
Planctomycete         genomics

unravelling         the         origin         of         cellular
compartmentalization

Lin         Gen

Degree         project         in         biology,         Master         of         science         (2         years),         2010
Examensarbete         i         biologi         45         hp         till         masterexamen,         2010
Biology         Education         Centre         and         Department         of         Molecular         Evolution,         Uppsala         University
Supervisors:         Siv         Andersson         and         Thijs         Ettema



Abstract 
 
An important difference between eukaryotes and prokaryotes is the presence of 
intracellular compartments. A platform for studying evolution of cellular 
compartmentalization will be Planctomycetes, a bacterial phylum specifically 
harbouring a single membrane separating the peripheral ribosome-free 
‘paryphoplasm’ from an inner compartment containing ribosomes, (‘riboplasm’). 
Gemmata obscuriglobus is a species of planctomyces in which a membrane structure 
resembling the eukaryotic envelope was observed. In this study, we have sequenced 
the genome of Cqul4, a planctomyces strain closely related to Gemmata 
obscuriglobus.  
 
We verified the placement of planctomyces in a PVC (Planctomycetes, 
Verrucomicrobia and Chlamydia) superphylum with robust phylogenetic analysis. 
Establishing the PVC superphylum allowed us to identify 2 genes involved in cell 
wall function that is unique to, and well conserved in most PVC members.  
 
Recent studies have observed membrane coat-like proteins in members of the PVC, 
strongly associated with vesicles. Our analysis on the phylogenetic distribution of 
these membrane coat-like proteins showed that they evolved from more than one 
ancestral copy; we also identified a potential geranylgeranyl transferase (an enzyme 
involved in membrane trafficking) in some species of PVC. Taken together, these 
suggest the presence of a relict endomembrane system in these cells.  
 
Our findings lend strength to the theory of evolution of nucleus from the endomembrane 
system. Currently we are sequencing the Gemmata obscuriglobus genome and also 
performing functional assays for candidate genes of interest.



Introduction 
 
Brief overview on evolution of eukaryotic cell 
 
The presence of intracellular compartments is one of the distinguishing features of 
eukaryotic cells. Unlike its prokaryotic counterpart, the eukaryotic cell contains a nucleus 
(consisting an envelope and structured chromosomes), endoplasmic reticulum, 
peroxisomes, mitochondria and in phototrophic eukaryotes only, plastids.  Explaining the 
origins of these intracellular compartments is key to understanding one of the most 
important transitions in the history of life - the evolution of the eukaryote cell. 
 
Plastids and mitochondria are proposed to have arisen after bacteria entered host cells, 
avoided degradation and eventually became so-called endosymbionts. Phylogenetic 
analyses of mitochondrial genes and their genomic organization and distribution indicate 
that mitochondrial genomes are derived from an alpha proteobacterium –like ancestor 1. 
Similar analyses have also strongly argued for a single symbiotic association between a 
cyanobacterium and a mitochondriate eukaryote, which led to the genesis of primary 
plastids present in algae and plants 2. 

 
Mitochondria first or nucleus first? 
 
The membrane systems that form the ER and nucleus also give rise to elaborate cellular 
processes that further differentiates the eukaryotic cell from its prokaryotic counterpart. 
In particular, the nuclear envelope separates DNA replication and transcription from 
translation through segregation of cytoplasmic ribosomes from the transcription 
machinery. This essentially enables mRNA processing, assembly of splicesomes, and 
many levels of regulating gene expression not available to prokaryotes. The presence of 
the nuclear envelope also initiated the development of the mitotic spindle, a new mode of 
cell division based on tubulin.  
 

Considering the centrality of the nucleus in eukaryotic function, the pertinent 
evolutionary question is one of temporality - did the nucleus existed before the event of 
mitochondrial endosymbosis? It was postulated that a nucleus-bearing but 
amitochondriate cell acquired an endosymbiotic bacterium that subsequently became the 
mitochondrion, based on the early divergence of anaerobic amitochondriate eukaryotes at 
the base of eukaryotic phylogenetic trees. This group of eukaryotes (collectively termed 
“Archezoa” by Cavalier-Smith3) was proposed to have split from the main trunk of the 
eukaryotic tree before mitochondrial endosymbiosis, surviving as contemporary 
descendants of a cell lineage that included the host for the mitochondrial endosymbiont4.  
 
However, several findings have challenged this concept. Firstly, the fast-evolving 
sequences of Giardia, Trichomonas and microsporidia often form long branches in 
phylogenetic trees, making their clustering suspect of ‘long branch attraction’5. Secondly, 
nuclear genomes of amitochondriate eukaryotes are found to contain relict mitochondrial 



genes6. These mitochondrial sequences cluster with their counterparts from mitochondria-
containing eukaryotes when analyzed phylogenetically, providing evidence for a 
primitive mitochondrial-containing state7. Lastly, various amitochondriate eukaryotes are 
found to harbour (potentially) derived mitochondrial organelles—hydrogenosomes and 
mitosomes, both of which contain the double membrane and conserved mechanisms of 
protein import present in mitochondria8.  
 
Abandoning the ‘Archezoa’ for the model of a prokaryotic host acquiring an 
endosymbiont protomitochondrian is likewise arduous. It inevitably meant answering two 
challenging questions – how did the endosymbiont enter the host cell and how did 
eurkaryogenesis occur?  
 
It was always perceived that phagocytosis is quintessential for the acquisition of the 
mitochondrian9. This notion is significantly questioned when recent studies suggest a late 
origin of phagocytosis10 or endocytosis11 in eukaryotes. Given the scarcity of 
endosymbionts in prokaryotic cells (only 1 report12), an alternate hypothesis proposed 
was that the ancestors of mitochondria entered the host cell through predatory 
interactions13.  

Even if the mechanisms of endosymbiont entry are elucidated, the hypothetical fusion of 
two prokaryotes or any subsequent assumed interaction remains problematic for 
eukaryogenesis. There are inadequacies in explaining the development of the complex 
features of eukaryotic cells (peroxisomes, ER, golgi, cytoskeleton, nucleus), or the 
emergence of eukaryotic signature proteins (ESPs) with no clear orthologs in 
prokaryotes14.  

