanabe H, Hattori M, Sakaki Y, Ishikawa H: Genome 
sequence of the endocellular bacterial symbiont of aphids Buchnera sp. 
APS. Nature 2000, 407:81-86.

54. Gil R, Silva FJ, Zientz E, Delmotte F, González-Candelas F, Latorre A, 

49



Rausell C, Kamerbeek J, Gadau J, Hölldobler B, van Ham RCHJ, Gross R, 
Moya A: The genome sequence of Blochmannia floridanus: comparative 
analysis of reduced genomes. Proc. Natl. Acad. Sci. U.S.A 2003, 100:9388-
9393.

55.  Nowack ECM, Melkonian M, Glöckner G:  Chromatophore genome 
sequence of Paulinella sheds light on acquisition of photosynthesis by 
eukaryotes. Curr. Biol 2008, 18:410-418.

56. Moran NA, Plague GR: Genomic changes following host restriction in 
bacteria. Curr Opin Genet Dev 2004, 14:627–633.

57. Lawrence JG, Hendrix RW, Casjens S: Where are the pseudogenes in 
bacterial genomes? Trends Microbiol 2001, 9:535–540.

58. Martin W, Rujan T, Richly E, Hansen A, Cornelsen S, Lins T, Leister D, 
Stoebe B, Hasegawa M, Penny D:  Evolutionary analysis of Arabidopsis, 
cyanobacterial, and chloroplast genomes reveals plastid phylogeny and 
thousands of cyanobacterial genes in the nucleus. Proc Natl Acad Sci U S  
A 2002, 99:12246–12251.

59.  Race HL,  Herrmann RG,  Martin  W:  Why have organelles  retained 
genomes? Trends Genet 1999, 15:364-370.

60. Reyes-Prieto A, Hackett JD, Soares MB, Bonaldo MF, Bhattacharya D: 
Cyanobacterial  contribution  to  algal  nuclear  genomes  is  primarily 
limited to plastid functions. Curr. Biol 2006, 16:2320-2325.

61. Soll J, Schleiff E: Protein import into chloroplasts. Nat. Rev. Mol. Cell  
Biol 2004, 5:198-208.

62.  Theissen  U,  Martin  W:  The  difference  between  organelles  and 
endosymbionts. Curr. Biol 2006, 16:R1016-1017; author reply R1017-1018.

63.  Bhattacharya  D,  Archibald  JM:  Response  to  Theissen  and Martin. 
Curr Biol 2006, 16:R1017-R1018.

64. Archibald JM:  Endosymbiosis: double-take on plastid origins.  Curr.  
Biol 2006, 16:R690-692.

65.  Yoon  HS,  Reyes-Prieto  A,  Melkonian  M,  Bhattacharya  D:  Minimal 
plastid  genome  evolution  in  the  Paulinella  endosymbiont.  Curr.  Biol 
2006, 16:R670-672.

50



66. Tamames J, Gil R, Latorre A, Peretó J, Silva FJ, Moya A: The frontier 
between cell and organelle: genome analysis of Candidatus Carsonella 
ruddii. BMC Evol. Biol 2007, 7:181.

67. Cavalier-Smith T, Lee JJ:  Protozoa as Hosts for Endosymbioses and 
the  Conversion  of  Symbionts  into  Organelles.  Journal  of  Eukaryotic  
Microbiology 1985, 32:376–379.

68.  Douglas  A:  Symbiotic  interactions. Oxford:  Oxford  University  Press; 
1995.

69.  Bodył  A,  Mackiewicz  P,  Stiller  JW:  Comparative  genomic  studies 
suggest that the cyanobacterial endosymbionts of the amoeba Paulinella 
chromatophora  possess  an  import  apparatus  for  nuclear-encoded 
proteins. Plant Biol (Stuttg) 2010, 12:639–649.

70.  Bhattacharya D,  Archibald JM,  Weber  AP,  Reyes-Prieto A:  How do 
endosymbionts  become  organelles?  Understanding  early  events  in 
plastid evolution. Bioessays 2007, 29:1239–1246.

