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Resumo
O filo dos Planctomycetes é um grupo notável de bactérias com características
morfológicas e celulares fascinantes e fora do comum. Este filo é conhecido pela sua
relevância nas áreas da biologia celular, evolução e ecologia.
Hoje em dia, com o desenvolvimento de ferramentas bioinformáticas mais rápidas e de
fácil

uso,

na

análise

de

sequenciação

de

genomas

é

possível

estudar

microorganismos analisando directamente os seus genomas, mesmo se não
cultivados.
Sequências não tratadas das três estirpes de planctomycetes isolados das superfícies
das macroalgas, Rubripirellula obstinata estirpe LF1, Roseimaritima ulvae estirpe UC8
e uma estripe não caracterizada, a estirpe FC18, foram obtidas após sequenciação
com a tecnologia Illumnia MiSeq. Seguidamente, essas sequências foram submetidas
ao software SPAdes para montagem dos respetivos genomas e anotadas nos
programas RAST e Prokka.
Análises compreensivas e comparativas destes três genomas foram realizadas contra
os genomas das Rhodopirellula baltica SH1T, Blastopirellula marina DSM 3645 e
Planctomyces limnophilus DSM 3776. As características gerais dos genomas das três
estirpes mostraram ser concordantes com outros genomas dos Planctomycetales. Um
estudo para a detecção de genes relacionados com a produção de compostos
secundários foi realizada pelo programa antiSMASH e mostrou a presença de genes
promissores que transcrevem moléculas putativas com actividade antimicrobiana.
As análises genómicas comparativas das estirpes LF1, FC18 e UC8 mostraram ainda
a presença de proteínas únicas que poderão estar relacionadas com o microambiente
a partir do qual as estirpes foram isoladas, o complexo biofilme das macroalgas.

Palavras-Chave: Planctomycetes, Rubripirellula obstinata, LF1, Roseimaritima ulvae,
UC8, estirpe FC18, Rhodopirellula baltica, Blastopirellula marina, Planctomyces
limnophilus, Bioinformatica, Sequenciação, Montagem genómica, Anotação, Genoma,
Actividade antimicrobiana, Biofilmes
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Abstract
Planctomycetes is a remarkable group of bacteria with unusual and striking cellular and
morphological features. They are acknowledged for their meaningful relevance in the
fields of cell biology, evolution and ecology.
Nowadays, with the development and support of faster and user-friendly in silico tools,
used in genome sequencing analysis it is possible to study microorganisms by looking
directly at their genomes, even if not cultivated. This enables a deeper insight and
understanding into biology of microorganisms.
Raw sequences from three strains of planctomycetes isolated from algal surfaces,
Rubripirellula obstinata strain LF1, Roseimaritima ulvae strain UC8 and a yet to
characterize strain FC18, were obtained from Ilumina MiSeq paired-end. After, the raw
sequences were assembled with SPAdes software, annotated in RAST and in Prokka
pipeline.
Comprehensive analyses and differential genomic comparisons against Rhodopirellula
baltica SH1T, Blastopirellula marina DSM 3645 and Planctomyces limnophilus DSM
3776 were done after annotation. General features of the genomes were analysed,
showing to be in the average of the other genomes from Planctomycetales. Genome
mining with antiSMASH showed some interesting gene candidates with putative
antimicrobial activity molecules. Furthermore, in the genome comparisons performed,
LF1, UC8 and FC18 showed to possess unique proteins that can be connected with
the microenvironment they were isolated from, the complex macroalgae biofilm.
Keywords: Planctomycetes, Rubripirellula obstinate, LF1, Roseimaritima ulvae, UC8,
strain FC18, Rhodopirellula baltica, Blastopirellula marina, Planctomyces limnophilus,
Bioinformatics, Sequencing, Assembly, Annotation, Genome, Antimicrobial activity,
Biofilms.
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1. Introduction
1.1 The phylum Planctomycetes
The Planctomycetes are a group of the domain Bacteria composed by members with
peculiar and unique morphological, genetic, metabolic and physiological identity.
They belong to the monophyletic Planctomycetes, Verrucomicrobia and Chlamydiae
(PVC) superphylum (Wagner and Horn, 2006) and are a ubiquitous group of bacteria
that are globally present in a myriad of ecosystems including aquatic and terrestrial
habitats (Andrew et al., 2012; Winkelmann et al., 2010). Cultivation-independent
techniques revealed their presence in extreme environments like hot springs (Tekere
et al., 2013), glacial waters (Liu et al., 2006), acidophilic habitats (Lucheta et al.,
2013), hydrocarbon polluted environments (Abed et al., 2011). Planctomycetes can
also live in association with other organisms such as algae (Lage and Bondoso,
2011), sponges (Pimentel-Elardo et al., 2003), corals (Webster and Bourne, 2007),
macrophytes (Hempel et al., 2008) and prawns (Fuerst et al., 1997). Besides, they
play important roles in the biogeochemical cycles of the carbon (McCarren and
DeLong, 2007), nitrogen (Kalyuzhnyi et al., 2010) and sulphur (Glöckner et al., 2003;
Wegner et al., 2013).
Their unusual prokaryotic cell plan, peptidoglycanless proteinaceous cell wall,
common budding reproduction as well as other previously mentioned characteristics,
led to an increasing interest on these organisms, over the last decade. Despite the
widely accepted cell plan theory for the cellular planctomycetes envelope proposed
by John Fuerst (Fuerst, 2005) structural and genetic evidences gave support to a
different concept in the last years (Santarella-Mellwig et al., 2013; Speth et al., 2012).
Recently, Jeske et al., 2015 and van Teeseling et al., 2015 observed that
Planctomyces limnophilus and Kuenenia stuttagertensis, respectively, possess
peptidoglycan (PG) in their cell wall in a somehow Gram-negative cell wall structure.
These observations gave incentive to the “planctomycetology” world to get new and
more accurate information about this diverse and singular phylum.
The first planctomycete having its genome completely annotated was Rhodopirellula
baltica SH1T (Glöckner et al., 2003). By that time, it was the largest prokaryotic
genome ever annotated. This annotation was an added value to get more information
about this group (Teeling et al., 2004), yet very much unknown. Nowadays, despite
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the wider knowledge already acquired due to the many studies done both in silico and
in situ, many questions on the biology of Planctomycetes are still left to answer and to
uncover.

1.2 Taxonomic and phylogenetic relevance
First observed by the Hungarian biologist Nandór Gimesi in 1924 (Gimesi, 1924;
Langó, 2005), planctomycetes were initially thought to be a plancktonic fungus due to
the morphologic similarities to the fungi. Planctomyces bekefii (Fig.1.1), possesses a
unique phenotype, is widespread in many aquatic habitats but not yet cultivated in
pure culture (Ward, 2010). The first isolation in pure culture of a planctomycete was
only possible in 1972. This isolate was mistakenly identified as Pasteuria ramosa
(Staley, 1973), a Daphnia parasite. Only in 1983, Starr et al. linked this species with
the genus Planctomyces. Then P. ramosa was re-assigned as Pirella staleyi due to
the differences of this strain (ATCC 27377T) with species such as, Planctomyces
bekefii Gimesi 1924 and Planctomyces maris strain ATCC 29201T (Schlesner and
Hirsch, 1984). Another re-assignment had to be done as the genus Pirella was
already attributed to a fungal genus, leading into misunderstandings. Hence, from
then on, strain ATCC 27377T (Schlesner and Hirsch, 1987) became Pirellula staleyi
(Schlesner and Hirsch, 1987) that together with other species like Pirellula marina are
currently one of the existent taxonomic genera in Planctomycetes.
In 2001 the phylum Planctomycetes was recognised as a separate phylum (Garrity
and Holt, 2001). Nowadays, according to the second edition of Bergley’s Manual of
Bacteriology (Garrity et al., 2005), this phylum comprises two classes –
Planctomycetia (Ward, 2010) and Phycisphaerae (Fukunaga et al., 2009). The
Candidatus “Brocadiales”, a deep-branching planctomycete order capable of
performing anammox oxidation (Jetten et al., 2010; Jetten, 1998), is grouped in the
Planctomycetia class; nevertheless its affiliation is yet to be confirmed. Some authors
disagree with this classification that has into consideration the molecular taxonomy
and defend that the difference between these groups is phenotypically significant to
consider the Candidatus “Brocadiales” a new class, instead of an order (Fuchsman
et al., 2012; Fuerst, 2013). Based on the 16S rRNA gene, this phylum belongs to the
PVC super phylum. The different groups of the PVC super phylum are also believed
to share similar cell structure and plan. Despite some previous studies (Jenkins and
Fuerst, 2001; Ward et al., 2000) in the beginning of this century that did not support
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the PVC relationship, later it was indeed proved with molecular observations such as
the analysis of the 16S rRNA gene, ribosomal proteins (Hou et al., 2008) and
ribosomal DNA, rDNA (Wagner and Horn, 2006). Furthermore, the common
phenotypic attributes, such as the supposedly lack of PG in the cell wall shared by
both planctomycetes and chlamydiae, the compartmentalised cell plan and the
presence of unusual coat proteins observed in planctomycetes and verrucomicrobia
(Santarella-Mellwig et al., 2010) are other indicators supporting a close phylogenetic
relationship.

Besides

Planctomycetes,

Verrucomicrobia,

Chlamydiae

and

Lentisphaerae, the PVC super phylum also comprehends the Candidatus
“Poribacteria”, OP3 and the candidate division WWE (Wagner and Horn, 2006).
Planctomycetes are a heterogeneous group and have been considered either a deep
branch (Schmid et al., 2003) within the domain Bacteria or a rapidly evolving group
(Woese, 1987). However, its position within Bacteria is still under debate. Possessors
of unique features, they have been of great help to scientists committed to better
understand the evolution of cellular organization and its complexity. The close
resemblance of many of the PVC features with the ones of Eukaryotes and Archaea
include (1) the biosynthesis of sterols in Gemmata obscuriglobus (Pearson et al.,
2003) important for the membrane fluidity and permeability, very typical in eukaryotic
organisms; (2) presence of lipids found in eukaryotes like palmitic, oleic and
palmitoleic and in archaeal organisms like the ether-linked lipids (Strous et al., 2002);
(3) budding division, commonly typical of eukaryotes; (4) complex internal
membranes and presence of membrane coats (Pilhofer et al., 2007); (5) fstZ and
tubulin homologues, (Pilhofer et al., 2007); (6) existence of endocytosis-like process
for protein uptake, well observed in G. obscuriglobus (Lonhienne et al., 2010). All
these features, among others, seem to indicate that the PVC super phylum might be
a.

b.

Fig. 1.1 - Planctomyces bekefii rosette a. Phase contrast micrograph of P. bekefii (Bar =5 μm) b. Scanning
electron micrograph of P. bekefii (Bar = 1 μm). Adapted from Fuerst, 2013.
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connected by a common ancestor. For example, Devos and Raymond data claimed
that Planctomycetes should be considered candidates in the transition between the
prokaryotes and eukaryotes, taking in consideration an existence of homology and
evolutionary relationships between the PVC organisms (Devos and Reynaud, 2010;
Reynaud and Devos, 2011). Some other scientists discard this hypothesis and believe
that there might have been either horizontal gene transfer (HGT) or a convergent
evolution to eukaryotic organisms (McInerney et al., 2011)
Other hypotheses and observations have been proposed looking at the conserved

Fig. 1.2 - Phylogenetic relationship between planctomycetes and other organisms. a. Domains Bacteria, Archaea
and Eukarya compared by the feature frequency profiles of whole proteomes, showing a deep-branching position for
planctomycetes relative to other bacterial phyla. b. Phylogenetic tree based on the 23S rRNA gene representing the
planctomycetes phylum and their relationship to other bacterial related phyla forming the PVC super phylum. Adapted
from Fuerst and Sagulenko, 2011.
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positions in the ribosomal rRNA, placing Planctomycetes as the first emerging bacterial
group (Brochier and Philippe, 2002). Afterwards, they were considered not to be in the
first line of divergence by Di Giulio (Di Giulio, 2003) who looked at different conserved
positions at the ribosomal rRNA sequences defending that the ancestor of the domain
Bacteria was most probably a hyperthermophile, instead of a mesophilic organism
belonging to the Planctomycetales order. This observation was then supported by
Barion et al. in 2007 analysing the phylogeny of twenty different concatenated proteins.
After sequencing and comparing the first genomes from members belonging to the
Planctomycetes, no great amount of genes shared with Archaea and Eukaryotes was
observed, as it was firstly thought (Fuchsman and Rocap, 2006). Another study
reached dissimilar observations, it defended that Planctomycetes are not that different
from other bacteria having conserved functional roles and protein domains (Nasir et al.,
2011). On the other hand, once again, the Planctomycetes were considered at the
basal position of Bacteria when looking at the whole-proteome phylogeny of
prokaryotes (Jun et al., 2010) (Fig. 1.2). This last hypothesis is currently, the most
commonly agreed by the scientific community. Nonetheless, whether Planctomycetes
have retention of a proto-eukaryotic LUCA or simply show a convergent evolution of
eukaryotic-like features, the position of this phylum in the Tree of Life is still a
controversial topic. This fact reinforces the importance of a more detailed study of the
Planctomycetes and PVC organisms in order to have a clearer and more precise
perspective in the real position they have.