 
Rise of the nucleus 
Despite the debate surrounding the appearance of the nucleus, there are currently two 
models that attempt to explain is origin, and the selective forces that ensue its 
development. 
The "syntrophic model" supposes a symbiotic relationship between the archaea and 
bacteria, accumulating in the formation of an envelope from either the symbiont's or the 
host's membrane. This model is built upon the ‘hydrogen hypothesis’, which emphasizes 
the host’s reliance on the endosymbiont’s production of hydrogen, carbon dioxide, and 
acetate for energy source. Thus, the membrane initially provides metabolic 
compartmentation to avoid deleterious co-existence of different metabolic pathway in the 
fused cell. After the loss of methanogenesis, protection against aberrant protein synthesis 
persist as selective force for developing the nucleus15. 
The autogenous model claims the nuclear envelope and other endomembranes originated 
from invaginations of the prokaryotic ancestor’s plasma membrane16. This postulate 
gained weight with the recognition of structural similarity shared between nuclear pore 
complex (NPC) components and vesicle coat complexes (including COPI, COPII and 
clathrin coats)17. Therefore it is conceivable that the nuclear envelope (NE) and NPC 
evolved via modification to a pre-existing secretory endomembranes which originated 
from invaginations events. 



In this light, the driving force behind the evolution of the complete nucleus from the 
endomembrane ancestors is attributed to ensuring the functionality of a chimeric 
prokaryotic cell harbouring a mitochondrial endosymbiont. One proposal was that the 
evolution of the nucleus was driven primarily by the necessity to avoid the formation of 
compromised hybrid ribosomes containing both host and endosymbiont ribosomal 
proteins18. Another interesting postulate is that the host chromosome faced intron 
invasion from the mitochondria, making the capability to separate splicing from 
translation an invaluable trait. This exerts selective pressure onto the nucleus-cytosol 
compartmentalization, cumulating in the formation of the nucleus19. 
 
Planctomycetes and the PVC superphylum 
 
Given the importance of the nucleus in the evolution of the eukaryotic cell (and the 
debate surrounding it), looking at prokaryotic cells that possess structures that resemble 
the nucleus or associated endomembranes might provide a different angle to the problems 
discussed. A platform for studying evolution of cellular compartmentalization will be 
Planctomycetes, a globally distributed yet poorly studied bacterial phylum characterized 
by the presence of a single membrane which separates the peripheral ribosome-free 
‘paryphoplasm’ from an inner compartment that contains the ribosomes, the so-called 
‘riboplasm’20. 
 
Past rRNA-based phylogenetic analyses placed Planctomycetes, Verrucomicrobia, 
Chlamydiae and Lenitsphaerae together with the candidate divisions Poribacteria and 
OP3 in a monophyletic group called PVC superphylum21. If true, this poses interesting 
evolutionary questions because these representatives of this phylum are found in a wide 
range of environments, including soils, oceans, hot springs and human gastrointestinal 
tract, implying vastly different lifestyles. 
 
Genomic comparisons do indeed reveal a few instructive similarities/differences. 
Planctomycetes are reported to share 17 orthologous groups with Chlamydiae (more than 
any other bacteria), including a 60-kDa cysteine-rich outer membrane protein which is 
not found in any other prokaryote22. Notably, Chlamydiae and Planctomycetes lack FtsZ, 
which is highly conserved among prokaryotes and essential for cell division23. Given the 
presence of FtsZ in some Verrucomicrobia and Lenitsphaerae24, it can be foreseen that 
Chlamydia and Planctomycetes could potentially share some novel genes that are 
responsible for cell divison. 
 
Gemmata obscuriglobus 
 
Gemmata obscuriglobus is a species of Planctomycetes in which a membrane structure 
resembling the nuclear envelope was observed. It is still uncertain as to whether this is a 
true double membrane structure like that of eurkaryotic ones, or if they invaginated from 
intracytoplasmatic membrane present in other planctomyctetes such as Isosphaera25.  
 
A few studies have suggested a unique evolutionary history for Gemmata obscuriglobus. 
They were shown to encode a number of eukaryotic signature proteins26 and produce an 



isomer of lanosterol (parkeol) totally absent in other prokaryotes27. A recent study also 
identified the localization of coat-like proteins at the membranes of vesicles formed 
inside the cells of Gemmata obscuriglobus. These coat-like proteins possess a unique 
arrangement of β-propeller and α-helical repeat domains and are predicted to be 
structurally similar to nuclear pore complex (NPC) components and vesicle coat 
complexes 28.  
 
For this project, we have obtained pre-assembled genome sequences of CJuql4, a 
planctomyce-like isolate that cluster with Gemmata Obscuriglobus on phylogenetic 
trees29 (based on 16sRNA study described). A comparative genome analysis will be 
employed in which Planctomycete genomes will be compared to each other as well as to 
other genomes in the PVC superphylum to understand the unique evolutionary position of 
Gemmata Obscuriglobus.  
 
Materials and methods 
 
Genome sequencing of Cqul4 
 
Genomic DNA was isolated from soil strain grown on agar plates plates (specify 
medium) using standard protocol; 10 ug of genomic DNA was send out to the sequencing 
facility at KTH and a full plate of 454 was run using Titanium reagentia, obtaining 
1,131,192 reads. These were tentatively assembled using the assembly program Newbler 
(Roche) using default settings, obtaining 887 contigs > 500 bp. Geneprediction was 
performed on those contigs using Genemark (version 2.5f), obtaining 6829 ORFs. 
 
Construction of PVCOGs 
 
Proteins encoded by the genomes of 30 PVC species were downloaded from NCBI 
(except that Coraliomargarita akajimensis and Isospaera pallidum data was obtained from 
JGI). All vs all BlastP searches were performed. The BLAST output was used for 
clustering in MCL using default settings obtaining 38346 PVCOGs, 10553 of which 
contain 2 or more proteins. 
 
Concentenation of 30 genes 
 
Amino acid sequences for the 30 genes (refer to Appendix Table a) were downloaded 
from STRING database (string.embl.de) and for species holding 2 copies of the gene, a 
maximum-likelihood tree was run to determine the appropriate copy of gene to use. 
Concatenation was done and total length of the final alignment was 3770 sites in 101 
taxa. Gblocks30 was run using the following settings: -t=p -e=.gb -b3=4 -b4=3 -b5=h.  
 
Phylogenetic analysis using maximum likelihood 
Protein sequences were aligned by using Kalign, and in some instances, multi-alignments 
are joined with Muscle31 and concatenated, after using Gblocks with default parameters 
to remove regions that were not aligned with confidence.maximum likelihood (ML) trees 
were set up with RAxML 7.0.4 32, with rapid boostraping, using 



PROTCAT_GAMMAIWAG model of protein evolution. Bootstrap values drawn up on 
the best-scoring ML tree and trees were visualized using FigTree v1.3.1 programs33. 
 