71. Reumann: The endosymbiotic origin of the protein import machinery 
of chloroplastic envelope membranes. Trends Plant Sci 1999, 4:302-307.

72.  Gross  J,  Bhattacharya  D:  Endosymbiont  or  host:  who  drove 
mitochondrial and plastid evolution? Biol. Direct 2011, 6:12.

73.  Alcock  F,  Clements  A,  Webb  C,  Lithgow T:  Evolution.  Tinkering 
inside the organelle. Science 2010, 327:649-650.

74.  Sato  S,  Nakamura  Y,  Kaneko  T,  Asamizu  E,  Tabata  S:  Complete 
structure of the chloroplast genome of Arabidopsis thaliana.  DNA Res 
1999, 6:283-290.

75. Foury F, Roganti T, Lecrenier N, Purnelle B: The complete sequence of 
the mitochondrial genome of Saccharomyces cerevisiae. FEBS Lett 1998, 
440:325-331.

76. Akman L, Yamashita A, Watanabe H, Oshima K, Shiba T, Hattori M, 
Aksoy  S:  Genome sequence  of  the  endocellular  obligate  symbiont  of 
tsetse flies, Wigglesworthia glossinidia. Nat Genet 2002, 32:402–407.

77.  Kneip  C,  Voss  C,  Lockhart  PJ,  Maier  UG:  The  cyanobacterial 
endosymbiont of the unicellular algae Rhopalodia gibba shows reductive 

51



genome evolution. BMC Evol. Biol 2008, 8:30.

78.  Oshima K, Kakizawa S,  Nishigawa H, Jung H-Y, Wei W, Suzuki S, 
Arashida  R,  Nakata  D,  Miyata  S-ichi,  Ugaki  M,  Namba  S:  Reductive 
evolution  suggested  from  the  complete  genome  sequence  of  a  plant-
pathogenic phytoplasma. Nat. Genet 2004, 36:27-29.

79.  Stephens  RS,  Kalman  S,  Lammel  C,  Fan  J,  Marathe  R,  Aravind  L, 
Mitchell  W,  Olinger  L,  Tatusov  RL,  Zhao  Q,  Koonin  EV,  Davis  RW: 
Genome  sequence  of  an  obligate  intracellular  pathogen  of  humans: 
Chlamydia trachomatis. Science 1998, 282:754-759.

80.  Andersson  SG,  Zomorodipour  A,  Andersson  JO,  Sicheritz-Pontén  T, 
Alsmark  UC,  Podowski  RM,  Näslund  AK,  Eriksson  AS,  Winkler  HH, 
Kurland  CG:  The  genome sequence  of  Rickettsia  prowazekii  and  the 
origin of mitochondria. Nature 1998, 396:133-140.

81.  Klasson L,  Walker  T,  Sebaihia  M,  Sanders  MJ,  Quail  MA, Lord  A, 
Sanders S, Earl J, O’Neill SL, Thomson N, Sinkins SP, Parkhill J: Genome 
evolution of Wolbachia strain wPip from the Culex pipiens group. Mol.  
Biol. Evol 2008, 25:1877-1887.

82. Costa J-L, Lindblad P:  Cyanobacteria in Symbiosis with Cycads. In 
Cyanobacteria in Symbiosis. edited by Rai AN, Bergman B, Rasmussen U 
Springer Netherlands; 2003:195-205.

83.  Kevin  Vessey  J,  Pawlowski  K,  Bergman  B:  Root-based  N2-fixing 
symbioses: Legumes, actinorhizal plants, Parasponia sp. and cycads. In 
Root Physiology: from Gene to Function. edited by Lambers H, Colmer T 
Springer Netherlands; 2005, 4:51-78.

84. Hosokawa T, Kikuchi Y, Nikoh N, Shimada M, Fukatsu T: Strict host-
symbiont  cospeciation  and  reductive  genome  evolution  in  insect  gut 
bacteria. PLoS Biol 2006, 4:e337.

85. Kikuchi Y, Hosokawa T, Nikoh N, Meng X-Y, Kamagata Y, Fukatsu T: 
Host-symbiont  co-speciation  and  reductive  genome  evolution  in  gut 
symbiotic bacteria of acanthosomatid stinkbugs. BMC Biol 2009, 7:2.