1.3 Cell morphology and structure
The striking phenotypical traits and cell biology from many members of Planctomycetes
are remarkable since they divide in general through an asymmetric buddy, without the
presence of FtsZ, have a complex life cycle and comprise a complex cell plan
uncommon in bacteria.
The most outstanding trait in a planctomycete is its internal organisation. They have
been defined as possessors of a distinctive cell plan, presenting internal
compartmentalization which divides the cytoplasm in two parts – the pirellulosome
(containing the ribosomes) and the paryphoplasm (Lindsay et al., 2001). This
compartmentalized cell plan is also present in the Verrucomicobria members (Lee et
al., 2009). The anammox bacteria have an anammoxosome, where the anaerobic
ammonium oxidation happens, and the genus Gemmata has a nucleoid surrounded by
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two membranes, resembling a eukaryotic nucleus. However bacteria are noncompartmentalized organisms, lacking organization in organelles and with a dispersed
DNA

all

over

the

cytoplasm.

Therefore,

the

observation

of

the

cell

compartmentalization corroborates the hypothesis of the existence of a homologous
relationship of Planctomycetes and eukaryotes aforementioned (Forterre and Gribaldo,
2010; Fuerst and Sagulenko, 2012).
Over the past years the complex internal membrane system has been studied and a
new concept challenged the canonical idea of the cell structure of the Planctomycetes.
Using G. obscuriblogus as reference organism and microscopic methods (electron
tomography) to analyse the images of the internal membrane system complexity, it was
observed that the compartmentalization so long widely accepted might be misleading.
In fact, Santarella-Mellwig et al. (2010) observed a complex endomembrane system of
cell membrane invaginations putting aside the idea of compartmentalization. In a study
with different species, Lage et al. (2013) reported a similar observation. If these
observations are indeed correct, it means that there is no paryphoplasm but a common
bacterial periplasm with a flexible cytoplasmic membrane prone to invagination. In
order to detect if these observations were correct, the presence of Gram-negative outer
membrane (OM) biomarkers present in the genome of Planctomycetes and
Verrucomcrobia available in Genbank database were assessed (Speth et al., 2012).
The results obtained supported the last observations.
The cell division ring, normally located in the cytoplasm and also typical of the Gramnegative bacteria was also previously observed in the paryphoplasm of “Candidatus
Kuenenia stuttgartiensis” (van Niftrik et al., 2010). Furthermore, traits indicative of the
presence of a Gram-negative cell wall structure in planctomycetes have been
observed. The existence of an outer-membrane like structure was evidenced by the
presence of unusual glycolipids that are normally part of the lipopolysaccharide (LPS) a
structure present in the outside leaf of the outer membrane (OM) (Lugtenberg and Van
Alphen, 1983). Due to the clear characteristics of the OM, more specifically, some
genes related with the biosynthesis of lipid-A (an important LPS components) and 2keto 3-deoxy-D-manno-octulosonate (KDO) were also found in the genomes of
Planctomycetes and Verrucomicrobia (Glöckner et al., 2003; Sutcliffe, 2010). These
observations are the key to approach Planctomycetes towards a more Gram-negativelike cell plan.
Since the 80’s due to the great resistance of Planctomycetes to beta-lactam antibiotics
like ampicilin, that target peptidoglycan synthesis, scientists verily believed that
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Planctomycetes lacked PG (Liesack et al., 1986) having a proteinaceous cell wall
instead (Fuerst and Sagulenko, 2011; Giovannoni et al., 1987). Despite these widely
acknowledged traits of Planctomycetes and of many organisms in the PVC group,
recent reports have shown contradictory observations. The anammox planctomycetes
showed sensitivity towards ampicillin and lysozyme suggesting a presence of
peptidoglycan-like components in their cell wall (Hu et al., 2013). Chlamydiae was also
found to produce PG, a component they were equally thought to lack (Liechti et al.,
2014). Glöckner et al. (2003) analysed the complete genome sequence of R. baltica
where it was noticed the presence of some genes involved in the formation of N-acetylD-glucosamine, a monomer of peptidoglycan. However, as the key enzymes were
lacking, little or no importance was given to this observation and it was proposed a
possible loss of these genes, followed by the development of a proteinaceous cell
envelope over time (Glöckner et al., 2003). Two very recent studies revealed the
presence of PG in P. limnophilus (Jeske et al., 2015) and in the anammox bacterium
Kuenenia stuttgatiensis (van Teeseling et al., 2015). Therefore, Planctomycetes are not
an exception to the presence of PG among bacteria. This presence was not only
observed in silico, doing bioinformatics analysis, but also in situ, by the biochemical
and microscopic analyses of the planctomycetal cell wall (Jeske et al., 2015; van
Teeseling et al., 2015). These studies suggest and support the perspective that
Planctomycetes might have a potentially ancient molecular mechanism of cell division
(Leaver et al., 2009) not associated with the presence of FtsZ.
Several members of the planctomycetes divide by budding reproduction. Budding
reproduction is rarely observed in bacteria which normally divide by binary fission with
the help of a GTPase FtsZ protein. However, some planctomycetes divide by binary
fission like the case of Phycisphaera mikurensis (Fukunaga et al., 2009) and the
anammox bacteria (van Niftrik et al., 2009).
Phenotypically, planctomycetes cell shapes vary from pear shaped, spherical to ovoid
and many times the cells have polarity: a vegetative pole with a flagellum/stalk (Fuerst,
1995) and a reproductive pole. The cell wall can harbour crateriform structures and
fimbriae (Starr et al., 1983). One feature that is very known and correlated with
planctomycetes, specially the Pirellula – Rhodopirellula - Blastopirellula (PRB) group, is
the formation of rosettes (Fig. 1.3.). Some organisms are unicellular as well as
filamentous (Ward et al., 2006). Planctomycetes may display motility in the first stage
of their life cycle or display gliding motility as Isosphaera pallida (Giovannoni et al.,
1987). Planctomycetes also easily attach to other cells or surfaces by the loss of their
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flagellum and by the production of a holdfast substance, yet to be characterised (Lage
and Bondoso, 2012).

Fig. 1.3 – Rhodopirellula rubra strain LF2 observed in optical microscopy. Observation of the typical rosettes
from the PRB group. Image gently provided by Olga Lage.

1.4 Physiology and environmental relevance
Due to a great metabolic diversity, Planctomycetes are considered to have a very
important role in the global environmental cycles, contributing to the global carbon
(Glöckner et al., 2003) nitrogen and sulphur cycles. For the nitrogen cycle, all the
anammox of the candidate order Brocadiales are important as they perform the
anaerobic ammonium oxidation, a unique pathway that converts ammonium to nitrogen
in an oxygen independent way (Strous et al., 1999, 2002). These organisms have been
used successfully in industry with a biotechnological application in the wastewater
treatment plants (Kartal et al., 2010) and in the utilization of some enzymes for specific
biotechnology processes (Sheldon, 2011). Apart from these chemolitothropic anammox
planctomycetes, all the others are chemoheterotrophs with carbohydrates as primary
source of carbon. A great majority of them are mesophilic but they also can be
thermomophiles such as I. pallida isolated from the North American hot springs
(Giovannoni et al., 1987). Other extreme locations where planctomycetes have been
isolated are the acidic wetlands (Kulichevskaya et al., 2007, 2008, 2012), hypersaline
water (Schlesner, 1989), hydrocarbon polluted environments (Abed et al., 2011) and
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other polluted habitats (Chouari et al., 2003). With these observations it can be
suggested that some Planctomycetes may have a role in the degradation of
hydrocarbons and other pollutants. Some planctomycetes were also reported to resist
to high concentrations of inorganic nitrogen compounds and to sodium azide even
though it affected the cell respiration till a certain extent (Flores et al., 2014). Hence, it
was shown that the planctomycetes are possibly good candidates for assessing water
quality (Flores et al., 2014). Planctomycetes are ubiquitously spread in the
environment, including in association with eukaryotic hosts like invertebrates (Fuerst et
al., 1997), corals (Webster and Bourne, 2007), sponges (Pimentel-Elardo et al., 2003;
Webster et al., 2001), prawns (Fuerst et al., 1997), macrophytes (Hempel et al., 2008),
living the rizosphere of plants (Zhang et al., 2013, 2010) as well as associated living in
the gut microbiome of humans (Cayrou et al., 2013). Furthermore, some studies reveal
planctomycetes as being dominantly present in macoalgae and biofilms (Bondoso et
al., 2011, 2014a; Lage and Bondoso, 2014). The kelp Laminaria hyperborea has an
abundance of planctomycetes up to 51% in the bacterial community of their biofilm
(Bengtsson

and

Øvreås,

2010).

Many

other

species

of

macroalgae

have

planctomycetes living in association with them (Lage and Bondoso, 2014). In fact,
algae harbour a high diversity of microbial communities (as well as other organisms)
that benefit from a wide variety of organic carbon sources produced by them. Microbial
communities are as well believed to have an important role in the host’s metabolism,
development and defence (Armstrong et al., 2001). Green algae like Ulva australis
(Longford et al., 2007; Tujula et al., 2010), Ulva prolifera (Liu et al., 2010), Ulva
compressa (Hengst et al., 2010), Ulva sp. and Ulva intestinalis (Lage and Bondoso,
2011) have planctomycetes frequently colonizing their surfaces. Isolates have also
been obtained, among others, from red algae Phorphyra dioca, Chondrus crispus,
Gracilaria turuturu (Lage and Bondoso, 2011), Laurencia dendroidea (de Oliveira et al.,
2012), Delisea pulchra (Longford et al., 2007). Planctomycetes isolation has also been
obtained from the brown macroalgae Fucus spiralis, Laminaria sp., Sargassum
muticum (Lage and Bondoso, 2011) and Laminaria hyperborean (Bengtsson and
Øvreås, 2010). Lachnit et al., 2011 observed that the planctomycetes associated with
red and brown macroalgae showed higher diversity than the ones colonizing green
algae. Despite being very abundant, Planctomycetes are not generally the major group
found in algae. The two major are Bacteroidetes and Proteobacteria followed by
Firmicutes, Actinobacteria, Verrucomicrobia, and, only then Planctomycetes (Goecke
et al., 2013) as shown in Fig. 1.4. Currently, more than 60 planctomycetes’ different
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Operational Taxonomic Units (OTUs) were reported to be associated with macro algae
being only around 10 species isolated in pure culture (Bengtsson and Øvreås, 2010;
Bondoso et al., 2011, 2015; Winkelmann and Harder, 2009). One very interesting
observation in the planctomycetes associated with macroalgae is that they seem to
have the capacity to adapt to microenvironments created by molecules released by
macroalgae.

The

macromolecules

include

sulfated

polysaccharides

such

as

carrageenan, agar, alginate, fucan, laminarina, cellulose and ulvan (Lage and
Bondoso, 2014). Glöckner et al. (2003) analysing R. baltica SH1T complete genome,
reported the presence of 110 different sulfatase genes. These can be related with
energy and carbo requirements from sulphated compounds.
Different Rhodopirellula strains have shown sulphatases genes and sulphatase
expression profiles in bacteria cultured in distinct sulphated polysaccharides (Wegner
et al., 2013). Polysaccharide uptake was also observed by the utilization of some

Fig. 1.4 - Maximum Likelihood phylogenetic tree of the 16S rRNA gene sequences from bacterial species
isolated from algae. This figure shows the most dominant phyla found in macroalagae. The scale bar indicates 0.1
change per nucleotide. Adapted from Goecke et al. 2013 (Goecke et al., 2013).
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polymers such as N-acetylgalactosamine, mannitol, D-glucoronic acid, pectin and
laminarin (Jeske et al., 2013). R. rubra and R. lusitana isolated from macroalgae
showed to uptake great part of the monomers constituting the main polysaccharides
released by marcoalagae (Bondoso et al., 2015).

1.4 Secondary metabolites
Planctomycetes are possessors of large genomes, average 6.9 Mbp (Jeske et al.,
2013) and have intricate life cycles. These traits are normally typical of bacteria that are
known to be potential producers of bioactive compounds like Actinobacteria and
Myxobacteria, suggesting that the planctomycetes may have the capacity to produce
these compounds.
Jeske et al. (2013) performed genome mining with 13 planctomycetes genomes and
found a high number of clusters and genes for the production of secondary metabolites
like bacteriocin and putative lantibiotic enconding genes among others. Nevertheless,
specific environmental conditions are needed for many of the genes to be expressed
(Jeske et al., 2013). A similar study performed in R. baltica showed the presence
nonribosomal peptide synthethases and polyketide synthases genes that synthesize
enzymes involved in the synthesis of five different, unknown bioactive products
(Donadio et al., 2007). Planctomycetes associated with algae may secrete secondary
metabolites such as growth factors or antimicrobial compounds that may benefit algae.
These should also be important for the planctomycetes during algae colonization and in
their defence against competitors. Other observation, supporting the secondary
metabolites’ production by Planctomycetes is the relationship between planctomycetes
and algae which can make them to use algae’s excreted compounds to trigger the
production of those compounds (Jeske et al., 2013). These recent observations may
lead to the discovery of drug production with antimicrobial activity by Planctomycetes.