Phylogenetic analysis using maximum likelihood 
Protein sequences were aligned as for the maximum likelihood method, and Bayesian 
inference based on the site-heterogeneous CAT model using PhyloBayes v3.2 under 
default settings34. Two independent chains were run were run for most analysis (except 
for the concatenation gene set, 4 was ran). To check for convergence, the program 
bpcomp was used to compare the bipartitions between the two chains. With a burn-in of 
5000 and taking every 5 trees, a majority-rule consensus tree was calculated, and the 
resulting tree used when maxdiff was <0.1.  
 
PCR Amplification of SQMO and OSC genes 
 
To amplify Gemmata obscuriglobus SQMO and OSC genes, the following primers were 
used:  
 
SQMO: 
 
Full chain: 
Forward: GC GGTACC ATGTTCACGTCAGGGTTCTCG  (28bp, tm=64) 
Reverse:  GC GGATCC TCAGTTTGTAAGAGCCTCGC(28bp, tm =64) 
 
Domain prediction: 
Forward: TA GGTACC AGC GCG GAT GTC GCG GTC GT (28bp, tm =67) 
Reverse:  TA GGATCC TCA CGT GTA CGC CAG CGG GCG(29bp, tm = 69) 
 
Trans prediction: 
Forward:  TA GGT ACC GCC CGC GCC GGG GCT CGG(26 bp, tm=72) 
Rev  TA GGATCC TCA ACG GGT CTC GCG CAC CGC CAG (32 bp, tm = 71) 
 
OSC: 
Forward: GC GGTACC ATG CCG CAC GAT CCC ACT ( 26bp, tm=66) 
Reverse:  GC GGATCC AAC GCC ATC AAC TTT TCG CAG T(28bp, tm =64) 
 
Primers, synthesized by Sigma, were designed to engineer a 5′ KpnI restriction and a 3′  
BamHI restriction site for subcloning purposes. 
 
PCR was performed using Phusion Taq Polymerase (New England Biolabs) using the 
standard buffer recommended by the manufacturer, with addition of 3% DMSO. PCR for 
different SQMO was performed with 90s of 95°C denaturation, 30 cycles of (15s 
denaturation 95°C, 30s extension 72°C), 5min 72°C extension; while PCR for OSC was 
performed using with 90s of 95°C denaturation, 30 cycles of (15s denaturation 95°C, 20s 
annealing 65°C, 60s extension 72°C), 5min 72°C extension. 
 
PCR products were run on a 1% agarose gel and bands of the expected sizes were excised 



from the gel, gel purified (illustra PCR DNA and Gel Band Purification Kit, GE 
healthcare), and then cloned into Pet45b vector (Novagen) with TOP10 competent cells 
(Invitrogen). Clones having the expected pattern of bands were sequenced using T7 
promoter primers and S.Tag primers. A clone was identified in which no amino acid 
altering mutations were identified. 



Results and discussion 
 
Phylogenetic support for the PVC superphylum 
 
Early phylogenetic analyses on using 16S rRNA sequence21 and concatenated amino acid 
sequences22 have tentatively suggested the evolutionary grouping of Planctomycetes, 
Verrucomicrobia, Chlamydiae and Lenitsphaerae. In the analyses with 16S rRNA, 
bootstrap support for this grouping was not significant, whereas the analysis with 
concatenated amino acid sequence contained only data from 3 Planctomycetes and 
Chlamydia. A more recent study constructed phylogenetic trees for concatenated 
sequences of ribosomal proteins and subunits of the RNA polymerase showed grouping 
of the PVC phylum (11 species in total) with high support35. 
 
With genome data available for 31 representatives of Planctomycetes, Verrucomicrobia, 
Chlamydiae and Lenitsphaeraes, we constructed phylogenetic trees containing 101 
species (31 PVC + 70 other prokaryotic species) using amino acid sequences from 30 
concatenated genes (Full list of species and genes provided in appendix). The 30 genes 
chosen have been demonstrated in a previous study36, to have clear distinct orthology in 
191 species. 64 species representative of all bacteria species were selected together with 6 
Archea as outgroup (Fig1) 

 
Fig1: Phylobayes analysis of 101 species, using concatenated amino acid sequences from 30 genes.  
PVC superphylum highlighted in yellow and tree rooted using archea as outgroup. Final concatenated 
alignment contains 3770 sites in 101 taxa, and default settings were used for Phylobayes 3.2.  



Our analysis reveal robust clustering of Planctomycetes, Verrucomicrobia, Chlamydiae 
and Lenitsphaera (posterior probabilty =0.96), strongly supporting the evolutionary 
grouping of PVC superphylum. The early divergence of the Planctomycetes (from the 
other bacteria) as suggested previously in other studies37 was not observed in our tree 
rooted with archaeal sequences. Sister clade to the PVC superphylum was Bacteroidetes 
but support was low (pp = 0.58). 
 
A brief evolutionary history of PVC – insight into cell wall 
 
Having established the PVC superphylum, clusters of orthologous groups were 
constructed for proteins encoded by the genomes of 30 PVC species. MCL Clustering 
based on BlastP output returned 38346 PVC clusters of Orthologous groups (PVCOGs), 
10553 of which contain 2 or more proteins. 
 
A previous study proposed 17 protein families that can be potentially specific for the 
PVC superphylum22. These orthologus groups were identified based on an index that 
supposedly measures the representation of PVC proteins in BLAST hits against proteins 
from Gemmata obscuriglobus.   
 
When checked against our PVCOGs, only 4 out of these 17 orthologous groups identified 
contain representative in almost all members of the PVC superphylum (28-30 species). 2  
(COG3952 and COG1579) out of these 4 can be found in a single PVCOG (Table 1), 
suggesting that these proteins are significantly different in terms of sequence homology. 
All of these 4 orthologous groups have representatives in a number of other bacteria 
species outside the PVC superphylum. The nucleotide transport protein, ATP/ADP 
translocase, unique to Chlamydia, a few obligate intracellular bacteria and plant plastids, 
is absent in other members of the PVC superphylum. The Rhodopirellula baltica 
homolog previously reported has weak homology to as (Blast e-value = 0.04) as 
compared to homologs from other bacteria (e.g Rickettsia, BlastP E-value = 1e-43). This 
strongly suggests the gene is most likely acquired late in the evolution of Chlamydia, 
after it branched from Verrucomicrobia. 
 