86. Feldhaar H, Gross R: Genome degeneration affects both extracellular 
and intracellular bacterial endosymbionts. J. Biol 2009, 8:31.

87. Plazinski J, Zheng Q, Taylor R, Croft L, Rolfe BG, Gunning BE: DNA 

52



probes show genetic variation in cyanobacterial symbionts of the azolla 
fern and a closer relationship to free-living nostoc strains than to free-
living anabaena strains. Appl Environ Microbiol 1990, 56:1263–1270.

88. Zheng WW, Nilsson M, Bergman B, Rasmussen U:  Genetic diversity 
and classification of cyanobacteria in different Azolla species by the use 
of  PCR  fingerprinting.  TAG  Theoretical  and  Applied  Genetics 1999, 
99:1187-1193.

89.  Hill  DJ:  The  pattern of  development  of  Anabaena  in  the  Azolla-
Anabaena symbiosis. Planta 1975, 122:179-184.

90.  Ekman  M,  Tollbäck  P,  Bergman  B:  Proteomic  analysis  of  the 
cyanobacterium of the Azolla symbiosis: identity, adaptation, and NifH 
modification. J Exp Bot 2008, 59:1023–1034.

91. Uheda E, Maejima K, Shiomi N: Localization of glutamine synthetase 
isoforms in hair cells of Azolla leaves.  Plant Cell Physiol 2004,  45:1087-
1092.

92.  Nierzwicki-Bauer  SA,  Aulfinger  H:  Occurrence and ultrastructural 
characterization of bacteria in association with and isolated from Azolla 
caroliniana. Appl. Environ. Microbiol 1991, 57:3629-3636.

93. Orr J, Haselkorn R:  Regulation of glutamine synthetase activity and 
synthesis in free-living and symbiotic Anabaena spp.  J Bacteriol 1982, 
152:626–635.

94. Papaefthimiou D, Van Hove C, Lejeune A, Rasmussen U, Wilmotte A: 
Diversity and host specificity of Azolla cyanobionts. Journal of Phycology 
2008, 44:60–70.

95. Papaefthimiou D, Hrouzek P, Mugnai MA, Lukesova A, Turicchia S,  
Rasmussen  U,  Ventura  S:  Differential  patterns  of  evolution  and 
distribution of the symbiotic behaviour in nostocacean cyanobacteria. 
Int J Syst Evol Microbiol 2008, 58:553–564.

96.  Svenning  MM,  Eriksson  T,  Rasmussen  U:  Phylogeny  of  symbiotic 
cyanobacteria within the genus Nostoc based on 16S rDNA sequence 
analyses. Arch. Microbiol 2005, 183:19-26.

97. Baker JA, Entsch B, McKay DB: The cyanobiont in an Azolla fern is 
neither Anabaena nor Nostoc. FEMS Microbiol Lett 2003, 229:43–47.

53



98.  Honda  D,  Yokota  A,  Sugiyama  J:  Detection  of  seven  major 
evolutionary  lineages  in  cyanobacteria  based  on  the  16S  rRNA gene 
sequence  analysis  with  new  sequences  of  five  marine  Synechococcus 
strains. J. Mol. Evol 1999, 48:723-739.

99.  Ishida  T,  Watanabe  MM,  Sugiyama  J,  Yokota  A:  Evidence  for 
polyphyletic origin of the members of the orders of Oscillatoriales and 
Pleurocapsales as determined by 16S rDNA analysis.  FEMS Microbiol.  
Lett 2001, 201:79-82.

100. Gugger M, Lyra C, Henriksen P, Couté A, Humbert J-F, Sivonen K: 
Phylogenetic  comparison of  the cyanobacterial  genera Anabaena and 
Aphanizomenon. Int. J. Syst. Evol. Microbiol 2002, 52:1867-1880.