1.6 Genomics and Bioinformatics of prokaryotes
The first bacterial genome sequences ever published happened 20 years ago
(Fleischmann et al., 1995; Land et al., 2015). Sequencing techniques have been
developing at a rapid pace and it is every time easier and more affordable to sequence
genomic DNA (gDNA). The study of the diversity of microorganisms present in the
environment was for many years mainly done with culture dependent methods.
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However, as evidenced by the “Great Plate Count Anomaly” (Staley and Konopka,
1985), in marine environment, not even 1% of the organisms are able to be cultured
and accessible. This fact is a reminder of how little it was, and, still is known about the
microbial diversity yet to be discovered. With the elucidation of the structure of the DNA
and its identification as the structure that harbours the genetic information of organisms
from all domains of life in 1953 (Watson and Crick, 1953) an important step towards the
understanding of life in general was created. The study and identification of the small
subunit of the ribosomal RNA (16S rRNA) as a tool to identify microbial diversity
(Woese, 1987), allowed taxonomic assignment and phylogenetic trees constructions.
Furthermore, the advances in DNA sequencing technologies like 454 pyrosequencing
techniques and others known as “culture independent methods” made it possible for
researchers to analyse with more detail the general diversity, the genetic potential and
determine abundant members of whole bacterial communities (Giovannoni et al.,
1990). The still widely used approaches based on 16S rRNA gene allow reliable
information on bacterial family and genus, but reveals poor resolution at species level
(Case et al., 2007). With the development of the genomic era this single gene
comparison approach is being replaced by more cyclopaedic approaches, able to
thoroughly analyse, compare and classify a myriad of genomes at a time. The
metagenomic data, covering all DNA present in a sample, allowed to have detailed
overviews on numerous environmental, human and animal microbiomes (Land et al.,
2015).
There has been an exponential number of sequenced genomes growing over the last
two decades in the databases (Fig. 1.5) and the rapid increase of information has led to
an overflow of data. Hence, lots of tools are constantly appearing making genome
sequencing cheaper and abundant over time. Bioinformatics, nowadays, plays an
important role in decoding prokaryotic lifestyles, relationships and contributing with
novel insights towards diversity.
There are three generations of sequencing so far. Most genomes were sequenced by
the Sanger method which made draft genomes harder to be completed and expensive.
The second generation, the “Next-generation sequencing” (NGS) produces shorter
reads, providing means for rapid and high throughput sequencing, data generation at
low cost increasing the coverage needed making thus easier for the genome to be
closed. However, the de novo assembly i.e. assembly done for the very first time with
no prior knowledge of the genome, is very hard to obtain without a proper scaffold or
paired-end reads. Sequencing based on Illumina technology was reported as cost-
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effective in order to generate draft genomes from microbial organisms without a
significant loss of information (Mavromatis et al., 2012).
The third generation sequencing is the single-molecule sequencing and it is able to
produce several thousand base paired reads (Land et al., 2015).
Looking at the genomes it was observed that there are a lot of redundancies in gene
replications and that even within species the degree of genetic variation can sometimes
be large (Binnewies et al., 2006). Genome comparisons, the study of groups of
conserved proteins and proteomes enable an analysis with a bigger scale being able to
infer a more accurate phylogenetic profiling, related functional pathways and resolve
taxonomic enigmas. The more genes considered the better the taxonomic resolution
and the lesser the sensitivity to horizontal gene transfer (Oren and Papke, 2010)

Fig. 1.5 - DNA sequencing data growth over the past 30 years. Representation of the growth of sequence and 3D
structure databases. (http://www.kanehisa.jp/en/db_growth.html)
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1.6.1 Genome assembly and genomes belonging to Planctomycetes
Rhodopirellula baltica SH1T was the very first genome belonging to the Planctomycetes
being sequenced in 2003 (Glöckner et al., 2003) . From that moment on, some
planctomycetes genomes have been sequenced completely or partially, resulting in a
closed or draft genome respectively. Up to date there 17 sequenced genomes, either
draft or complete, of plantomycetes strains (Table 1.1).
Table 1.1 - Planctomycetes strains with their genome sequenced.

Sequenced Planctomycetes
Blastopirellula marina DSM 3645
Gemmata obscuriglobus UQM 2246
Isosphaera pallida ATCC 43644
Phycisphaera mikurensis NBRC 102666
Pirellula staleyi DSM 6068
Planctomyces brasiliensis ATCC 49424
Planctomyces limnophilus DSM 3776
Planctomyces maris DSM 8797
Planctomycete KSU-1
Rhodopirellula baltica SH 1
Rhodopirellula europaea 6C
Rhodopirellula maiorica SM 1
Rhodopirellula sallentina SM 41
Rhodopirellula sp. SWK7
Schlesneria paludicola DSM 18645
Singulisphaera acidiphila DSM 18658
Zavarzinella formosa DSM 19928

1.7 Aim of the dissertation
The aim of this dissertation is focused on the sequencing and subsequent analysis of
three genomes of strains belonging to Planctomycetaceae family – Rubripirellula
obstinata strain LF1, Roseimaritima ulvae, strain UC8, and a yet uncharacterised strain
FC18. Furthermore, the present project intends to provide novel insights into the
characterisation, metabolism and lifestyle diversity of these strains, proposing findings
related to their environmental conditions and also, enlarge the knowledge in the
Planctomycetes phylum.
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2. Materials and Methods
2.1 Biological material
The plancomycetes strains used in the current study were stains isolated from
macroalgae biofilm (1) Ulva sp. sampled in Carreço (41º44’N, 8º52’W) (2) Laminaria
sp. in Porto (41º19’N, 8º40’W) and (3) Fucus spiralis from Carreço (41º44’N, 8º52’W),
respectively Roseimaritima ulvae strain UC8 (Fig. 2.1 b) (Bondoso et al., 2015; Lage
and Bondoso, 2011, GenBank: HQ845508.1), Rubripirellula obstinata strain LF1
(Bondoso et al., 2015; Lage and Bondoso, 2011, GenBank: DQ986201.2) (Fig. 2.1 c)
and an uncharacterised strain FC18 (Lage and Bondoso, 2011, GenBank:
HQ845450.1) (Fig. 2.1 a). An example of the growth of strains on top of macroalgae
portions during isolation is shown in Figure 2.1 d. Fig. 2.2 shows the phylogenetic
relationship of these strains with other related planctomycetes.

Fig. 2.1 - Transmission electron microscopy (TEM) of the strains under study and planctomycete colonies
isolated from an algal surface. a) TEM of strain FC18 b) TEM of strain UC8 c) TEM of strain LF1 d) Colonies of
Planctomycetes growing on the surface of a portion of Ulva sp. (adapted from Lage and Bondoso, 2011).
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Fig. 2.2 - Phylogenetic 16S rRNA gene tree. It was generated by maximum-likelihood analysis and based on the
General Time reversible model indicating the relationship of the strains under study to members of the Planctomycetes.
The Verrucomicrobia bacteria were used as an outgroup. The numbers beside nodes are the percentages for bootstrap
analyses. Scale bar = 0.05 substitutions per 100 nucleotides.

2.2 Genomic DNA extraction and 16S rRNA gene amplification and
analysis
Genomic DNA from the three different batch cultures cultured in modified solid M13
(Lage and Bondoso, 2011) at 24 ºC was extracted in duplicate using the E.Z.N.A. ®
Genomic DNA Isolation Kit, Omega Bio-Tek, VWR. In order to confirm the identity of
the species under study the 16S rRNA gene was amplified: 1µL of the extracted gDNA,
cooled on ice with 2 µM of the universal primers 27F and 1492r (Lane, 1991) in 25 µl of
a PCR mixture (1x PCR buffer; 1.5 mM MgCl2; 1 unit of GoTaq Flexi DNA Polymerase;
200 µM of each deoxynucleoside triphosphate (dNTPs)). The PCR program was
performed in a MyCyclerTM Thermo Cycler (Bio-Rad) and consisted in an initial
denaturing step of 5 min at 95 ºC; 30 cycles of 1 min at 94 ºC; 1 min at 52 ºC; and 90 s
at 72 ºC; and a final extension of 5 min at 72 ºC. PCR products (5 µL) were visualized
after electrophoresis in a 1.2 % agarose gel in 1X TBE buffer. The PCR products were
sent to Macrogen to be purified and sequenced
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After being sequenced, the 16S rRNA gene sequences received from Macrogen were
cleaned in Chromas 2.12 software (http://technelysium.com.au/). ProSeq v 2.91
(Filatov D. A., 2009) was used to construct the consensus sequences of each strain.
Consensus sequences were then blasted in GenBank, to confirm their identity.

2.2.1 gDNA quantification
To be able to know if the extracted gDNA had 2 microgram of high molecular weight
DNA (requested for the Illumina sequencing) a gel electrophoresis was performed with
the same aforementioned characteristics, mixtured with 2 µL of loading dye. Five
microliters of GeneRuler DNA ladder Mix #SMO331/2/3 were used in the gel.
Afterwards, the weight quantification was performed in a GenoPlex chamber (VWR)
with the assistance of GenoSoft software (VWR). After the confirmation of the
molecular weight, 95 µL of gDNA solution from the three bacterial strains were sent to
the sequencing center in Cologne.

2.3 Genomic DNA sequencing
Genomic DNA sequencing was performed at the Genome Center of the Max PlanckInstitute for Plant Breeding Research in Cologne, Germany. The Illumina MiSeq
technology was the Next-Generation Sequencing technology platform used for
sequencing. The genomic library preparation was performed with the NEB NextUltra™
DNA Library Prep Kit for Illumina, NEB. The Illumina method was performed in two
(FC18 and LF1) or three (UC8) runs, generating 250 bp long paired-end reads
downloaded from the local database of the Genome Centre in fastq format.

2.4 Genome assembly approaches
2.4.1 Raw data and assembly of “1st generation”
The 1st generation assemblies, i.e.: assemblies that are primarily done were
manipulated in a UNIX system with Linux version 10.04.4 LTS 10, controlled with Bash
language for programming in a command line console. The scripts and programs are
provided in majority in python or perl language. All tools and software needed to use
are presented in Table 2.1. In Table 2.2 are presented the three different approaches
done with the assemblers, explained below.
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6697558 paired-end reads from FC18, 6437529 paired-end reads from UC8 and
6856066 paired-end reads from LF1 of 250 bp length and of high quality were,
separately, dynamically trimmed with SolexaQA v.2.2 (Cox et al., 2010). The 5’ and 3’
ends based on the quality values of the corresponding nucleotide positions were
trimmed with DynamicTrim (trimming value of 10). Reads smaller than the mean length
were discarded with LengthShort. This first step increased more confidence in the
results of the assemblies.
Table 2.1 – Software and tools used for preparation, assembly and post-analyses of the sequence reads during
assembly.

Software / Tool
DynamicTrim
LengthShort

Version

Objective
Source
Trim raw reads
SolexaQA v 2.2 Remove short reads
Cox et al., 2010
package
Concatenate
paired-end
Interleave
read files
Normalize-by-median
Decrease redundancy
Khmer package v Unsystematic
Filter-abund
coverage
Brown et al., 2014
1.0
separation of paired and
Extract-paired-reads
orphan files
Merge paired reads into
Bbmerge
v 4.0
single reads by overlap
http://bbmap.sourcefor
detection
ge.net/
Short-read aligner for DNA
Bbmap
v 32.x
and RNA & mapping
Perform trimming and/or
Bbtrim
kmer-trimming on reads
Zerbino and Birney,
VelvetOptimiser
v 2.2.5
Genome assembly (1st
2008
IDBA-UD
v 1.1.1
generation)
Peng et al., 2012
SPAdes
v3.1.0 – Linux
Bankevich et al., 2012
Genome assembly (2nd
Sequencher
v 4.6
generation)
Organization and analysis
Geneious
R8
Kearse et al., 2012
of sequence data

After the trimming step, the paired-end reads were normalized by the Khmer 1.0
(Brown et al., 2014), reducing redundancy. The normalized data was then ready to
generate optimal assemblies with good contig length and N50 values, which are a
qualitative parameter for evaluation of the assembly quality (Mäkinen et al., 2012). Split
into paired-end and single-end reads they were then assembled with VelvetOptimiser v
2.2.5 (Zerbino and Birney, 2008) and SPAdes v 3.1.0 (Bankevich et al., 2012). For the
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assembly using IDBA-UD v 1.1.0 (Peng et al., 2012) the steps were very similar to the
ones mentioned above, with an initial trimming step. However, in this case it was not
necessary to normalize the data, going straight to the assembly step. The output
created from this first generation assemblies had a different number of units structured
from overlapped region of the reads during assembly process, called contigs. These
contigs represented a portion of the genomic sequence of the organism.
Table 2.2 – Assembly approaches used. This table shows the software necessary to obtain the assembly from each
assembler. Each column represents one different approach and shows the intermediate steps.

Tools

Steps

Trimming

Normalization
Assembler

Bbtools with
bbmap_package

Digital_normalization

Bbmap_idba

Bbduck.sh
Adapter_trim
Quality_trim

SolexaQA
Dinamically Trim
Filter by lenght

Bbmerge
merging
Bbtrim
Adapter_trim

Bbnorm.sh
Normalization
Error connection

khmer
Interleave
Add single reads
Normalization

-

SPAdes & Velvet

IDBA-UD

2.4.2 Assembly of “2nd generation”
The contigs obtained from the assemblies of 1st generation of each strain were put
together and de novo assembled in Sequencher v 4.6 (Gene Codes Corporation, Ann
Harbor, USA) in order to be possible to obtain fewer and longer contigs. Afterwards, to
remove possible duplications in the contigs, reads were mapped onto contigs with
GENEious R8 (Biomatters, Auckland, New Zealand) (Kearse et al., 2012) to identify
possible contig elongations. The contigs used in the mapping were the two or three
longest contigs obtained in Sequencher 4.6 output.

2.5 Quality check
To be aware of the quality of the assemblies, three different software types were used
in distinct times. Both Metawatt v2.1 (Strous et al., 2012) and Quast v2.2 (Gurevich et
al., 2013) were used after the assemblies. CheckM v0.9 (Parks et al., 2015), a newly
launched software, was used. Quast analyses quantitatively the number of contigs,
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N50, among other parameters. Metawatt and CheckM, alternatively, were able to
detect contaminated sequences reducing thus, the number of contaminations.