Arguably, the inability to identify signature protein for the PVC superphylum could be 
partly attributed to reduction of the Chlamydia genome for host adaptability38. In this 
context, it is interesting to note that some genes are conserved between Planctomycetes 
and Chlamydia despite their phylogenetic distance (sister clade to Chlamydia being 
Verrucomicrobia).   
 
 
 
 



  
Table1 : Candidate Orthologs proposed in [22]. Orthologous genes are located in PVCOGs and 
representative members blasted against n.r sequences in NCBI database. 
 
Orthologous 
group (OG) 

Description  PVCOG 
containing this 
OG 

No of 
species in 
PVC 
containing 
this OG 

Found in 
other species 
outside PVC? 

NOG05013  60kDa outer membrane protein  PVCOG00292  22  No 
COG4284  UDP-glucose pyrophosphorylase, 

involved in peptidoglycan, lipid A 
and LPS biosynthesis 

PVCOG00633  23  Only 
eukaryotes 
and 
firmicutes 

NOG43380  Polymorphic membrane protein 
precursor in Chlamydiae 

PVCOG26955PV
COG1536 

11  Yes 

NOG06624  Lysine‐ and alanine‐rich, basic 
proteins 

Not found     

COG1747  Contains a hypothetical, N‐
terminal domain and a 
transcription elongation domain 
GreA 

PVCOG01522  12  Yes 

COG3202  ATP/ADP translocase  PVCOG00594  11  Rickettsia, 
Plastids 

COG3952  Lipid A‐disaccharide synthase  PVCOG00265  30  Yes 
COG3880  Transmembrane protein with 

conserved CXXC motifs and a UVR 
domain, likely interacts with 
COG3869 

PVCOG00742, 
PVCOG01670 

 

28  Yes 

COG3869  Member of the ATP:guanido 
phosphotransferase family, likely 
interacts with COG3880 

PVC00896, 
PVC01723 

28  Yes 

COG2869  Na+-translocating NADH 
dehydrogenase (ubiquinone) chain 
C 

PVCOG01008  18  Yes 

COG1347  Na+-translocating NADH 
dehydrogenase (ubiquinone) chain 
D 

PVCOG00891  18  Yes 

COG2871  Na+-translocating NADH-
dehydrogenase (ubiquinone) chain F 

PVCOG00892  18  Yes 

COG3876  Hypothetical protein  PVCOG00745  21  Yes 
COG2209  Na+-translocating NADH-

dehydrogenase (ubiquinone) chain E 
PVCOG01038  16  Yes 

COG1726  Na+-translocating NADH-
dehydrogenase (ubiquinone) chain 
A 

PVCOG01169  18  Yes 

COG1427  Distant homolog to the 
periplasmic solute binding 
protein from ABC transporter 

PVCOG00686  22  Methanobrevi
bacter 
ruminantium 

COG1579  Hypothetical protein  PVCOG00441  29  Yes 

 



A 60 kDa outer membrane protein found only in Chlamydia is also present in all species 
of Planctomycetes, and a number of Verrucomicrobia. A phylogenetic analysis (Fig2) 
suggests it is present in the last common ancestor of the PVC superphylum, and most 
likely in more than 1 copy and being subsequently lost in some species of 
Verrucomicrobia and Lenitsphaera. Given their different cell wall constitution, the 
duplication of this gene in both Chlamydia and Planctomycetes species suggests 
adaptation of this gene to different cellular function. 

Another gene, UDP-glucose pyrophosphorylase (UGPase) was also found to be present in 
Chlamydia, Planctomycetes and some Verrucomicrobia. In eukaryotes, UGPase is 
essential in the synthesis of glycoproteins and cellulose (in all plants). In prokaryotes, this 
enzyme is involved involved in peptidoglycan, lipid A and LPS biosynthesis. Previous 
phylogenetic analysis has suggested divergence of prokaryotic and eukaryotic UGPases 
into prokaryotic origin39.  Our analysis (Fig3) suggests that UGPase of Chlamydia, 
Planctomycetes and some species of Firmicutes phylogenetically cluster with the 
eukaryotic homologue rather than prokaryotic. Further analysis of this phylogeny reveal 
the Firmicutes homologues cluster strongly together with eukaryotic sequences (b.s 
=0.88), whilst Chlamydia and Planctomycetes form a clade with strong support as well.  

 
 
Fig 2: ML tree of 60kDa protein in Chlamydia and its homologues in Verrucomicrobia and 
Planctomyces. All protein sequences are obtained from PVCOG00292 which contains the Chlamydia 
gene.  



 
 
 

Examining the species distribution of Firmicutes that contain this eukaryotic UGPase, 
one finds a skewed bias towards bacteria that resides in mucosal surfaces of mammals. 
Taken together with our phylogenetic data, a possible explanation is that this gene was 
acquired through lateral gene transfer in some species of Firmicutes by virtue of their 
association with eukaryotic organisms. 
 
The presence of a eukaryotic UGPase in Chlamydia and Planctomycetes is intriguing 
because of their unique cell wall and the involvement of UGPase in synthesis of 
peptidoglycan. Chlamydia was observed to synthesize their peptidoglycan (for cell wall) 
differently from other bacteria40; while the cell wall of Planctomycetes lack 
peptidoglycan41. In PVC species that lack this eukaryotic homolog of UGPase 
(Lenitsphaera and some Verrucomicrobia), the bacterial homolog can be found. 
Therefore it is conceivable that the ancestral copy of this gene is preserved in eukaryotes, 
and has undergone rapid evolution in most bacteria; or alternatively gene transfer 
occurred between the last common ancestor of PVC and eukaryotes. More genomic 
sequences and analyses of surrounding gene context are required. A tree could serve to 
clarify the phylogeny of UGPase in other members of PVC, and ascertain whether the 
bacterial homolog was acquired via gene transfer from other species. 

 
Fig3: Bayesian analysis of phylogenetic relation of UGPase using sequences from PVCOG633 
(containing Chlamydia, Planctomyces, and Verrucomicrobia), Firmicutes and Eukaryotes. Mid 
point rooting is used in this analysis.  



Coat-like proteins – building blocks of the endomembrane system 
 
As mentioned previously, nuclear pore complex components and vesicle coat complexes 
share a common membrane coat (MC) architecture. Based on well-characterized 
eukaryotic protein structure, MC proteins were proposed to be structurally identitical, 
consisting an amino-terminal β-propeller domain followed by a carboxy-terminal stacked 
pairs of α-helices domain42. Because prokaryotic MC homologues are not detected solely 
by sequence homology searches, a recent study utilized structure prediction to search for 
proteins with the MC architecture within the PVC superphylum and identified a number 
of genes coding for MC-like proteins (Table 2). Antibodies were raised against one of the 
Gemmata obscuriglobus MC proteins gp4978 (gi168700061) and immuno-electron 
microscopy revealed localization of these membranes to intracellular vesicles28. 
 