101.  Zapomělová  E,  Jezberová  J,  Hrouzek  P,  Hisem  D,  Řeháková  K, 
Komárková J:  Polyphasic characterization of three strains of Anabaena 
reniformis  and  Aphanizomenoides  (cyanobacteria)  and  their 
reclassification  to  Sphaerospermum  gen.  nov.  (incl.  Anabaena 
kisseleviana). Journal of Phycology 2009, 45:1363–1373.

102.  Swingley  WD,  Blankenship  RE,  Raymond  J:  Integrating  Markov 
clustering  and  molecular  phylogenetics  to  reconstruct  the 
cyanobacterial  species  tree from conserved protein families.  Mol Biol  
Evol 2008, 25:643–654.

103. Gupta RS: Protein signatures (molecular synapomorphies) that are 
distinctive characteristics of the major cyanobacterial clades. Int J Syst  
Evol Microbiol 2009, 59:2510–2526.

104. Gupta RS, Mathews DW: Signature proteins for the major clades of 
Cyanobacteria. BMC Evol Biol 2010, 10:24.

105.  Tatusov  RL,  Galperin  MY,  Natale  DA,  Koonin  EV:  The  COG 
database:  a  tool  for  genome-scale  analysis  of  protein  functions  and 
evolution. Nucleic Acids Res 2000, 28:33–36.

106. Gil R, Silva FJ, Pereto J, Moya A:  Determination of the core of a 
minimal bacterial gene set. Microbiol Mol Biol Rev 2004, 68:518–537.

107.  Richter  S,  Hagemann M,  Messer  W:  Transcriptional  analysis  and 
mutation of a dnaA-like gene in Synechocystis sp. strain PCC 6803 .  J 
Bacteriol 1998, 180:4946–4949.

54



108.  Kogoma  T:  Stable  DNA  replication:  interplay  between  DNA 
replication,  homologous  recombination,  and  transcription.  Microbiol.  
Mol. Biol. Rev 1997, 61:212-238.

109.  Sandler  SJ:  Requirements  for  replication restart  proteins  during 
constitutive stable  DNA replication in Escherichia coli  K-12.  Genetics 
2005, 169:1799-1806.

110.  Champoux  JJ:  DNA  topoisomerases:  structure,  function,  and 
mechanism. Annu. Rev. Biochem 2001, 70:369-413.

111. Viard T, de la Tour CB:  Type IA topoisomerases: a simple puzzle? 
Biochimie 2007, 89:456-467.

112. Galperin MY: A census of membrane-bound and intracellular signal 
transduction  proteins  in  bacteria:  bacterial  IQ,  extroverts  and 
introverts. BMC Microbiol 2005, 5:35.

113. Alm E, Huang K, Arkin A: The evolution of two-component systems 
in  bacteria  reveals  different  strategies  for  niche  adaptation.  PLoS 
Comput Biol 2006, 2:e143.

114. Meeks JC, Elhai J, Thiel T, Potts M, Larimer F, Lamerdin J, Predki P, 
Atlas  R:  An  overview  of  the  genome  of  Nostoc  punctiforme,  a 
multicellular, symbiotic cyanobacterium. Photosyn. Res 2001, 70:85-106.

115. Moran NA, Mira A: The process of genome shrinkage in the obligate 
symbiont  Buchnera  aphidicola.  Genome  Biol 2001,  2:research0054-
research0054.12.

116.  Ray  TB,  Berger  CM,  Toia  RE,  Peters  GA:  Azolla-Anabaena 
relationship.  VIII.  Photosynthetic  characterization  of  the  association 
and individual partners. Plant Physiol 1979, 64:791–795.

117.  Tyagi  VV,  Ray TB,  Mayne BC,  Peters GA:  The Azolla-Anabaena 
azollae Relationship : XI. Phycobiliproteins in the action spectrum for 
nitrogenase-catalyzed acetylene reduction.  Plant Physiol 1981,  68:1479-
1484.

118.  Welsh  EA,  Liberton  M,  Stöckel  J,  Loh  T,  Elvitigala  T,  Wang  C, 
Wollam  A,  Fulton  RS,  Clifton  SW,  Jacobs  JM,  Aurora  R,  Ghosh  BK, 
Sherman  LA,  Smith  RD,  Wilson  RK,  Pakrasi  HB:  The  genome  of 
Cyanothece  51142,  a  unicellular  diazotrophic  cyanobacterium 

55



important in the marine nitrogen cycle. Proc. Natl. Acad. Sci. U.S.A 2008, 
105:15094-15099.