2.6 Bioproject and Biosample submission
In order to inform the scientific community about this work, a submission in BioProject
and BioSample projects belonging to the NCBI - National Centre for Biotechnology
Information was done. BioProject is a collection of biological data related to a single
initiative, originating from a single organization or from a consortium of coordinating
organizations and collects data to provide users with an entry point into diverse data
types. BioSample is a description of the biological source materials used in
experimental assays, explaining many features of these materials.
Table 2.3 – Information required in the BioProject submission in NCBI.

FC18
(uncharacterised)

Field name

Roseimaritima
ulvae UC8

Rubripirellula
obstinata LF1

Organism domain

Bacterial

Bacterial

Bacterial

Phylogeny

Planctomycetes

Genus

-

Planctomycetes
Roseimaritima

Planctomycetes
Rubripirellula

Species

-

Roseimaritima ulvae

Rubripirellula
obstinata

Strain

FC18

UC8

LF1

Geographic location

Carreço

Carreço

Porto

Latitude

41°44’ N

41°44’ N

41º09'N

Longitude

08°52’ W

08°52’ W

08º40'W

Depth

Zero

Zero

Zero

Altitude

Zero

Zero

Zero

2006

2006

2005

Ecosystem

Environmental

Environmental

Environmental

Habitat

Marine

Marine

Marine

Biotic relationship

Macro-algae
association

Macro-algae
association

Macro-algae
association

Aerobic

Aerobic

Aerobic

Time
of
collection

sample

Relationship
Oxigen

to

25° C; M13 media or
30° C; M13 with 25° C; M13 with
Isolation and growth M600
isolated
in
ASW 20-25% of minimum salinity of
conditions
HEPPSO buffered M13
salinity and 7.5 pH
50% and 7.5 pH
in darkness
Temperature range

Mesophile

Mesophile

Mesophile
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FC18
(uncharacterised)

Field name
Energy sources
Source
identifiers

Heterotroph

material

Sequencing method
Assembly

Roseimaritima
ulvae UC8
Heterotroph

Rubripirellula
obstinata LF1
Heterotroph

DSM 25454 = LMG LMG 27779 = CECT
27778
8602
Illumina MiSeq 2x250
SPAdes (IDBA-UD, Velvet)

2.7 Automatic annotation
2.7.1 Rapid Automatic Annotation
The gemonic contigs belonging to the three strains were submitted in Rapid Annotation
Subsystem Technology (RAST) v 2.0 (Aziz et al., 2008). This is an automated web
service that allows a thorough analysis of the genome and identifies protein-encoding,
rRNA and tRNA genes. It assigns functions to the genes with all the acquired
information, it reconstructs metabolic pathways. Besides, it allows a comparative
analysis with other annotated genomes in SEED-viewer. RAST, uses a "Highest
Confidence First" assignment propagation strategy based on manually curated
subsystems and subsystem-based protein families that automatically guarantees a
high degree of assignment consistency (Aziz et al., 2008; Devoid et al., 2013) .These
subsystems are groups of proteins related by function linked to a biological or structural
process (Overbeek et al., 2005).

2.7.1.1 Comparison tools in SEED-viewer
In RAST the curated subsystems obtained are connected to a set of freely available
group of protein families, known as FIGfams (Meyer et al., 2009), being, thus, the core
component of RAST. As a compliment to RAST, SEED-viewer allows read-only access
to the latest curated data sets, providing a numerous number of tools that allow
comparisons between genomes, private or public.

2.7.1.1.1 Function based comparison tool
Function-based comparison tool allows comparing the genome under study with others
in the database, associated with a complete subsystem. The table is sortable,
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searchable by subsystem category or name, and downloadable. Annotations are
assigned based on sequence similarity, while inclusion in subsystems is based on the
annotation that matches a functional role of a subsystem. In this study, the genome
annotations from UC8, LF1 and FC18 were compared between each other and also
with Rhodopirellula baltica SH1T and Blastopirellula marina DSM 3645 (for FC18 the
latter).

2.7.1.1.2 Sequence based comparison tool
This SEED – viewer tool enables to select the genomes under study and assess the
protein similarities. R. baltica, B. marina, LF1, UC8 and FC18 were used as reference
genomes and compared with the three of LF1, UC8 and FC18.

2.7.2 Prokka
In order to be able to perform gene prediction and 1st annotation before the differential
analyses, Prokka v1.11 software (Seemann, 2014) was also used. This second
annotation is an on demand line software tool using UNIX system with CentOS Linux 6,
controlled with Bash language for programming in a command line console. Prokka
coordinates a suite of existing software tools such as BLAST+, HMMER, Aragorn,
tbl2asn to achieve a rich and reliable annotation of genomic bacterial sequences. To
detect the Open Reading Frames (ORFs) Prodigal software in the Prokka pipeline was
used.

2.8 Homolog protein clusters – Differential analysis
With the objective of identifying protein clusters belonging to LF1, UC8 and FC18,
OrthoMCL v 2.0 was the software chosen. OrthoMCL allows the analysis of the
orthologs, paralogs and coortologs groups (Fischer et al., 2011). This analysis is based
on protein sequences due to its higher sensitivity when comparing it to genomic
sequences. It requires many steps and it was manipulated in a UNIX system with
CentOS Linux 6, controlled with Bash language for programming in a command line
console. In general, the steps pass through an all-vs-all BLAST, then an OrthoMCL
Pairs program which makes the pairs or directory and at last, the MCL program that
creates the clusters between the pairs. The threshold for a reciprocal best match was a
BLAST result between two genomes with an expectation value E of less than 1e-5.
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For the comparison, the genomes used were R. baltica, B. marina, FC18, UC8, LF1
and Planctomyces limnophilus DSM 3776. This latter strain was added to give a
broader spectrum and more accurate data. After the results, it was possible to detect
the genes in the clusters shared between each of the bacteria, using a specific script
gently provided by Nicola Bordin. Also, it was possible to assess the shared and unique
genes of LF1, FC18 and UC8. After the OrthoMCL output, three scripts were used: one
for obtaining all the clusters in common in a 6 bacteria (LF1, UC8, FC18, R. baltica,
B.marina and P.limnophilus) all-vs-all comparison, one for obtaining all the clusters in a
3vs3 (LF1, UC8, FC18) all-vs-all comparison and a last script that, provided with the
results from the previous two scripts, extracted the FASTA sequences for each of the
clustered proteins.

2.9.1 Protein identification
After assessing the common proteins between LF1, UC8 and FC18, the ones that
resulted from the two reference genomes (R. baltica and P. limnophilus) were retrieved
using

UniProt

database

using

the

ID

Retrieve/Mapping

Tool

(http://www.uniprot.org/uploadlists/) and one was retrived from GenBank (B.marina)
(http://www.ncbi.nlm.nih.gov/genbank/). For the identification of the proteins shared
between FC18, LF1 and UC8 (not belonging to any database) it was used
InterProScan (Jones et al., 2014) and PSI-BLAST. The results were manually curated.
In order to have more fruitful and accurate results a deeper analysis of the hypothetical
shared genes was done using InterPro v 5.14-53.0 for Linux using a pipeline developed
in Laboratory Evolutionary Innovation in CABD (Centro Andaluz de Biología del
Desarrollo). Gene onthology terms (GO terms) were also assigned to the proteins
found to be common between LF1, UC8 and FC18 identified by Prokka using
Blast2GO Basic v 3.1.3 (Conesa et al., 2005).

2.10 Contigs realignment
To realign the contigs, CONTIGuator 2 (Galardini et al., 2011) was used. This is a
finishing tool for structural insights of draft genomes using Artemis Comparion Tool
(ACT). This tool is based in mapping the genome against the reference genome – R.
baltica and B. marina in this case, using blastn algortithm with an E-value of 1e-5. In
order to confirm the results obtained from CONTIGuator, several approaches were
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done to assess the accuracy and validity of the result. To do this valiation, ABACAS,
Mauve, MUMmer and PROmer were used.

2.11 Prophage sequences detection and genome viewer
The detection of prophage sequences within the three strains was performed with
PHAST (Zhou et al., 2011). PHAST is a web server that performs a number of
database comparisons to detect the presence of phage sequences. It also provides a
hint at the variation in G+C content that can be related to alien DNA. Also PHAST
provides information on transposons presence, not only the prophages, since the
presence of a different composition in GC can be related also to Lateral Gene Transfer.
CCT software allowed the analysis of the features of the three genomes under study
(Grant et al., 2012). The comparisons are conducted using BLAST. The results are
presented in the form of graphical maps that can also show sequence features, gene
and protein names, COG category assignments, and sequence composition
characteristics.

2.12 Genome mining
The prediction of antibiotics and secondary metabolite candidate genes in the three
genomes were analysed using antiSMASH (antibiotics & Secondary Metabolites
Analysis SHell) v 3.0.4 (Weber et al., 2015) which allows an automatic genomic
identification and analysis of biosynthetic gene clusters.
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3. Results and Discussion
3.1 16S rRNA gene identification and gDNA quantification
In order to confirm Roseimaritima ulave strain UC8, Rubripirellula obstinata strain LF1
and strain FC18 species identity and culture axenity, the 16S rRNA gene was
sequenced and analysed. Amplification of the 16S rRNA gene was confirmed after gel
electrophoresis by the presence of 1,500 bp bands (Fig. 3.1). Confirmation of the
obtainment of the required amount for the sequencing of the gDNA was also visualized
after gel electrophoresis (Fig. 3.1). It was observed that the size of the genomic DNA
from the three strains is higher than 10,000 bp and that the gDNA from the three
strains is coincident at the same level. The only visible difference is the quantity of
gDNA in each strain that was higher in UC8.

10,000 bp

1,500 bp

Fig. 3.1 – Gel Electrophoresis identifying the 16S rRNA gene presence and the gDNA of UC8 (U1+U2), LF1
(L1+L2) and FC18 (F1 + F2), C- - negative control, L – ladder used.

3.2 General overview of the bacterial genomes
After the assemblies, quality check and automatic annotations, it was possible to have
a general overview of the bacterial genomes. In Table 3.1 are presented the general
characteristics from the genomes and Table 3.2 illustrates their quality check. The
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genome size of the three strains is quite big for a bacterium. Nevertheless, values
between 6.6 Mbp and 8.1 Mbp are in the range of previous observations for genomes
belonging to the Planctomycetaceae family (Guo et al., 2014).
When the final assemblies were uploaded to RAST, some overlap warnings in the
genomes were indicated. Therefore, the contigs of each strain, only with SPAdes
assembly output were de novo assembled in Sequencher 5.3. SPAdes is
recommended for Illumina data (Bankevich et al., 2012) which supports the usage of
the SPAdes output for the automatic annotation in RAST. The refined assembly did not
contain duplications according to RAST. In a second step, MetaWatt had to be used to
reduce the amount of possible contaminations, previously assessed by CheckM. The
level of completeness of the genomes is 99.93 % for LF1, 98.77 % for UC8 and 98.77
% for FC18 with a 1.16 %, 0% and 0.11 % of contamination respectively.
Table 3.1 - General overview of the genome features from strains LF1, FC18 and LF1.

Strains
Attribute

LF1

Genome size (bp)

UC8

FC18

6,588,559

8,130,296

6,539,195

99.93 %

98.77 %

98.77 %

1,16%

0%

0,11%

54.10

59.12

53.40

CDS - RAST (bp)

5,913

5,943

5,894

CDS - Prokka (bp)

3,958

4,479

3,543

RNA genes (tRNA)*- RAST

59 (56)

64 (61)

60 (58)

tRNA genes - Prokka

69

71

66

Contigs

309

108

64

1

0

1

45,365

127,469

268,473

5,200

5,769

5,096

Completeness level

1

Contamination
DNA G + C content (%)

CRISPR gene
N50

1

2

3

ORFs

4

Information according to 1 CheckM;

2

RAST and Prokka ; 3 QUAST; 4 Prokka (Prodigal). * - number of RNA genes

and tRNAs genes between parenthesis.

As it is acknowledged, there is potential to improve the assemblies, as an assembly
has always room from improvement. However, these genomes were at the end reliable
starting points to start deeper, accurate analysis and comparisons. Initially the main
concern was to remove the contaminations in LF1 (9.74%) without losing the gene
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content. In LF1 genome, only contigs above 1000 bp (Table 3.2) were present. This
happens because after assessing the initial contamination level of 9.74%, there were
paired reads not assembled to the rest that hence, were removed. Removing the
contigs under 1,000 bp reduced the contamination from 9.74% to 1.16%, being
nevertheless, LF1 the strain with higher level of contamination. This may have
happened in the sample preparation for the sequencing step, as it was proved that the
colonies were pure in before sending to sequence, by the 16S rRNA analysis. These
contaminations might have altered the genome size as the total assembly size may
increase, and even exceed genome size, due to contaminants (Chitsaz et al., 2011)
that can contribute to multiple contigs. After this contamination correction confirmed by
CheckM treatment contigs were analysed by MetaWatt but no improvement was
achieved and, consequently, this directed modification of the assembly was not
maintained in the assemblies.
Table 3.2 – Quality assessment of the final assembly of the three strains performed by QUAST 2.2.