  
 
 
 

Seeking to determine if these MC proteins derive from one single MC protein in the most 
recent ancestor, we first retrieved homologous proteins Gemmata obscuriglobus by PSI-
blasting gp4978 against the Gemmata obscuriglobus genome, and identified the PVCOGs 
containing these Gemmata obscuriglobus homologues. Homologues were found in all 
species of Planctomycetes (except for Kuenenia stuttgartiensis) and the exact species of 
Verrucomicrobia and Lenitsphaera as described (Table 3), with the addition of 
Verrucomicrobiae bacterium DG1235. No MC-like protein coding genes are detected in 
C. Kuenenia stuttgartiensis, A. muciniphila, M. infernorum, O. bacterium, O. terrae, V. 
vadensis or the Chlamydiae. 
 

Table 2: Distribution of MC-like proteins in the PVC superphylum. Adapted from [28] MC like 
proteins are predicted based on structure, to be found in V.Spinosum, C.flavus Ellin428, 
R.Baltica, P.Maris, L.araneosa, B.marina and G.Obscuriglobus 
 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Table 3: Blast hits from Gemmata obscuriglobus using MC proteins gp4978 (gi168700061) was 
mapped onto their respective PVCOGs. and the distribution of genes in these are summarized. 
Distrubition of these proteins follow exactly that in table 2, with the addition of other 
Planctomyces and Verrucomicrobia DSM1235. Below are the blast hits obtained and the PVCOGs 
containing them 
 
Species in PVC  No of MC‐like proteins  
Gemmata_obscuriglobus    12 
Isospaera_pallidum  9 
Planctomyces_maris  15 
Planctomyces_limnophilus  7 
Pirellula_staleyi_  12 
Rhodopirellula_baltica  11 
Lentisphaera_araneosa  5 
Verrucomicrobiae_bacterium_DG1235  2 
Chthoniobacter_flavus  16 
Bacterium_Ellin514    12 
Verrucomicrobium_spinosum  15 
Victivallis_vadensis  0 
Akkermansia_muciniphila_tag    0 
Methylacidiphilum_infernorum  0 
Methylacidiphilum_infernorum  0 
Protochlamydia_amoebophila_  0 
Chlamydia_muridarum_Nigg_tag  0 
Chlamydia_trachomatis_BJali20OT  0 
Chlamydophila_pneumoniae_TW‐183  0 
Chlamydia_trachomatis_BTZ1A828OT  0 
Chlamydophila_pneumoniae_CWL029  0 
Chlamydophila_pneumoniae_AR39  0 
Chlamydia_trachomatis_UW‐3CX  0 
Chlamydophila_felis  0 
Chlamydophila_caviae  0 
Chlamydophila_abortus  0 
Kuenenia_stuttgartiensis  0 
Coraliomargarita_akajimensis  0 
Opitutus_terrae  0 
Opitutaceae_bacterium_TAV2  0 
 



Next, we constructed a phylogeny with all the sequences of the homologues in the 
identified PVCOGs (Fig 4).  All the homologues are observed to cluster according to 
their assigned PVCOGs with strong support, demonstrating the validity of the clustering 
method employed. The phylogenetic distribution of the sequences within each clade does 
not follow a specific species distribution  (expected if all these homologues derived from 
one common ancestor), suggesting the existence of multiple copies of this MC protein in 
the most recent common PVC ancestor. 

Via blast searches, we also found a number of homologues in other bacteria species, 
namely Flavobacteriales bacterium, Robiginitalea Biformata, Spriosoma Linguale, 
Algoriphagus, Chitinophaga Pinesis and Dyadobacter Fermantans. We incorporated 
these sequences and constructed a new phylogenetic tree (Fig5), and observed that some 
of these 8 of these sequences insert themselves into the clade containing PVCOG00649, 
suggesting events of horizontal gene transfer between the PVC ancestor and these 
bacteria outside the PVC superphylum. Incidentally, PVCOG00649 contains gp4978 (the 
studied Gemmata obscuriglobus protein); but it is difficult to infer any functional 
similarities of MC proteins when it is unknown whether vesicles or similar structures are 
present in these other bacteria species.

Fig4: Bayesian analysis of MC‐like proteins in PVC superphylum using Phylobayes 3.2. Clades for 
large clusters of proteins are collapsed. The phylogenetic distribution in PVCOG00718 is shown 
here, where the sequences don’t follow species phylogeny (i.e one finds Gemmata clustering with 
Verrucomicrobium with high bootstrap). 
 



 
 

Potential genes that complement MC proteins 
 
Based on our knowledge of the eukaryotic system, MC proteins function in tandem with 
other proteins to support the architecture of membranes or enable membrane processes. 
Given the existence of MC proteins in certain species within the PVC superphylum, we 
reasoned its interacting partners should also follow the same species distribution as the 
MC proteins. Setting a filter to exclude PVCOGs containing species not harbouring MC 
proteins, we identified a list of PVCOGs that follow the same species distribution as the 
MC protein (Table4). 
  
One of the clusters (PVC002013) was found to contain proteins homologous to the beta 
subunit of family of well-conserved enzyme, geranylgeranyl transferase. In eukaryotic 
cells, this family of enzyme is crucial for cell growth, differentiation and morphology 
because they catalyze covalent attachment of a prenyl group to GTP-binding regulatory 
proteins (e.g Ras, Rac, Rho)43. This prenylation is essential for protein attachment to 
membranes, and inhibition of this enzyme is known to induce cell death44. There are three 
known enzymes: geranylgeranyltransferase type-I (GGT1), farnesyltransferase (FT), and 
geranylgeranyltransferase type-II (RabGGT).

 
Fig5: Bayesian analysis of MC‐like proteins in PVC superphylum and other bacteria species 
using Phylobayes 3.2. Clades for large clusters of proteins are collapsed. The sequences from 
other bacteria species are observed to insert into cluster containing PVCOG00649 and form 2 
clades (one sister to PVCOG00649 and another sister to PVCOG00718) 
 



 
 Table 4: List of PVCOGs that follow same distribution as MC‐like proteins. 