119.  Haselkorn  R:  Organization  of  the  genes  for  nitrogen  fixation  in 
photosynthetic bacteria and cyanobacteria.  Annu. Rev. Microbiol 1986, 
40:525-547.

120. Golden JW, Robinson SJ, Haselkorn R:  Rearrangement of nitrogen 
fixation genes during heterocyst differentiation in the cyanobacterium 
Anabaena. Nature 1985, 314:419-423.

121. Golden JW, Carrasco CD, Mulligan ME, Schneider GJ, Haselkorn R: 
Deletion  of  a  55-kilobase-pair  DNA  element  from  the  chromosome 
during heterocyst differentiation of Anabaena sp. strain PCC 7120.  J.  
Bacteriol 1988, 170:5034-5041.

122. Nierzwicki-Bauer SA, Haselkorn R:  Differences in mRNA levels in 
Anabaena living freely or in symbiotic association with Azolla. EMBO J 
1986, 5:29–35.

123.  Lee  KY,  Joseph  CM,  Meeks  JC:  Glutamine  synthetase  specific 
activity  and  protein  concentration  in  symbiotic  Anabaena  associated 
with Azolla caroliniana. Antonie Van Leeuwenhoek 1988, 54:345-355.

124.  Ray  TB,  Peters  GA,  Toia  RE,  Mayne  BC:  Azolla-Anabaena 
Relationship.  VII.  Distribution  of  Ammonia-Assimilating  Enzymes, 
Protein, and Chlorophyll between Host and Symbiont.  Plant Physiology 
1978, 62:pp. 463-467.

125. Meeks JC, Steinberg NA, Enderlin CS, Joseph CM, Peters GA: Azolla-
Anabaena Relationship : XIII. Fixation of [N]N(2).  Plant Physiol 1987, 
84:883-886.

126. Peters G, Toia R, Calvert H, Marsh B:  Lichens to Gunnera — with 
emphasis on Azolla. Plant and Soil 1986, 90:17-34.

127.  Peters  GA,  Meeks  JC:  The  Azolla-Anabaena  symbiosis:  basic 
biology. Annu Rev Plant Physiol Plant Mol Biol 1989, 40:193–210.

128. Hill DJ:  The role of Anabaena in the Azolla-Anabaena symbiosis. 
New Phytologist 1977, 78:611–616.

129.  Kaplan  D,  Calvert  HE,  Peters  GA:  The  Azolla-Anabaena  azollae 

56



Relationship :  XII.  Nitrogenase Activity and Phycobiliproteins  of  the 
Endophyte as a Function of Leaf Age and Cell Type. Plant Physiol 1986, 
80:884-890.

130. Mira A, Ochman H, Moran NA: Deletional bias and the evolution of 
bacterial genomes. Trends Genet 2001, 17:589-596.

131. Moran NA, McLaughlin HJ, Sorek R: The dynamics and time scale of 
ongoing genomic erosion in symbiotic bacteria.  Science 2009,  323:379–
382.

132. Hall JW: A New Genus of Salviniaceae and a New Species of Azolla 
from the Late Cretaceous. American Fern Journal 1968, 58:77-88.

133. Hall JW, Swanson NP:  Studies on fossil Azolla: Azolla montana, a 
Cretaceous megaspore with many small floats. Am J Bot 1968, 55:1055–
1061.

134. Metzgar JS, Schneider H, Pryer KM: Phylogeny and Divergence Time 
Estimates  for  the  Fern  Genus  Azolla  (Salviniaceae).  International  
Journal of Plant Sciences 2007, 168:pp. 1045-1053.

135. Moran NA, Munson MA, Baumann P, Ishikawa H: A Molecular Clock 
in  Endosymbiotic  Bacteria  is  Calibrated  Using  the  Insect  Hosts. 
Proceedings of the Royal Society of London. Series B: Biological Sciences 
1993, 253:167-171.