Attribute
# contigs (>= 0 bp)
# contigs (>= 1000 bp)
Total length (>= 0 bp)
Total length (>= 1000 bp)
# contigs
Largest contig
Total length
N50
N75
L50
L75
# N's per 100 kbp

LF1

UC8

FC18

309
309
6,588,559
6,588,559
309
249,803
6,588,559
45,365
22,205
42
93
0.00

108
94
8,130,296
8,122,713
102
369,108
8,128,167
127,469
79,236
20
40
0.00

64
60
6,539,195
6,531,029
58
706,834
6,536,850
268,453
189,232
9
16
0.00

All statistics are based on contigs of size >= 500 bp, unless otherwise noted (e.g., "# contigs (> = 0 bp)" and "Total
length (>= 0 bp)" include all contigs).

In order to assess the quality of the assemblies after the de novo sequencing, Quast
software was used. In Table 3.2 are presented the characteristics of each assembly.
C+G values vary a lot in the bacterial communities, ranging between 15 % and 85 %,
depending greatly on their habitats – the most complex habitats normally are
associated bacteria with larger genomes, containing greater quantity of GC% (Land et
al., 2015). Based on previous permanent genome draft analysis Rhodopirellula spp.
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have around 54 % of G+C (Frank et al., 2013; Klindworth et al., 2014; Richter et al.,
2014; Richter-Heitmann et al., 2014; Wegner et al., 2014). Besides, within the
Planctomycetaceae family the G+C % varies from 50 to 67 % (Guo et al., 2014).
Hence, the values presented from the three strains of 54.1% for LF1, 59.12% for UC8
and 53.40% for FC18 (Table 3.1), corroborate the previous observations. These values
are also in accordance with the values referred for Rubripirellula obstinata LF1 and
Roseimaritima ulvae UC8 (Bondoso et al., 2015).
Analysing the N50, the major quality parameter in the analysis of the assemblies, LF1
strain is the one showing a poorer quality (Table 3.2). Its N50 value is low when
compared to the other two assemblies from FC18 and UC8 which show a satisfactory
assembly quality.

3.2.1 Gene prediction
This step is the very first step one happening in the genomic annotation, a process to
discover gene encoding regions. In fact, sequencing ORFs is easily detectable.
Prodigal (in the Prokka pipeline). In the genomes of the three planctomycetes, 5,913
ORFs for LF1, 5,943 for UC8 and 5894 from FC18 (Table 3.1) were identified. In
comparison with the closest annotated organisms, R. baltica SH1T which has 7,325
putative protein encoding ORFs (Hieu et al., 2008) and B. marina DSM 3645 with 6,025
(Fuchsman and Rocap, 2006). This ORF number is always higher than the number of
CDS from Prokka (Table. 3.1) as the annotation lowers the number of coding
sequences comparing to the ORFs.

3.2.2 Gene Annotation
The genomes annotation for UC8, LF1 and FC18 was done with RAST, an automated
web service, and with Prokka annotator. There are some minor differences between
the results from these two annotators as Table. 3.1 shows, especially in the number of
coding sequences and RNAs. This happens due to differences in gene prediction, the
threshold value used, algorithms as well as the type of clustering each one of the
assemblers uses. However it is always good to compare the output of both in order to
have more accurate and significant results. Both of the annotators rely on BLAST
search over different databases of public genomes, being therefore able to access the
gene functions and metabolic roles, among others. Besides, in the end it was decided
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to use the number of CDS obtained through Prokka for the differential analysis with
OrthoMCL since the CDS number is more conservative, Prokka is tailored for
prokaryotic genomes. Furthermore, Prokka not only uses BLAST but HMMER, which
is based on HMM-HMM comparison, which is more informative.

3.3. Genome comparative analysis with RAST and SEED - viewer
After uploading the genomes and having the annotation in RAST done, it was possible
to analyse the features of the genomes and do some comparative analysis using the
SEED – viewer. The genes belonging to the genomes are split into subsystem
categories and displayed in a pie chart, illustrated in Figure 3.1. The pie chart is
labelled with the different subsystems of a typical organism, where it is possible to
maximize the categories to explore specific subsections.
The contigs were annotated in RAST pipeline predicting 5,913, 5,943 and 5,894 protein
encoding genes (PEGs), or CDSs, for LF1, UC8 and FC18 respectively (Table 3.1).
The PEGs were classified by their metabolic function and compared to classified PEGs
found in the closely related Planctomycetes’ species, which have similar sized
genomes. According to the RAST analysis, LF1 had 25% subsystem coverage of all
known metabolic processes with 1,448 PEGs; UC8 had 29% subsystem coverage of all
known metabolic processes with 1,683 PEGs and FC18 had 25% subsystem coverage
with 1,452 PEGs (Table 3.3). These values compared to the 23% for R. baltica with
1,496 PEGs and to the 25% of B. marina with 1,368 PEGs, indicate that despite having
higher values than the references, the three strains and also the two references still
have more genes to be identified. Comparison of the genes found in the metabolic
subsystems categories was overall similar with exception of the “Photosynthesis”
where LF1 presented 10 genes and the “Phages, Prophages, Transposable elements,
Plasmids” where LF1, UC8 and FC18 showed to have genes. “Iron acquisition
subsystem” group was also present in UC8 but not in any of the others (Table 3.4; Fig
3.2). More insights on the particularities found in the annotations of LF1, UC8 and
FC18 are discussed on section 3.5.

29

FCUP

30

Planctomycetes attached to algal surfaces: Insight into their genomes

Table 3.3 – Subsystem coverage of FC18, UC8 and LF1 in the RAST annotation. R. baltica and B. marina
annotation is from the database and are used as comparison organisms.

Subsystem coverage

FC18

UC8

LF1

R.baltica

in subsystem (%)

25%

29%

25%

23%

25%

non-hypothetical

1,394

1,598

1,379

1,427

1,282

58

85

69

69

86

75%

71%

75%

77%

75%

non-hypothetical

1,231

1,397

1,141

1,428

1,327

Hypothethical

3,211

2,863

3,324

3,669

2,932

hypothetical
not in subsystem (%)

B. marina

CRISPR “clustered regularly interspaced short palindromic repeats” PEGs were
detected in the genome of LF1 and FC18 (Table 3.1). These genes were also identified
in several planctomycetes like Gemmata obscuriglobus UQM 2246 (10 genes),
“Candidatus Kuenenia stuttgartiensis” (4 genes) and Blastopirellula marina SH 106T,
DSM 3645 (2 genes) and absent in Rhodopirellula baltica SH1T (Fuerst, 2013). These
sequences play a fundamental role in the immune system of bacteria (Rath et al.,
2015) and are now considered the newest tool to perform genetical engineering. So far
Planctomycetes rely on the Tn5 transposase mechanism to generate mutants (Jogler
et al., 2011). This new CRISPR mechanism can be a promising tool to help advancing
the understanding of the planctomycetal cell biology.
Table 3.4 – Number of genes presented in the subsystem categories presented in FC18, UC8 and LF1 in RAST.
R. baltica and B. marina data belongs to the database and are used as comparison organisms.

Number of subsystems
Subsystem Category
Cofactors, Vitamins, Prosthetic Groups, Pigments
Cell Wall and Capsule
Virulence, Disease and Defense
Potassium metabolism
Photosynthesis
Miscellaneous
Phages, Prophages, Transposable elements, Plasmids
Membrane Transport
Iron acquisition and metabolism
RNA Metabolism
Nucleosides and Nucleotides
Protein Metabolism
Cell Division and Cell Cycle
Motility and Chemotaxis
Regulation and Cell signaling
Secondary Metabolism

Number of genes
FC18 UC8 LF1 R. baltica B.marina
368 388 372
359
323
193
89
103
16
0
49
6
56
0
167
80
255
12
79
27
10

206 174
120 94
111 79
21 20
0 10
51 42
8 13
94 53
1
0
161 167
74 83
267 248
18 27
72 74
15 34
10
9

186
76
74
14
0
43
0
69
0
144
79
207
22
65
31
9

203
93
70
25
0
16
0
61
0
180
89
197
25
90
17
9
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DNA Metabolism
Fatty Acids, Lipids, and Isoprenoids
Nitrogen Metabolism
Dormancy and Sporulation
Respiration
Stress Response
Metabolism of Aromatic Compounds
Amino Acids and Derivatives
Sulfur Metabolism
Phosphorus Metabolism
Carbohydrates

Number of genes
FC18 UC8 LF1 R. baltica B.marina
83 112 142
107
85
106 122 121
120
131
14
25 26
29
25
5
5
5
4
4
50
63 56
61
95
97 163 69
152
59
11
7
3
5
1
252 293 273
257
257
23
47 35
46
24
61
75 44
43
52
268 280 268
241
210

3.3.1 Function based comparison
The function based comparison tool is defined by having genes for all the functional
roles that compose a variant of a subsystem, defined in RAST, enabling to analyse
unique functions found in any of the genomes. Table 3.5 shows the number of common
functioning parts between two strains and what is singular of each one as well.
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Fig. 3.2 – Pie chart showing the RAST subsystems to which each genome is connected.

32

FCUP
Planctomycetes attached to algal surfaces: Insight into their genomes

Table 3.5 – Number of common and unique functioning parts of the genomes between A (reference genome)
and B (comparison genome)

Total
# of funct.
parts

A+B
# of funct.
%
parts

A
# of funct.
parts

%

B
# of funct.
parts

%

UC8 (A) and R.b (B)

1,857

1,533

82.55

177

9.53

127

6.84

LF1 (A) and R.b (B)

1,787

1,470

82.26

167

9.35

150

8.39

LF1 (A) and UC8 (B)

1,891

1,530

80.91

164

8.67

198

10.47

FC18 (A) and R.b (B)

1,804

1,374

76.16

211

11.70

219

12.14

FC18 (A) and B. m (B)

1,688

1,188

70.38

280

16.59

220

13.03

1,839

1, 416

77.00

224

12.18

199

10.82

LF1 (A) and FC18 (B)
T

R. b – Rhodopirellula baltica SH1 ; B. m – Blastopirellula marina DSM 3645

UC8 and LF1 share approximately 82% of their functioning parts with R. baltica and
share around 80% of the functioning parts between themselves. Between FC18 and B.
marina only share 70%, whereas FC18 and R. baltica, share 76% of the functioning
parts. However, considering the phylogenetic relationship based on the 16S rRNA
gene (Fig. 2.2), FC18 is more closely related to B. marina than to R. baltica. This may
suggest that either there was a case of lateral gene transfer (LGT) or that there is a
closer relationship between FC18 and R. baltica functionally. Futhermore, the closest
neighbour identified in RAST of FC18 is Blastopirellula marina DSM 3645 with a score
of 496, followed by Rhodopirellula baltica SH1T with a score of 476, corroborating the
phylogenetic distance obtained. For the other two strains the closest neighbour is for
both R. baltica SH1T with a score of 526 and 517 for FL1 and UC8 respectively.

3.3.2 Sequence based comparison
Figure 3.3 illustrates in a circular map the sequence based comparison of the
contigs/genes of the three planctomycetes strains against the reference R. baltica.
Table 3.6 presents the comparison of the aminoacid identity of the five strains (LF1,
UC8, FC18, R. baltica and B. marina) against UC8, LF1 and FC18.
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Table 3.6. - Number of common sequences and bidirectional best hit in percentage. This analysis was performed
in RAST.

LF1

UC8

FC18

Common bidirectional Common bidirectional Common bidirectional
CDS (%)
hit (%)
CDS (%)
hit (%)
CDS (%)
hit (%)
LF1
UC8
FC18
R. baltica SH1

T

B. marina DSM 3645

66.4

70.3

51.2

74.3

53.8

78.9

57.3

76.2

60.5

83.7

52.0

69.7

57.6

66.7

66.2

71.5

49.2

54.5

Table 3.6 shows that the percentage of common CDS varied between 49.2 % and 66.4
% and that the higher values were obtained between UC8 and LF1 followed by B.
marina / R. baltica and UC8. FC18 the strain with the lowest CDS comparative values,
again, showed more common protein sequence similarity with R. baltica than B.
marina. Figure 3.3 evidences the low homology between the three strains and R.
baltica, with very few CDS similarity above 80 %. BLAST Dot Plot presented in RAST
indicates that there is low similarity in the genome organization as well (data not
shown).

Fig. 3.3 – Circle plot showing
the comparison LF1, UC8 and
FC18 genomes

relative

to

Rhodopirellula baltica SH1T as
reference
inside).
percent

genome
In

the

(out

legend

protein

to
the

sequence

identity is shown; the blue colour
represents the highest protein
sequence

similarity

represents the lowest.

and

red
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3.4 Genome comparative analysis based orthologue proteins
The detection of orthologue and paralogue proteins conserved among LF1, UC8 and
FC18 and between these and R. baltica, B. marina and P. limnophilus was done after
the annotation and gene prediction with Prokka. This analysis and comparison also
allowed, by exclusion, to give an overview of genes/proteins non-shared with other
bacteria. The clustered proteins have high levels of similarity among each other. The
non-clustered proteins (here referred as unique proteins) are the ones that
demonstrate low levels of similarity.

3.4.1 Comparison between LF1, UC8 and FC18
In order to perform the clustering analysis with OrthoMCL the proteins had to be placed
in clusters, allowing 70.96% in LF1, 66.63 % in UC8 and 62.09 % in FC18 (Table 3.6).
The three strains under study have a total of 6,187 proteins shared in common clusters
(Fig. 3.4). The proteins not clustered and thus not shared among them are 1,510 for
LF1, 1,925 for UC8 and 1,932 FC18 (Fig. 3.4 and Table 3.7). As evidenced in Table
3.7 strains LF1, UC8 and FC18 have 516, 290 and 385 paralog clustered proteins
respectively. The paralog proteins of each strain are related due to replication events
inside of each genome. Nevertheless they might present different functions between
themselves (Li et al., 2003).