 
PVCOG  No of genes  Description based on top blast hit  
PVCOG00023  131  Hypothetical protein  
PVCOG00027  114  Hypothetical protein 
PVCOG00039    Hypothetical protein  
PVCOG00050  84  Hypothetical protein  
PVCOG00084  57  Membrane bound dehydrogenase  
PVCOG00126  45  AraC‐type DNA binding domain‐

containing proteins  
PVCOG00129  44  Unknown function 
PVCOG00203  35  WD repeat protein 
PVCOG00285  31  Serine proteinase 
PVCOG00503  27  Phospholipase/Carboxylesterase 
PVCOG00537  26  Alkyl hydroperoxide reductase 
PVCOG00561  25  Cis/trans isomerase 
PVCOG00583  25  L‐sorbosone dehydrogenase 
PVCOG00620  22  Gluconolaconase 
PVCOG00649  22  Heme‐binding protein 
PVCOG00674  21  FHA domain containing protein 
PVCOG00744  21  NHL repeat containing protein 
PVCOG00757  20  Esterase/lipase like protein 
PVCOG00795  20  Nucleoside transporter 
PVCOG00955  17  Phospholipase 
PVCOG00958  17  FG‐Gap protein 
PVCOG00963  17  Oxidoreductase domain protein 
PVCOG01084  16  Signal peptide 
PVCOG01113  16  Xylose isomerase domain protein 
PVCOG01207  14  Hypothetical protein 
PVCOG01334  13  D‐theronine aldolase 
PVCOG01356  13  Signal peptide 
PVCOG01359  13  Glutathione peroxidase 
PVCOG01497  12  Zinc finger TFIIB‐type domain 

protein 
PVCOG01520  12  Mannos‐6‐phosphate isomerase 
PVCOG02013  10  Geranylgeranyl transferase 
PVCOG02103  9  Phytanoyl‐CoA dioxygenase 
 



GGT1 and FT catalyze the transfer of a 20-carbon and a 15-carbon isoprenoid, 
respectively to a protein with a C-terminal CaaX sequence motif [cysteine (C), 2 aliphatic 
residues (aa) and the C-terminal residue (X)]. RabGGT exclusively modifies members of 
the Rab family that are presented by a Rab escort protein (REP)45. 
 
We consolidated sequences of the different beta subunit of groups of geranylgeranyl 
transferases and named them accordingly (GGT1, FT or RabGGT). Then adding in 
homologues from PVC (sequences from PVCOG002013), a phylogenetic tree was 
constructed using maximum likelihood (Fig6). 

 
The different groups of geranylgeranyl transferases (GGT1, FT and RabGGT) form 
separate clades with good support (89, 98 and 96 respectively). The support for clade 
containing GGT1 and FT is not high (43), despite the estimated 30% homology reported 
between them. A probable explanation for this is that the homology was estimated based 
on mammalian sequences, when the magnitude of divergence between these enzymes 
varies from species to species. In other species the homology could significantly less. 
 
The analysis revealed that the homologues from PVC formed a distinct clade separate 
from the eukaryotic geranylgeranyl transferases. Within the PVC, one could discern good 

 
Fig 6: ML tree of geranylgeranyl transferases and homologues found in PVCOG02013. Sequences 
were obtained from NCBI and FT, GGT and RabGGT sequences were aligned individually before 
joined using muscle.  
 



support for a Planctomycetes grouping (91) and verrucomicrobium and Lenitsphaera 
(74). Taken together these suggest that the presence of this gene in some members of the 
PVC is not a result of horizontal gene transfer. It is possible that this gene was present in 
the last common ancestor and that it underwent gene duplication in eukaryotes and was 
lost in prokaryotes other than these species mentioned. 
 
The enzymatic site GGTs are well conserved and a sequence alignment could provide a 
indication of whether an unknown sequence is a GGT1 or FTase. The residues 
corresponding to 49 and 324 in human GGT1 is highly correlated with the enzyme type. 
324 is always a phenylalanine or tyrosine in all enzymes. To accommodate the larger 
carbon chain, residue 49 is always a small amino acid such as threonine, serine, valine or 
alanine in GGT1 and RabGGTase. In FT it is always tryptophan. Thus we aligned our 
sequence with human, mouse and bovine GGT1, FT and RabGGT (Fig7). At position 324 
we see a tyrosine for PVC species similar to that in FT, whereas at position 49, there is a 
tyrosine, which is not seen in all eukaryotes.  
 
It is difficult to ascertain whether it is a true homolog of GGT in these members of the 
PVC superphylum. Based on our phylogenetic analysis a evolutionary relationship cannot 
be discerned between the eukaryotic homolog and that present in PVC, due to the 
inherent difficulty of placing the root. Having the same distribution as species that 
contain MC proteins strongly suggest they might have a similar role of altering proteins 
for membrane trafficking. Further assays have to be performed to validate the function of 
these enzymes and also to identify the potential substrates. 



 
Fig 7: Alignment of GGT homologues in PVC with GGT1, FT and RabGGT 
homologues in mouse, human and bovine. Sequences were aligned using Kalign 
and visualed using Clustaw at ww.ebi.ac.uk. Boxes show residues at position 49 
and 324 of human GGT.  



Closer examination of Planctomycetes 
 
Given the unique cellular compartments inside Planctomycetes, we identified PVCOGs 
that contain only genes from Planctomycetes (and not from other members of the PVC). 
This is an attempt identify genes that might be involved in cellular functions (e.g cell 
division, translation) necessary unique to Planctomycetes because of the presence of 
intracellular compartments. 
 
There are a total of 15 genes found (table 5), among which 4 are hypothetical proteins 
with no homologues found outside Planctomycetes. There is 1 gene involved in carbon 
storage, another in sulfate transport and 1 in sporulation, thereby reflecting the altered 
lifestyle and metabolism of Planctomycetes as compared to other members of the PVC. 