136.  Kurland  CG,  Canback  B,  Berg  OG:  Horizontal  gene  transfer:  a 
critical view. Proc. Natl. Acad. Sci. U.S.A 2003, 100:9658-9662.

137.  Treangen  TJ,  Rocha  EPC:  Horizontal  Transfer,  Not  Duplication, 
Drives the Expansion of Protein Families in Prokaryotes.  PLoS Genet 
2011, 7:e1001284.

138.  Doolittle  WF:  Phylogenetic  classification  and  the  universal  tree. 
Science 1999, 284:2124-2129.

139. Dagan T, Martin W:  Ancestral genome sizes specify the minimum 
rate of lateral gene transfer during prokaryote evolution. Proc Natl Acad 
Sci U S A 2007, 104:870–875.

140. Doolittle WF, Boucher Y, Nesbø CL, Douady CJ, Andersson JO, Roger 
AJ: How big is the iceberg of which organellar genes in nuclear genomes 

57



are but the tip? Philos. Trans. R. Soc. Lond., B, Biol. Sci 2003, 358:39-57; 
discussion 57-58.

141. Zhaxybayeva O, Gogarten JP, Charlebois RL, Doolittle WF, Papke RT: 
Phylogenetic  analyses  of  cyanobacterial  genomes:  quantification  of 
horizontal gene transfer events. Genome Res 2006, 16:1099–1108.

142. Shi T, Falkowski PG: Genome evolution in cyanobacteria: the stable 
core and the variable shell.  Proc Natl Acad Sci U S A 2008,  105:2510–
2515.

143.  Yerrapragada  S,  Siefert  JL,  Fox  GE:  Horizontal  gene  transfer  in 
cyanobacterial signature genes. Methods Mol Biol 2009, 532:339–366.

144.  Rogers  MB,  Patron  NJ,  Keeling  PJ:  Horizontal  transfer  of  a 
eukaryotic  plastid-targeted  protein  gene  to  cyanobacteria. BMC  Biol 
2007, 5:26.

145.  Bolhuis  H,  Severin I,  Confurius-Guns V,  Wollenzien UIA,  Stal  LJ: 
Horizontal  transfer  of  the  nitrogen  fixation  gene  cluster  in  the 
cyanobacterium Microcoleus chthonoplastes. ISME J 2010, 4:121–130.

146. Guljamow A, Jenke-Kodama H, Saumweber H, Quillardet P, Frangeul 
L, Castets AM, Bouchier C, Marsac NT de, Dittmann E:  Horizontal gene 
transfer  of  two  cytoskeletal  elements  from  a  eukaryote  to  a 
cyanobacterium. Curr Biol 2007, 17:R757–R759.

147. Delaye L, González-Domenech CM, Garcillán-Barcia MP, Peretó J, de 
la  Cruz  F,  Moya  A:  Blueprint  for  a  minimal  photoautotrophic  cell: 
conserved and variable  genes in  Synechococcus  elongatus PCC 7942. 
BMC Genomics 2011, 12:25.

148. Lawrence JG, Ochman H: Molecular archaeology of the Escherichia 
coli genome. Proc. Natl. Acad. Sci. U.S.A 1998, 95:9413-9417.

149. Berg OG, Kurland CG:  Evolution of microbial genomes: sequence 
acquisition and loss. Mol. Biol. Evol 2002, 19:2265-2276.

150. Sheridan CC, Steinberg DK, Kling GW: The microbial and metazoan 
community  associated  with  colonies  of  Trichodesmium  spp.:  a 
quantitative survey. Journal of Plankton Research 2002, 24:913 -922.

151. Hewson I, Poretsky RS, Dyhrman ST, Zielinski B, White AE, Tripp HJ, 

58



Montoya  JP,  Zehr  JP:  Microbial  community  gene  expression  within 
colonies of the diazotroph, Trichodesmium, from the Southwest Pacific 
Ocean. ISME J 2009, 3:1286-1300.