Fig. 3.4 - Number of common clustered proteins and unique proteins among LF1, UC8 and FC18.
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Table 3.7 – Number of annotated CDS by Prokka annotator and the number of clustered and non-clustered
(unique) CDS belonging to LF1, UC8 and FC18 assessed by OrthoMCL.

Number of CDS/proteins
LF1

UC8

FC18

5,200

5,769

5,096

3,690 (70.96%)

3,844 (66.63%)

3,164 (62.09%)

516

385

290

1,510 (29.04%)

1,925 (33.37%)

1,932 (37.91%)

Total CDS annotated
Clustered (%)
# paralogues
Unique (%)

FC18 and LF1 are the ones sharing the lowest number of clustered proteins sharing
approximately 280, followed by FC18 and UC8 with 541 and 562 (Table 3.8). UC8 and
LF1 are the ones that share more CDS inside of the clusters, 811 and 832 respectively.
These results support the 16S rRNA gene phylogenetic closeness of UC8 and LF1 and
a bigger distance between these two and FC18 (Fig 2.2). In relation to the clustered
orthologue proteins shared by the three strains the values are quite similar (Table 3.8).
Table 3.8 – Number of clustered orthologue proteins shared among the strains.

Number of CDS/proteins

Comparative groups
A

B

UC8 (A) + LF1 (B)

811

832

UC8 (A) + FC18 (B)

562

541

LF1 (A) + FC18 (B)

299

275

2,043

2,058

LF1 (A) + FC18 (B) + UC8 (C )

C

2,086

3.4.2 Comparison between LF1, UC8, FC18, R. baltica, B. marina
and P. limnophilus
Strains LF1, UC8 and FC18 inhabiting the macroalgae biofilm where further compared
with non-macroalgal associated species, Rhodopirellula baltica SH1T, Blastopirellula
marina DSM 3,465 and Planctomyces limnophilus DSM 3,776. To assess if their
microenvironment, the macroalgae biofilm, has any kind of influence in their genomes
when compared to planctomycetes from other habitats, this differential comparison was
done. The reference organisms were isolated either from the aquatic environment (first
two) or from fresh water lake (the latter) and therefore might have different genes in
their genome.
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Table 3.9 – Number of clustered orthologue proteins shared among the strains.

Number of CDS/proteins

Comparative groups
UC8 (A) + LF1 (B)

A
127

B
130

UC8 (A) + FC18 (B)

109

134

UC8 (A) + P. limnophilus (B)

62

63

UC8 (A) + B. marina (B)

153

160

UC8 (A) + R. baltica (B)

259

264

LF1 (A) + B. marina (B)

32

36

LF1 (A) + P. limnophilus (B)

38

37

LF1 (A) + R. baltica (B)

210

202

FC18 (A) + LF1 (B)

110

111

FC18 (A) + P. limnophilus (B)

47

46

FC18 (A) + B. marina (B)

124

126

FC18 (A) + R. baltica (B)

75

79

LF1 (A) + UC8 (B) + FC18 (C )

39

46

43

1,278

1,325

1,307

LF1 (A) + UC8 (B) + FC18 (C ) +
B. marina (D) + R. baltica (E ) +
P. limnophilus (F)

C

D

E

F

1,309

1,299

1,278

When comparing the six planctomycetes all of them present an approximate number of
proteins in their shared cluster groups (Table 3.9). Also, there are 128 (39 + 46 +43)
clustered proteins only shared by LF1, UC8 and FC18 and that are the main focus of
this analysis. In Appendix I the table shows the clusters and respective clustered
proteins belonging to this comparative group (LF1 + UC8 + FC18). Insights on these
particular proteins will be given in section 3.6.
The shared genes among LF1, UC8 and FC18 were also assigned to Gene Ontology
(GO) terms. The GO types separated the proteins into molecular function, biological
process and cellular component groups (Fig. 3.5). The majority of terms used in LF1,
UC8 and FC18 annotations are related to the biological processes and molecular
functions with 56 and 72 CDSs assigned to each type, respectively. Cellular
components had 20 CDSs assigned to the group. It is important to highlight that in the
GO terms each protein can be placed in more than one group at a time (Fig. 3.5,
Appendix III). GO terms divide the CDS in ontology levels, meaning that there are
terms inside of terms following a specific hierarchical structure of the Gene Ontology
(Appendix III).
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Fig. 3.5 – GO terms (belonging to level two) mapped in the common genes among LF1, UC8 and FC18 retrieved with
blast2GO.
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3.5. Further characterisation of the bacterial genomes
In the characterization of the bacterial genomes, phage sequences were detected
using specific software (PHAST). These analyses showed that all the planctomycetes
have phage sequences. In Rubripirellula obstinata strain LF1 there is one prophage
region with 17 CDSs placed in the region between 7.1 Mbp and 8.6 Mbp of the genome
with a length of 14.4 Kbp (Fig. 3.6). In Roseimaritima ulvae strain UC8 there are 9
CDSs with a length of 8.9 Kbp. Also, in strain FC18 there is one prophage region as
well, with 28 CDSs from 3.9 Mbp to 6.1 Mbp with a region length of 21.9 Kbp. Despite
all of the general presence of phage sequences, many are hypothetical and phage-like
proteins. LF1 and FC18 displayed an attachment site CDS where it can be possible the
integration of the bacteriophage in the host genomes. FC18 was also shown to have
coding sequences for transposases (Fig. 3.6). The presence of phage-like sequences
in planctomycetes and knowing the phage role as gene vehicles could also support the
exchange of genes responsible for antibiotic resistances and others, between different
strains and even species that can happen as well in Planctomycetes (Mazaheri Nezhad
Fard et al., 2011). Combining these results with the genome circular overview
(performed with CCT) (Fig. 3.7) allowed to deeply understand the genomic organisation
of the planctomycetes strains. Looking at the genomes on Figure 3.7 from outside to
inside, it is possible to see the CDS identified and clustered within a specific COG
group (Fig. 3.7); on the next track it is shown the alignment with Rhodopirellula baltica
SH1T which is around the 94% identity, overall. The G+C content distribution is greatly
distributed. However, it can be seen some areas with a higher distribution in one
strand, something abnormal that can be connected with the presence of phage
sequences, cases of LGT or transposons. These observations can be supported by
with the aforementioned PHAST analysis results showed. In the last track, the GC
skew is presented and, in both LF1 and UC8, it is very complicated to identify the
replication origin (ORI) and terminus.
Previous genomic studies performed with R. baltica (Glöckner et al., 2003), Pirellula
staleyi (Clum et al., 2009) show a balanced GC skew with an easy detectable ORI and
terminus. This may evidence a poor assembly process; the other option for this result
could have been a bad sequencing due to a low sequencing coverage. However the
coverage was high (around 50x) being, thus, most likely the problem to be connected
with the assembly process. In fact, in order to realign the contigs from LF1, UC8 and
FC18

the

CONTIGuator

software

detected

some

problems.
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Fig. 3.6 – CDS in LF1, UC8 and FC18 retrieved by PHAST
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Fig. 3.7 – Circular view of the genome from LF1 and UC8 obtained from CCT software. Legend presented on the left shows the COG groups, ORFs and GC content and skew; on the right the BLAST hits
against R. baltica SH1T .
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Firstly, FC18 genome, more phylogenetically related with B. marina by the 16S rRNA
gene, could not be mapped against it. Therefore, it was mapped against R. baltica
being, nevertheless, only 8 contigs out of 64 mapped and losing more than 1.0 Mbp
(Appendix II). As a result CCT software was not able to perform FC18 analysis and no
COGs or circular genome image were retrieved. Both LF1 and UC8 also did not map
their contigs entirely against R. baltica as well. They also lost approximately 1 Mbp
after the realignment with CONTIGuator (Appendix III). In the three cases, great parts
of the unmapped contigs were labelled as poor coverage contigs, supporting therefore
the possible problems in the assembly process.
350
Number of proteins

300
250
200
UC8

150

LF1

100
50
0
A B J K L DOMN P T U VWY Z CG E F H I QR S
COG class

Fig. 3.8 – COG classes distribution of LF1 and UC8, data retrieved by CCT.

For the COG classes distribution in LF1 and FC18 is important to highlight the loss of
some CDS and groups, due to the realignment of the contigs and respective deletion of
the unmapped ones. In any case, it is still possible to observe that both LF1 and FC18
share a similar amount of orthologues in each group (Fig. 3.8), being the COG groups
of “Amino acid transport and metabolism”, “Translation, ribosomal structure and
biogenesis”, “Energy production and conversion”, “Carbohydrate transport and
metabolism” and “Inorganic Ion transport and metabolism” the ones with higher
quantity of orthologue proteins (Table 3.10). Many of them belonged to the “Function
unknown” and “General function prediction only” showing a wide large amount of
proteins needed to be characterised in these strains.
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Table 3.10 - GOG classes description and number of distributed genes.

COG Class
A
B
J
K
L
D
O
M
N
P
T
U
V
W
Y
Z
C
G
E
F
H
I
Q

R

S

Description
RNA processing and modification
Chromatin structure and dynamics
Translation, ribosomal structure and biogenesis
Transcription
Replication, recombination and repair
Cell cycle control, cell division, chromosome
partitioning
Post-translational modification, protein
turnover, and chaperones
Cell wall/membrane/envelope biogenesis
Cell motility
Inorganic ion transport and metabolism
Signal transduction mechanisms
Intracellular trafficking, secretion, and vesicular
transport
Defense mechanisms
Extracellular structures (this doesn't appear in
reference database)
Nuclear structure (this appears once in
reference database)
Cytoskeleton
Energy production and conversion
Carbohydrate transport and metabolism
Amino acid transport and metabolism
Nucleotide transport and metabolism
Coenzyme transport and metabolism
Lipid transport and metabolism
Secondary metabolites biosynthesis, transport,
and catabolism
General function prediction only (examples
include "Predicted thioesterase", "Predicted
ATPase")
Function unknown (examples include
"Uncharacterised conserved protein",
"Predicted small secreted protein")

UC8
1
3
151
101
119

LF1
4
3
153
97
123

29

28

101
109
62
133
88

98
110
56
134
90

79
25

73
24

1

1

0
3
155
133
186
58
113
57

0
3
161
133
185
65
116
58
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47

335

338

285

251

3.6 Shared genome features of LF1, UC8 and FC18
Annotation outputs from RAST, Prokka and Blast2GO were analysed and compared
with the objective of finding particularities among these biofilm attached bacteria.
Bellow, are presented curious features shared among LF1, UC8 and FC18.
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Phage sequences: In the three strains annotations some capsid proteins from
bacteriophage were detected. After BLAST in Uniprot and a sequence identity of 100%
and an e-value of 0.0 these sequences were connected to Enterobacteria phage
(Phage phi-X174), other cluster of proteins were related in homology with a protein
ea22 belonging to the Enterobacteria phage lambda and a bacteriophage scaffolding
protein (Prot 3629 and 3647) (Appenix I). This was also possible to be evidenced with
PHAST result where some phage-like proteins were detected. Up to date, phage Pi-89
was found in P. limnophilus and Pi-57 was found infecting Pirellula staleyi (Fuerst,
2013). RAST and Blast2Go also detected some viroid and phage capsid proteins
supporting even more its presence in all of the three strains (Appendix II and IV).
Phosphate metabolism: In RAST annotation table (Appendix IV) it is easily detectable
among LF1, UC8 and FC18 a detection of PEGs related with phosphate metabolism,
more precisely uptake and transport systems. This presence may be an ecological
evidence of a competition against macroalgae for phosphate. It is still not very well
know if planctomycetes are strong or weak competitors for phosphorous (Pollet et al.,
2014). On the other hand, macroalgae are acknowledged to grow easily in areas with
high abundance of phosphate (Kuffner and Paul, 2001).
Gluconeogenic pathway: Placed in the Pyruvate metabolism I: anaplerotic reactions,
PEP, protein Phosphoenolpyruvate carboxykinase (EC 4.1.1.49) PEGs known as
PEPCK were detected in the RAST automatic annotation in the three planctomycetes
strains. It catalyzes metal-nucleotide coupled reversible decarboxylation and
phosphorylation between phosphoenolpyruvate (PEP) and oxaloacetate (OAA)
depending on the system and the availability of the intermediate. PEPCK was found in
Candidatus Kuenenia stuttgartiensis (Aich and Delbaere, 2007) and is now known to
be present in thirteen planctomycetes genomes (Flores et al., 2014). Furthermore,
when this sequence present in the three planctomycetes was blasted it got an e-value
of 0.0 to Rhodopirellula maiorca SM1 (80% identity), Isosphaera pallida ATCC 43644
(70% identity) and Rhodotermus marinus (67 % identity). Two of of them isolated from
marine environments and I. pallida isolated from an algal mat in fresh water hot spring
(Göker et al., 2011). PEPCK is also involved in the pathway of the biosynthesis of
secondary metabolites and antiobitics, suggesting a possible relation of these strains to
a potential secondary metabolic activity, which is very important in bacteria living in
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complex biofilm environments like those on macroalgae surfaces (Lage and Bondoso,
2014).
Chemotaxy: RAST annotated a motility and chemotaxis category to one of the proteins
among LF1, UC8 and FC18. In fact, chemotaxis has been connected with the
transcriptomes of macroalgae-associated microbiome (de Oliveira et al., 2012). Some
PEGs were connected to signal transduction histidine kinase CheA protein, which
place an important role in the cellular adaptation to environmental conditions and
stresses (Dutta et al., 1999) (Appendix IV). This domain was reported to be
fundamental in the recognition of the surface of macroalgae in the biofilm formation (de
Oliveira et al., 2012)
Stress Response: A cluster of chaperone homologue proteins, prot 3592, were
detected and related with the chaperone protein DnaJ (Appendix I). This protein acts in
the stress response. In this case, its presence can allow the bacteria to cope better
with the oxygen toxicity when attached to the algal surface, as the levels are high.
Chaperone protein ClpB (cluster Prot 1497, Appendix IV) is also related with DnaJ
(Fredriksson et al., 2005; de Oliveira et al., 2012). Besides, they are also related with
heat-shock proteins, commonly found in the shared clusters Prot 1497, 2870, for
example

(Appendix

I).