 

Table 5: Table showing PVCOGs containing genes unique to Planctomycetes and their associated 
COG assignments and top blast hits 
PVCOG no.  No. of 

genes 
in 
total 

COG or NOG 
assignment 

Description based on top blast hits, 
excluding Planctomyces 

PVCOG00122  46  COG1551  Carbon storage regulator[Thermotoga 
neapolotana] 

PVCOG01036  16  COG0681  Signal peptidase I. Serine peptidase. MEROPS 
family S26A [Desulfotomaculum reducens MI‐1
   

PVCOG01213  14  COG1146  hypothetical protein Neut_2102 
[Nitrosomonas eutropha C91] 

PVCOG01298  13  NOG67576  No hits outside Planctomycetes 
PVCOG01300  13  NOG40667  No hits outside Planctomycetes 
PVCOG01766  10  COG0659  SulP family sulfate transporter [Sorangium 

cellulosum] 
PVCOG02051  9  COG0795  permease YjgP/YjgQ family protein 

[Geobacter] 
PVCOG02216  8  COG0760  PpiC‐type peptidyl‐prolyl cis‐trans isomerase 

[Paenibacillus] 
PVCOG02415  8    No hits outside Planctomycetes 
PVCOG02426  8    DNA polymerase III subunit delta [Bacillus 

subtilis subsp. subtilis str. 168] 
PVCOG02437  8  COG4972  Type IV pilus assembly protein PilM 

[Anaeromyxobacter] 
PVCOG02450  8  COG2088  SpoVG family protein [Elusimicrobium 

minutum Pei191] 
PVCOG02451  8  COG1259  hypothetical protein DehaBAV1_0530 

[Dehalococcoides sp. BAV1] 
PVCOG02535  8    No hits outside Planctomycetes 
PVCOG02561  8    hypothetical protein MDG893_17487 

[Marinobacter algicola DG893] 
 



There are 4 hypothetical genes with no hits outside Planctomycetes. These could be 
potential candidates involved in the cell cycle of Planctomycetes, but further analysis or 
functional assays are required to verify this. Another different method of analysis would 
be to look at PVCOGs that contain only genes from all Planctomycetes except Kuenenia. 
The membrane bound compartment inside the cytoplasm of Kuenenia is the locus of 
anammox catabolism, whereas where the membrane does separate ribosomes from 
nucleus. Thus examining genes with the mentioned focus might yield candidates that 
facilitate protein translation processes unique to Planctomycetes. 
 
Given the ambiguity of the Planctomycetes specific gene, we decided to focus on two 
reported genes. Gemmata obscuriglobus was reported to produce lanosterol, a sterol 
typically produced in eukaryotes (excluding insects) and its uncommon isomer, parkeol27. 
Even though no subsequent modifications of these products were detected this finding is 
significant because synthesis of sterols is specific to eukarytoes. In Prokaryotes a similar 
pathway is present, whereby hopanoids are synthesized from the cyclization of squalene 
by a squalene-hopene cyclase (SHC) without involvement of oxygen. In Eukaryotes the 
enzyme squalene monooxygenase (SQMO) adds an oxygen to squalene leading to 
squalene epoxide, which is then acted by an enzymes homologous to SHC known as 
oxidosqualene cyclase (OSC), resulting in cyclized lanosterol or to cycloartenol46.  

 

 
Fig8: ML analysis of SQMO genes. Clade containing bacteria sequences is highlighted in green. 
Mid point rooting is used. 



Recent phylogenetic analyses have shown that homologs of SQMO and OSC can be 
found in Gemmata, and they are phylogenetically related to their eukaryotic 
counterparts47. It was proposed that the presence of these eukaryotic-like sterol-producing 
genes was due to a possible ancient horizontal gene transfer. We retrieved sequences for 
these genes and performed a phylogenetic analysis for both SQMO (Fig8) and OSC/SHC 
(Fig9). 

 
Our results show that both SQMO and OSC homologues do indeed cluster with their 
eukaryotic counterparts. Both these homologues also consistently cluster with 
homologues from Methylococcus capsulatus and Plesiocystis pacifica. For OSC (refer to 
Fig8), it is shown to form a distinct clade in the eukaryotic taxa. It is impossible to assert 
that both SHC and OSC evolved from one ancestral copy in the last common ancestor. 
There is a possibility that the ancestor holds two copies and Gemmata obscuriglobus (and 
the other 2 bacteria) happens to retain it. 

 
Fig9: ML analysis of SHC and OSC sequences. Clade containing Gemmata obscuriglobus, 
Methylococcus capsulatus and Plesiocystsis Pacifica is highlighted in green. Strong support (99) for the 
clade that is separate from the rest of the eukaryotic sequences is observed. 



 
This is seen for SQMO as well (Fig 9), where the clade is placed at the root of Eukaryotic 
sequences.  
 
The SQMO gene is absent in all members of the PVC superphylum and only Gemmata 
obscuriglobus contains the eukaryotic homologue of OSC (in addition to 1 or 2 copies of 
bacterial SHC). Cqul4 being the closest relative species to Gemmata obscuriglobus does 
not contain a homologue to SQMO, and possess only 1 copy of bacterial SHC. Taken 
together, the most plausible explanation offered here is that this gene was acquired via 
horizontal gene transfer in Gemmata obscuriglobus, similar to that in Methylococcus 
capsulatus and Plesiocystsis Pacifica. In this thread, the question is from which organism 
was this gene acquired, and sequences of this gene in new bacteria genomes or 
unicellular eukaryotes could shed light on the evolutionary history of sterol synthesis 
genes. 
 
We have designed primers for SQMO and OSC gene in Gemmata obscuriglobus and 
successfully cloned them into the expression plasmid pet45b. For the SQMO gene, 
consensus prediction programme TOPCON was used to identify potential transmembrane 
regions in the SQMO protein48. This is to enable protein expression and subsequent 
purification steps. 3 different sets of primers were designed to amplify the full protein, 
protein with only predicted functional domain and lastly protein with transmembrane 
region excluded. Future work could be done to either raise antibodies against this protein 
to determine its cellular location, or to analyze its structure with crystallization studies. 
Small perturbations have been shown to induce membrane like structures in E.coli49, so 
overexpression could be another approach. 
 
Conclusion 
 
In this study, we have revealed strong support for the PVC superphylum with 
phylogenetic analysis. Despite the lack of a PVC signature gene, we have highlighted 2 
very well conserved genes (60kDa outer membrane protein and UGPase) unique to 
Chlamydia, Planctomycetes and Verrucomicrobia. Planctomycetes, Chlamydia and some 
species of Verrucomicrobia lack FtsZ and undergo a cell division process different from 
other bactera. Based on the distribution and phylogeny of these genes, we propose that 
these could be involved in either cell wall synthesis or cell division.  
 
One of the common features easily discerned between the cell morphology of 
Planctomycetes and Verrucomicrobia is the presence of vesicle/membrane like 
structures5051 (see Fig10). These organisms possess genes that encode for proteins 
structurally similar to MC-like proteins in eukaryotic cells. Using phylogenetic methods, 
we established that there was more than 1 copy of this gene in the most recent PVC 
ancestor. We also identified a potential geranylgeranyl transferase in some species of 
PVC, thereby extending the validity of an endomembrane system in the last common 
ancestor of the PVC. In the face of the current debate around the origin of the nucleus in 
eukaryotic cell, this could be significant in supporting the model of evolution of nucleus 
and ER from endomembrane system.  