152.  Gerdes  K,  Rasmussen  PB,  Molin  S:  Unique  type  of  plasmid 
maintenance  function:  postsegregational  killing  of  plasmid-free  cells. 
Proc. Natl. Acad. Sci. U.S.A 1986, 83:3116-3120.

153. Pandey DP, Gerdes K:  Toxin-antitoxin loci are highly abundant in 
free-living but lost from host-associated prokaryotes.  Nucleic Acids Res 
2005, 33:966-976.

154. Robson J, McKenzie JL, Cursons R, Cook GM, Arcus VL: The vapBC 
operon  from  Mycobacterium  smegmatis  is  an  autoregulated  toxin-
antitoxin module that controls growth via inhibition of translation.  J.  
Mol. Biol 2009, 390:353-367.

155.  Arcus  VL,  McKenzie  JL,  Robson  J,  Cook  GM:  The  PIN-domain 
ribonucleases and the prokaryotic VapBC toxin-antitoxin array. Protein 
Eng. Des. Sel 2011, 24:33-40.

156. Van Melderen L: Toxin-antitoxin systems: why so many, what for? 
Curr. Opin. Microbiol 2010, 13:781-785.

157. Jeltsch A, Pingoud A:  Horizontal gene transfer contributes to the 
wide  distribution  and  evolution  of  type  II  restriction-modification 
systems. J. Mol. Evol 1996, 42:91-96.

158. Bickle TA, Krüger DH:  Biology of DNA restriction.  Microbiol. Rev 
1993, 57:434-450.

159.  Tripp  HJ,  Bench  SR,  Turk  KA,  Foster  RA,  Desany  BA,  Niazi  F, 
Affourtit JP, Zehr JP: Metabolic streamlining in an open-ocean nitrogen-
fixing cyanobacterium. Nature 2010, 464:90–94.

160. Stucken K, John U, Cembella A, Murillo AA, Soto-Liebe K, Fuentes-
Valdés JJ, Friedel M, Plominsky AA, Vásquez M, Glöckner G: The smallest 
known genomes of multicellular and toxic cyanobacteria: comparison, 
minimal gene sets for linked traits and the evolutionary implications. 
PloS ONE 2010, 5:e9235.

161.  Bratlie  MS,  Johansen  J,  Sherman  BT,  Huang  DW,  Lempicki  RA, 
Drabløs  F:  Gene  duplications  in  prokaryotes  can  be  associated  with 

59



environmental adaptation. BMC Genomics 2010, 11:588.

162. Serres MH, Kerr ARW, McCormack TJ, Riley M: Evolution by leaps: 
gene duplication in bacteria. Biol Direct 2009, 4:46.

163. Andersson DI, Hughes D: Gene amplification and adaptive evolution 
in bacteria. Annu Rev Genet 2009, 43:167–195.

164. Pushker R, Mira A, Rodríguez-Valera F:  Comparative genomics of 
gene-family size in closely related bacteria. Genome Biol 2004, 5:R27.

165. Jordan IK, Makarova KS, Spouge JL, Wolf YI, Koonin EV: Lineage-
specific gene expansions in bacterial and archaeal genomes. Genome Res 
2001, 11:555–565.

166. Swingley WD, Chen M, Cheung PC, Conrad AL, Dejesa LC, Hao J, 
Honchak BM, Karbach LE, Kurdoglu A, Lahiri S, Mastrian SD, Miyashita 
H, Page L, Ramakrishna P, Satoh S, Sattley WM, Shimada Y, Taylor HL, 
Tomo T, Tsuchiya T, Wang ZT, Raymond J, Mimuro M, Blankenship RE, 
Touchman  JW:  Niche  adaptation  and  genome  expansion  in  the 
chlorophyll  d-producing  cyanobacterium  Acaryochloris  marina. Proc 
Natl Acad Sci U S A 2008, 105:2005–2010.

167.  Ohkubo  S,  Miyashita  H,  Murakami  A,  Takeyama  H,  Tsuchiya  T, 
Mimuro  M:  Molecular  detection  of  epiphytic  Acaryochloris  spp.  on 
marine macroalgae. Appl. Environ. Microbiol 2006, 72:7912-7915.