Moreover,

the

presence

of

PEGs

encoding

for

Lactoylglutathione lyase (EC 4.4.1.5) was evidenced by RAST annotation. This protein
is also connected with redox reactions, specially related with glycolysis. As bacteria in
the biofilm of macroalgae are huge consumers of organic matter (Cottrell and
Kirchman, 2000) produced by the algae, they need enzymes to convert the cytotoxic
metabolic by-products, such as methylglyoxal during glycolysis (Allaman et al., 2015)
Metal binding systems: Many clustered groups of proteins were detected to be
connected with copper ion binding and transmembrane transport (Prot 1537, Prot
2274, Prot 2762) (Appendix I). This presence can be related with the microenvironment
from where LF1, UC8 and FC18 were isolated. All of them were isolated from
macroalgae in rocky pools located in areas subjected to anthropogenic pressure,
namely from industrial activities and urban sewage, which are normally rich in metals.
Macroalgae easily accumulate copper and other metals from the environment in their
tissues (Huang et al., 2010) potentially creating conditions of high metal levels in their
biofilms. Epibiotic bacteria have thus, to cope with this and develop scavenging
metabolisms.
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3.7 Genome mining of LF1, FC18 and FC18
For the analysis of the antibiotic and secondary metabolites gene candidates, a
comprehensive genome mining approach employing the antiSMASH secondary
metabolite identification was performed. A total of 24 clusters were detected, putatively
related with the production of secondary metabolites within the three genomes (Table
3.11). UC8 was the strain presenting more cluster candidates, 9, related with the
production of secondary metabolites. B. marina and R. baltica have been reported to
have 12 and 10 clusters respectively (Jeske et al., 2013). Many of the candidate genes
for the production of secondary metabolites from LF1, UC8 and FC18 are connected
with polyketide synthases (PKS) and nonribosomal peptide synthethases (NRPS).
These enzymes enable the production of a myriad of bioactive molecules that can
show antibacterial, antiviral, antifungal and others (Donadio et al., 2007; WagnerDöbler et al., 2002). Two type I PKS, 2 type III PKS and one NRPS-type I PKS hybrid
cluster were detected in the genomes of LF1, UC8 and FC18 (Table 3.11).
Table 3.11 – Clusters detected in the genome of LF1, FC18 and FC18.

LF1

Clusters
2
2
1
1
1
2

Candidate genes
linaridin
PKS-III
terpene
resorcinol
PKS-I
PKS-III

3

PKS-I

UC8
2
1
1
4
FC18 3
1

NRPS
linaridin
terpene
NRPS-PKSI
terpene
linaridin

Description
famylin of the class of Lantibiotics
chalcone and stilbene synthase (UV protection and antifungal defense)
various predictions
chalcone and stilbene synthase (UV protection and antifungal defense)
two involved in resistance to chloramphenicol; one related to
pullulanase (enzyme involved in the production of etanol and
sweeteners)
one with resistance to tetracycline
famylin of the class of Lantibiotics
phythoene synthase
several different antibiotcs predicted
phythoene synthase
famylin of the class of Lantibiotics

Besides PKS and NRPKs, putative encoding genes for lantibiotics were also detected
in the genomes of the three strains. They are produced by Gram-positive bacteria and
are shown to gave a strong antimicrobial activity against Gram-positive bacteria and
nowadays, some clinical applications are in trials and are being proposed (Willey and
van der Donk, 2007). Putative terpenes encoding genes were detected as well in these
three strains. They can have antimicrobial activity, act as hormones or as vitamins and
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are generally plant or fungal metabolites (Yamada et al., 2015). In this case, they are
related with putative phytoene synthase connected to the carotenoid production having
several mechanisms as UV protectors, as antioxidants, and as anti-inflammatory
agents (Toledo-Ortiz et al., 2010). These observations demonstrate the relation
between the genome size and the capacity for encoding secondary metabolite related
genes (Jeske et al., 2013). These potential genes may be related to and an adaptive
consequence of the complex microenvironment of bacteria living in the biofilm of
macroalgae.
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4. Conclusion and future perspectives
In general, the genomes from Rubripirellula obstinata, strain LF1, Roseimaritima ulvae,
strain UC8 and the still uncharacterised strain FC18 shared a great similarity with the
one of Rhodopirellula baltica SH1T, especially in the general genome features. Despite
the closer phylogenetic closeness of FC18 to Blastopirellula marina DSM 3645, this
study shows that it share more functional groups with R. baltica SH1T, suggesting a
closer phylogenetic relationship of both strains and/or the occurrence of some eventual
cases of LGT. Further studies are needed to assess the most accurate phylogenetic
position of FC18 using other phylogenetic markers.
One hundred and twenty eight homologue coding sequences sharing high levels of
similarity among them and not shared with R. baltica SH1T, P. limnophilus and B.
marina

DSM 3645 were

detected.

These CDSs

revealed

some

particular

characteristics that might be connected with the complex habitat from where these
three planctomycetes were isolated. These features include, for instance, chemotaxy
(important in the biofilm formation), stress response (macroalgae are exposed to high
levels of temperature and pollutants), carbon metabolism (macroalgae are hot spots of
organic material production) and phosphate uptake (possible ecological competition
against macroalgae and other microorganisms).
The several analysis performed in the genomes showed that the content of the
assembly still need some improvements, allowing the realignment of all the contigs
without losing possible meaningful genomic information. Therefore the localization of
the error in the assembly and also an improvement in the quality of the related
annotation would make many other peculiar characteristics among these three strains
be evidenced. Completeness of the draft genomes could be a future goal.
Finding phage-like sequences as well as CRISPR genes in the genomes can also help
develop genetic tools, just as it has helped develop genetic systems in many other
bacteria, and it can be more thoroughly studied in the near future.
Other interesting future work could be focused again in the comparative genomics, this
time highlighting the divergence of gene family clusters and biological processes the
“unique proteins” of each strain.
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Appendix
Appendix I. Groups of clustered proteins between LF1 + UC8 + FC18 retrived with
OrthoMCL, InterProScan and PSI-BLAST.

Cluster

NAME / ID

LF1_03573 hypothetical protein

UC8_02076 hypothetical protein
Prot 287

FC18_00481 Endoglucanase Z precursor
FC18_01185 hypothetical protein

FC18_04987 hypothetical protein
FC18_04018 Fungalysin metallopeptidase
(M36)

LF1_03994 hypothetical protein
UC8_01625 hypothetical protein

UC8_02056 hypothetical protein
Prot 1497

FC18_06768 hypothetical protein

Prot1498

Prot1537

Protein
Suggested protein Length
(aa)
Glycylpeptide Ntetradecanoyltransfe
rase
232
Methionine--tRNA
ligase (EC 6.1.1.10)
(Methionyl-tRNA
synthetase) (MetRS) 667

FC18_04625 hypothetical protein
LF1_03996 ECF RNA polymerase sigma-E
factor
UC8_01627 RNA polymerase sigma factor
UC8_05320 ECF RNA polymerase sigma
factor SigE
FC18_02770 RNA polymerase sigma factor
RpoE
FC18_04627 RNA polymerase sigma factor
SigV
LF1_00937 Cation efflux system protein
CusA
UC8_01695 Cation efflux system protein
CusA
UC8_02386 Cation efflux system protein

DnaJ-like protein
MG200 homolog
Mediator of RNA
polymerase II
transcription subunit
13 (Mediator
complex subunit 13)

Hexagonally packed
intermediate-layer
surface protein
Chaperone protein
ClpB
Protease HtpX
homolog (EC
3.4.24.-)
tRNA (guanine-N(7))-methyltransferase
(EC 2.1.1.33) (tRNA
(guanine(46)-N(7))methyltransferase)
(tRNA(m7G46)methyltransferase)
Protease HtpX
homolog (EC
3.4.24.-)

TMHs
(TMH
MM)

1,0

0,0

Sig.
Peptide
1-24
(0.640)

755

0,0

NO
1-21
(0.629)

300

0,0

NO

787

0,0

NO

1198

0,0

NO

460

0,0

NO

509

0,0

NO

505

0,0

1-30
(0.529)

511

0,0

1-38
(0.677)

504

0,0

NO

172
219

0,0
0,0

NO
NO

160

0,0

NO

176

0,0

NO

168

0,0

NO

1189

13,0

NO

1325
1166

14,0
12,0

NO
NO
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Cluster

Prot 2272

Prot 2273

Prot 2274

Prot 2762

TMHs
(TMH
MM)

Sig.
Peptide

1171

13,0

NO

1212

14,0

NO

854

6,0

NO

821

6,0

NO

813

5,0

NO

833

6,0

LF1_00940 Outer membrane efflux protein

584

0,0

UC8_01734 Outer membrane efflux protein

543

0,0

UC8_02382 Outer membrane efflux protein
FC18_01412 Outer membrane efflux protein
LF1_00938 Cation efflux system protein
CusB precursor
UC8_01735 Cation efflux system protein
CusB precursor
UC8_02384 Cation efflux system protein
CusB precursor
FC18_01419 Cation efflux system protein
CusB precursor

529
497

0,0
0,0

NO
1-38
(0.586)
1-38
(0.591)
1-42
(0.496)
NO

707

1,0

NO

707

1,0

NO

741

1,0

NO

758

1,0

LF1_00936 Archaeal TRASH domain protein

384

0,0

UC8_01737 Archaeal TRASH domain protein

459

0,0

UC8_02387 Archaeal TRASH domain protein
FC18_01421 Archaeal TRASH domain
protein

396

0,0

275

0,0

NO
1-26
(0.724)
1-26
(0.811)
1-21
(0.767)
1-19
(0.593)

666
690

4,0
3,0

NO
NO

3,0

NO

4,0

NO

280

0,0

467

2,0

457

2,0

NO
1-37
(0.467)
1-37
(0.548)

334

0,0

NO

387

0,0

NO

381
298
295

0,0
0,0
0,0

NO
NO
NO

NAME / ID
CusA
UC8_01736 Cation efflux system protein
CusA
FC18_01420 Cation efflux system protein
CusA
LF1_00927 putative cadmium-transporting
ATPase
UC8_01731 putative cadmium-transporting
ATPase
UC8_02216 putative cadmium-transporting
ATPase
FC18_00727 putative cadmium-transporting
ATPase

LF1_04878 hypothetical protein
LF1_03767 heat shock protein HtpX
Prot 2870
UC8_00524 hypothetical protein

Prot 3164

Prot 3500

Prot 3501

Protein
Suggested protein Length
(aa)

FC18_04575 hypothetical protein
LF1_05265 Methyl-accepting chemotaxis
protein McpC
UC8_01791 Methyl-accepting chemotaxis
protein 4
FC18_03302 Methyl-accepting chemotaxis
protein McpC
LF1_01379 ADP-L-glycero-D-mannoheptose-6-epimerase
UC8_04981 NAD dependent
epimerase/dehydratase family protein
FC18_00088 NAD dependent
epimerase/dehydratase family protein
LF1_01377 Sulfotransferase domain protein
UC8_03890 Sulfotransferase domain protein

Protease HtpX (EC
3.4.24.-) (Heat
shock protein HtpX)

Uncharacterised
protein VP1481 - via
uniprot
613
Protease HtpX
homolog (EC
3.4.24.-)
326
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Cluster

NAME / ID

Protein
Suggested protein Length
(aa)

FC18_00098 Sulfotransferase domain
protein
LF1_03200 Fructosamine kinase
Prot 3522

Prot 3523

Prot 3527

UC8_00862 hypothetical protein
FC18_00736 Fructosamine kinase
LF1_01670 NAD(P)-specific glutamate
dehydrogenase
UC8_03720 NADP-specific glutamate
dehydrogenase
FC18_00754 NADP-specific glutamate
dehydrogenase
LF1_04485
Endonuclease/Exonuclease/phosphatase
family protein
UC8_02802
Endonuclease/Exonuclease/phosphatase
family protein
FC18_00867
Endonuclease/Exonuclease/phosphatase
family protein
LF1_04491 hypothetical protein

Prot 3545

UC8_00364 hypothetical protein

FC18_01292 hypothetical protein

LF1_00925 hypothetical protein
Prot 3547

UC8_01725 hypothetical protein

Prot 3550

FC18_01394 hypothetical protein
LF1_04721 Low molecular weight proteintyrosine-phosphatase YfkJ
UC8_02929 Low molecular weight protein-

Ferric uptake
regulation protein 2
(Ferric uptake
regulator 2)

UPF0507 protein
SCY_4172
Long-chain-fattyacid--CoA ligase
bubblegum-like (EC
6.2.1.3)
Putative DEAD-box
ATP-dependent
RNA helicase 29
(EC 3.6.4.13)
Gag polyprotein
(Pr55Gag) [Cleaved
into: Matrix protein
p17 (MA); Capsid
protein p24 (CA);
Spacer peptide 1
(SP1) (p2);
Nucleocapsid
protein p7 (NC);
Spacer peptide 2
(SP2) (p1); p6-gag]
Gag polyprotein
(Pr55Gag) [Cleaved
into: Matrix protein
p17 (MA); Capsid
protein p24 (CA);
Spacer peptide 1
(SP1) (p2);
Nucleocapsid
protein p7 (NC);
Spacer peptide 2
(SP2) (p1); p6-gag]
Putative membrane
protein YdgH