 
 
Our genome sequence data of a Planctomycetes species closely related to Gemmata 
obscuriglobus has revealed that some of the eukaryotic homologs are unique to itself, 
suggesting an enigmatic and intriguing evolutionary history for the organism itself. More 
indepth genetic and phylogenetic analysis into the genome could unveil more of this, and 
probably contribute in some ways, to the understanding of intracellular compartments. 

 
Figure 10: A hypothetical model for the early eurkaryote possessing a endomembrane system construed by 
coat like proteins. It was proposed that this ancestral endomembrane system is in many ways similar to that 
found in members of the PVC possessing vesicle-like structures [see ref 17]. 



Future work proposed here include: 
 

1. Establishing more genes unique to Chlamydia and Planctomycetes using the new 
genomes now available. This could help in understanding the constituent of the 
PVC ancestor and also evolution of members of the PVC superphylum. 
 

2. Verifying the functionality of geranylgeranyl transferase. Inhibition assays could 
be performed to test the functionality of this enzyme and whether it has a vital 
role in cell functions. Assays could also be designed to detect the prenylation of 
proteins. 
 

3. Finding if the SQMO and OSC genes are implicated in the double membrane 
observed in Gemmata obscuriglobus 
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Appendix: Table a: List of genes and species used for phylogenetic analysis of 
concatentated sequences 
List of 30 genes used 
in concentenation 

List of members of PVC superphylum 

COG0012 
COG0016 
COG0048 
COG0049 
COG0052 
COG0080 
COG0081 
COG0087 
COG0091 
COG0092 
COG0093 
COG0094 
COG0096 
COG0097 
COG0098 
COG0099 
COG0100 
COG0102 
COG0103 
COG0172 
COG0184 
COG0186 
COG0197 
COG0200 
COG0201 
COG0202 
COG0256 
COG0495 
COG0522 
COG0533 

Planctomyces (8) 
 
Gemmata 
obscuriglobus   
Isospaera pallidum  
   
Planctomyces maris  
Planctomyces 
limnophilus  
Pirellula staleyi  
   
Rhodopirellula baltica  
Lentisphaera araneosa  
Kuenenia 
stuttgartiensis 
 
Verrucomircobia (11)
   
Verrucomicrobiae 
bacterium DG1235 
Chthoniobacter 
flavus   
Bacterium Ellin514   
Verrucomicrobium 
spinosum 
Victivallis vadensis    
Akkermansia 
muciniphila    
Methylacidiphilum 
infernorum  
Opitutaceae bacterium 
TAV2    
Opitutus terrae 
Coraliomargarita 
akajimensis 

Chlamydia (11) 
 
Chlamydophila 
abortus 
Chlamydophila caviae 
Chlamydophila felis 
Chlamydia 
trachomatis UW‐3CX 
Chlamydophila 
pneumoniae AR39 
Chlamydophila 
pneumoniae CWL029 
Chlamydia 
trachomatis 
BTZ1A828OT 
Chlamydophila 
pneumoniae TW‐183 
Chlamydia 
trachomatis BJali20OT 
Chlamydia muridarum 
Nigg 
Protochlamydia 
amoebophila 

List of 70 species used in concentenation 



                                                        
## ARCHAEA (6) 
 
# Crenarchaea (3) 
Aeropyrum pernix K1 
Pyrobaculum aerophilum (strain IM2 
/ DSM 7523 / ATCC 51768) 
Sulfolobus solfataricus (strain DSM 
1617 / P2 / ATCC 35092) 
 
# Euryarchaea (3) 
Archaeoglobus fulgidus DSM 4304   
Methanocaldococcus jannaschii DSM 
2661   
Pyrococcus furiosus DSM 3638   
 
#Epsilonproteobacteria (3) 
Campylobacter jejuni subsp. jejuni 
NCTC 11168 
Helicobacter pylori J99   
Wolinella succinogenes DSM 1740 
 
#Actinobacteria (5) 
Mycobacterium tuberculosis H37Rv 
Corynebacterium glutamicum ATCC 
Streptomyces coelicolor A3(2) 
Symbiobacterium thermophilum IAM 
14863 
 
#Firmicutes (9) 
Bacillus subtilis subsp. subtilis str. 
168 
Staphylococcus aureus subsp. aureus 
Mu50 
Streptococcus pneumoniae TIGR4 
Lactococcus lactis subsp. lactis Il1403 
Enterococcus faecalis V583 
Lactobacillus plantarum WCFS1 
Mycoplasma pneumoniae M129 
Onion yellows phytoplasma OY‐M 
Clostridium acetobutylicum ATCC 
824 
 
#Bacteroidetes (2) 
 
Chlorobium tepidum (strain TLS / 
ATCC 49652 / DSM 12025) 
Bacteroides fragilis NCTC 9343 
 
#Acidobacteria (2) 
Acidobacterium sp. Ellin345 
Solibacter usitatus Ellin6076 

## BACTERIA (64) 
 
#Gammaproteobacteria (8) 
Escherichia coli (strain K12) 
Haemophilus influenzae Rd 
KW20 
Vibrio cholerae O1 biovar eltor 
str. N16961 
Idiomarina loihiensis L2TR 
Pseudomonas aeruginosa PAO1 
Legionella pneumophila str. 
Paris 
Nitrosococcus oceani ATCC 
19707 
Xylella fastidiosa Temecula1 
 
 
 
 
#Betaproteobacteria (7) 
Burkholderia pseudomallei 
1710b 
Ralstonia solanacearum 
GMI1000 
Bordetella pertussis (strain 
ATCC BAA‐589 / Tohama I / 
NCTC 13251)  
Dechloromonas aromatica RCB 
Nitrosomonas europaea ATCC 
19718 
Neisseria meningitidis Z249 
Methylobacillus flagellatus KT 
 
#Alphaproteobacteria (9) 
Candidatus Pelagibacter ubique 
HTCC1062 
Rickettsia prowazekii str. 
MadridE 
Bartonella henselae (strain 
Houston 1 / ATCC 49882) 
Caulobacter crescentus CB15 
Rhodospirillum rubrum ATCC 
11170 
Rhodobacter sphaeroides 2.4.1 
Sphingopyxis alaskensis 
RB2256 
Wolbachia pipientis wMel 
Mesorhizobium loti 
MAFF303099 
 
#Deltaproteobacteria (5) 



                                                        
 