168. Mes THM, Doeleman M: Positive selection on transposase genes of 
insertion sequences in the Crocosphaera watsonii genome.  J. Bacteriol 
2006, 188:7176-7185.

169. Kaneko T, Nakajima N, Okamoto S, Suzuki I, Tanabe Y, Tamaoki M, 
Nakamura  Y,  Kasai  F,  Watanabe  A,  Kawashima  K,  Kishida  Y,  Ono  A, 
Shimizu  Y,  Takahashi  C,  Minami  C,  Fujishiro  T,  Kohara  M,  Katoh  M, 
Nakazaki N, Nakayama S, Yamada M, Tabata S, Watanabe MM: Complete 
genomic  structure  of  the  bloom-forming  toxic  cyanobacterium 
Microcystis aeruginosa NIES-843. DNA Res 2007, 14:247-256.

170. Martin:  Gene transfer from organelles to the nucleus: how much, 
what happens, and Why? Plant Physiol 1998, 118:9-17.

171.  Nowack  ECM,  Vogel  H,  Groth  M,  Grossman  AR,  Melkonian  M, 
Glöckner G: Endosymbiotic gene transfer and transcriptional regulation 

60



of transferred genes in Paulinella chromatophora.  Mol. Biol. Evol 2011, 
28:407-422.

172. Dunning Hotopp JC, Clark ME, Oliveira DCSG, Foster JM, Fischer P, 
Muñoz Torres MC, Giebel JD, Kumar N, Ishmael N, Wang S, Ingram J,  
Nene RV, Shepard J, Tomkins J, Richards S, Spiro DJ, Ghedin E, Slatko BE, 
Tettelin  H,  Werren  JH:  Widespread  lateral  gene  transfer  from 
intracellular  bacteria  to  multicellular  eukaryotes.  Science 2007, 
317:1753-1756.

173.  Nikoh N,  Tanaka K, Shibata F,  Kondo N, Hizume M, Shimada M, 
Fukatsu  T:  Wolbachia  genome  integrated  in  an  insect  chromosome: 
evolution and fate of laterally transferred endosymbiont genes. Genome 
Res 2008, 18:272-280.

174. Ochman H, Lawrence JG, Groisman EA:  Lateral gene transfer and 
the nature of bacterial innovation. Nature 2000, 405:299-304.

175. Bickhart DM, Gogarten JP, Lapierre P, Tisa LS, Normand P, Benson 
DR:  Insertion sequence content reflects genome plasticity in strains of 
the root nodule actinobacterium Frankia. BMC Genomics 2009, 10:468.

176. Peters GA, Mayne BC: The Azolla, Anabaena azollae Relationship: 
II.  Localization  of  Nitrogenase  Activity  as  Assayed  by  Acetylene 
Reduction. Plant Physiol 1974, 53:820-824.

177.  Caiola  MG,  Canini  A,  Moscone  D:  Oxygen  concentration, 
nitrogenase  activity  and  heterocyst  frequency  in  the  leaf  cavities  of 
Azolla filiculoides Lam. FEMS Microbiology Letters 1989, 59:283 - 287.

61


	Chapter 1: Background
	1.1 Cyanobacteria
	1.2 Cyanobacteria in symbiosis
	1.3 The Azolla symbiosis
	1.4 Symbiosis as a major evolutionary force
	1.5 When genomes collide: symbiosis and organelle evolution
	1.6 Life finds a way
	1.7 Aim
	1.8 Comments on the methodology
	1.8.1 Strains and cyanobiont isolation
	1.8.2 Genome analysis and comparative genomics


	Chapter 2: Initial characterizations
	2.1 Phylogeny
	2.2 Genome overview

	Chapter 3: State of the genome
	3.1 Genomic streamlining
	3.2 Genomic features related to cyanobiont development
	3.3 An early stage of domestication?
	3.4 Acquired genes

	Chapter 4: Evolutionary aspects
	4.1 Genome evolution and adaptive potential
	4.2 Fate of the genome

	Chapter 5: Final remarks
	5.1 Conclusions
	5.2 Future perspectives

	Acknowledgements
	References