TMHs
(TMH
MM)

Sig.
Peptide

320
309

0,0
0,0

NO
NO

307
273

0,0
0,0

NO
NO

451

0,0

NO

449

0,0

NO

442

0,0

NO

536

0,0

1-27
(0.574)

605

0,0

NO

539

1,0

1-39
(0.586)

458

0,0

NO

458

0,0

NO

343

0,0

NO

114

1,0

1-25
(0.778)

222

0,0

1-22
(0.703)

343

0,0

NO

165
154

0,0
0,0

NO
NO
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Cluster

NAME / ID
tyrosine-phosphatase YfkJ
FC18_01448 Low molecular weight proteintyrosine-phosphatase YfkJ
LF1_02338 hypothetical protein
UC8_01429 hypothetical protein

Prot 3563

Prot 3581

Prot 3592

Prot 3598

Prot 3599

Prot 3601

Prot 3621

Prot 3629

Prot 3636

Prot 3646

Prot 3647

Prot 3653

Prot 3655

FC18_01761 hypothetical protein
FC18_02515 hypothetical protein
LF1_01941 hypothetical protein
UC8_02455 hypothetical protein
LF1_03590 Chaperone protein DnaJ
UC8_02572 Curved DNA-binding protein
FC18_02713 Chaperone protein DnaJ
LF1_04087 O-Antigen ligase
UC8_04306 O-Antigen ligase
FC18_02868 O-Antigen ligase
LF1_00530 Prolyl tripeptidyl peptidase
precursor
UC8_01779 Prolyl tripeptidyl peptidase
precursor
FC18_02873 Prolyl tripeptidyl peptidase
precursor
LF1_00086 transaldolase/EF-hand domaincontaining protein

Protein
Suggested protein Length
(aa)

UPF0160 protein
UPF0160 protein
C27H6.8
UDP-Nacetylenolpyruvoylgl
ucosamine
reductase (EC
1.3.1.98) (UDP-Nacetylmuramate
dehydrogenase)

TMHs
(TMH
MM)

Sig.
Peptide

165
238

0,0
2,0

NO
NO

236

2,0

NO

239
249
248
227
186
195
189
883
884
851

2,0

795

NO
0 NO
0 NO
0 NO
0,0
NO
0,0
NO
0,0
NO
11,0
NO
11,0
NO
12,0
NO
1-45
0,0
(0.500)

757

0,0

1228

0,0

240

0,0

UC8_05663 EF hand

225

0,0

FC18_02998 EF hand
LF1_01721 BlaR1 peptidase M56
UC8_04532 Regulatory protein BlaR1
FC18_03421 Regulatory protein BlaR1
LF1_02193 hypothetical protein
Protein ea22
UC8_04049 hypothetical protein
Protein ea22
FC18_03613 hypothetical protein
UPF0160 protein
LF1_02063 Amino acid permease
UC8_02927 Amino acid permease
FC18_03777 Amino acid permease
LF1_04991 Capsid protein (F protein)
UC8_05696 Capsid protein (F protein)
FC18_03945 Capsid protein (F protein)
LF1_04986 Bacteriophage scaffolding protein
D
UC8_05697 Bacteriophage scaffolding
protein D
FC18_03947 Bacteriophage scaffolding
protein D
LF1_00130 Glycosyl transferases group 1
UC8_00838 Glycosyl transferases group 1
FC18_04128 Glycosyl transferases group 1
Transmembrane
LF1_05256 hypothetical protein
protein 143
Transmembrane
UC8_01344 hypothetical protein
protein 143
FC18_04244 hypothetical protein
Protein ea22

215
402
636
973
291
291
292
731
733
755
97
427
427

0,0
3,0
4,0
4,0
0,0
0,0
0,0
11,0
11,0
12,0
0,0
0,0
0,0

NO
1-23
(0.819)
1-25
(0.826)
1-25
(0.663)
1-22
(0.589)
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

152

0,0

NO

152

0,0

NO

152
373
356
385

0,0
0,0
0,0
0,0

NO
NO
NO
NO

182

0,0

NO

182
182

0,0
0,0

NO
NO

Uncharacterised
protein YqjF
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Cluster

Prot 3661

Prot 3662

NAME / ID
LF1_03699 NTE family protein RssA
UC8_05461 NTE family protein RssA
FC18_04405 NTE family protein RssA
LF1_04665 Mannosylfructose-phosphate
phosphatase
UC8_02514 Mannosylfructose-phosphate
phosphatase
FC18_04428 Kanosamine-6-phosphate
phosphatase

Protein
Suggested protein Length
(aa)
316
313
607

TMHs
(TMH
MM)
0,0
0,0
0,0

NO
NO
NO

269

0,0

NO

276

0,0

NO

277

0,0

NO

419

1,0

NO

452

1,0

NO

482

2,0

LF1_05134 Beta-lactamase TEM precursor

286

0,0

UC8_01336 Beta-lactamase TEM precursor
FC18_04720 Beta-lactamase TEM precursor

286
160

0,0
0,0

NO
1-25
(0.483)
1-25
(0.483)
NO

4,0

NO

3,0

NO

3,0

NO

226

0,0

NO

254

0,0

NO

217
3-phosphoshikimate
1carboxyvinyltransfer
ase (EC 2.5.1.19)
(5enolpyruvylshikimat
e-3-phosphate
synthase) (EPSP
synthase) (EPSPS) 257
Probable iron export
permease protein
FetB
264

0,0

NO

6,0

NO

7,0

NO

LF1_03117 hypothetical protein
Prot 3668
UC8_04006 hypothetical protein
FC18_04553 hypothetical protein

Electron transport
complex subunit D
Sickle tail protein
(Enhancer trap
locus 4)
Transmembrane
protein 143

Prot 3676

LF1_01294 hypothetical protein

Prot 3677

UC8_00732 hypothetical protein

Prot 3678

Sig.
Peptide

FC18_04738 hypothetical protein
LF1_00563 putative ABC transporter ATPbinding protein YbbL
UC8_00146 putative ABC transporter ATPbinding protein YbbL
FC18_04744 L-cystine import ATP-binding
protein TcyN

Prot 3679
LF1_00564 hypothetical protein

FC18_04745 hypothetical protein

Probable iron export
permease protein
FetB
195
Membrane protein
insertase YidC
(Foldase YidC)
(Membrane
integrase YidC)
(Membrane protein
YidC)
204
Envelope
glycoprotein E (gE) 190
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Appendix II. GO terms of the shared proteins among LF1, UC8 and FC18 retrieved
with Blast2GO.
Level GO ID

Term

Type

#Seqs

1

GO:0003674 molecular_function

Molecular Function

72

2

GO:0060089 molecular transducer activity

Molecular Function

3

2

GO:0005198 structural molecule activity

Molecular Function

3

2

GO:0001071 nucleic acid binding transcription factor activity

Molecular Function

5

2

GO:0000988 transcription factor activity, protein binding

Molecular Function

5

2

GO:0005488 binding

Molecular Function

29

2

GO:0005215 transporter activity

Molecular Function

16

2

GO:0003824 catalytic activity

Molecular Function

37

3

GO:0036094 small molecule binding

Molecular Function

7

3

GO:0022892 substrate-specific transporter activity

Molecular Function

4

3

GO:0016491 oxidoreductase activity

Molecular Function

3

3

GO:0097367 carbohydrate derivative binding

Molecular Function

3

3

GO:0004871 signal transducer activity

Molecular Function

3

transcription factor activity, core RNA polymerase
3

GO:0000990 binding

Molecular Function

5

3

GO:0005515 protein binding

Molecular Function

4

3

GO:1901363 heterocyclic compound binding

Molecular Function

12

3

GO:0043167 ion binding

Molecular Function

14

transcription factor activity, sequence-specific DNA
3

GO:0003700 binding

Molecular Function

5

3

GO:0022857 transmembrane transporter activity

Molecular Function

4

3

GO:0097159 organic cyclic compound binding

Molecular Function

12

3

GO:0048037 cofactor binding

Molecular Function

3

3

GO:0016740 transferase activity

Molecular Function

2

3

GO:0016787 hydrolase activity

Molecular Function

26

4

GO:0022804 active transmembrane transporter activity

Molecular Function

4

4

GO:1901265 nucleoside phosphate binding

Molecular Function

7

4

GO:0022891 substrate-specific transmembrane transporter activity Molecular Function

4

oxidoreductase activity, acting on the CH-NH2 group
4

GO:0016638 of donors

Molecular Function

3

4

GO:0008233 peptidase activity

Molecular Function

8

4

GO:0001882 nucleoside binding

Molecular Function

3

4

GO:0017171 serine hydrolase activity

Molecular Function

4

4

GO:0016788 hydrolase activity, acting on ester bonds

Molecular Function

6

4

GO:0043169 cation binding

Molecular Function

11

4

GO:0000996 core DNA-dependent RNA polymerase binding

Molecular Function

5
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Level GO ID

Term

Type

#Seqs

promoter specificity activity
4

GO:0043168 anion binding

Molecular Function

3

4

GO:0016798 hydrolase activity, acting on glycosyl bonds

Molecular Function

2

hydrolase activity, acting on carbon-nitrogen (but not
4

GO:0016810 peptide) bonds

Molecular Function

3

4

GO:0016817 hydrolase activity, acting on acid anhydrides

Molecular Function

7

4

GO:0003676 nucleic acid binding

Molecular Function

5

4

GO:0050662 coenzyme binding

Molecular Function

3

transferase activity, transferring sulfur-containing
4

GO:0016782 groups

Molecular Function

2

5

GO:0015399 primary active transmembrane transporter activity

Molecular Function

4

5

GO:0015075 ion transmembrane transporter activity

Molecular Function

4

5

GO:0008146 sulfotransferase activity

Molecular Function

2

5

GO:0042578 phosphoric ester hydrolase activity

Molecular Function

3

5

GO:0035639 purine ribonucleoside triphosphate binding

Molecular Function

3

oxidoreductase activity, acting on the CH-NH2 group
5

GO:0016639 of donors, NAD or NADP as acceptor

Molecular Function

3

5

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds Molecular Function

2

5

GO:0046872 metal ion binding

Molecular Function

11

5

GO:0016987 sigma factor activity

Molecular Function

5

5

GO:0000166 nucleotide binding

Molecular Function

7

5

GO:0001883 purine nucleoside binding

Molecular Function

3

5

GO:0032549 ribonucleoside binding

Molecular Function

3

5

GO:0004518 nuclease activity

Molecular Function

3

Molecular Function

3

hydrolase activity, acting on carbon-nitrogen (but not
5

GO:0016812 peptide) bonds, in cyclic amides
hydrolase activity, acting on acid anhydrides, in

5

GO:0016818 phosphorus-containing anhydrides

Molecular Function

7

5

GO:0003677 DNA binding

Molecular Function

5

5

GO:0070011 peptidase activity, acting on L-amino acid peptides

Molecular Function

8

hydrolase activity, acting on acid anhydrides,
5

GO:0016820 catalyzing transmembrane movement of substances

Molecular Function

4

6

GO:0004536 deoxyribonuclease activity

Molecular Function

3

6

GO:0005509 calcium ion binding

Molecular Function

4

6

GO:0008236 serine-type peptidase activity

Molecular Function

4

6

GO:0008238 exopeptidase activity

Molecular Function

1

6

GO:0008237 metallopeptidase activity

Molecular Function

6

6

GO:0032553 ribonucleotide binding

Molecular Function

3

6

GO:0046914 transition metal ion binding

Molecular Function

4
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Level GO ID

Term

Type

#Seqs

6

GO:0032550 purine ribonucleoside binding

Molecular Function

3

6

GO:0008324 cation transmembrane transporter activity

Molecular Function

4

6

GO:0008800 beta-lactamase activity

Molecular Function

3

6

GO:0016791 phosphatase activity

Molecular Function

3

P-P-bond-hydrolysis-driven transmembrane
6

GO:0015405 transporter activity

Molecular Function

4

6

GO:0004175 endopeptidase activity

Molecular Function

7

6

GO:0017076 purine nucleotide binding

Molecular Function

3

6

GO:0016462 pyrophosphatase activity

Molecular Function

7

7

GO:0004180 carboxypeptidase activity

Molecular Function

1

7

GO:0004222 metalloendopeptidase activity

Molecular Function

5

7

GO:0008270 zinc ion binding

Molecular Function

4

7

GO:0008235 metalloexopeptidase activity

Molecular Function

1

7

GO:0032555 purine ribonucleotide binding

Molecular Function

3

7

GO:0004252 serine-type endopeptidase activity

Molecular Function

3

7

GO:0004721 phosphoprotein phosphatase activity

Molecular Function

3

7

GO:0017111 nucleoside-triphosphatase activity

Molecular Function

7

7

GO:0030554 adenyl nucleotide binding

Molecular Function

3

8

GO:0016887 ATPase activity

Molecular Function

7

8

GO:0004181 metallocarboxypeptidase activity

Molecular Function

1

8

GO:0032559 adenyl ribonucleotide binding

Molecular Function

3

8

GO:0004725 protein tyrosine phosphatase activity

Molecular Function

3

9

GO:0042623 ATPase activity, coupled

Molecular Function

4

9

GO:0005524 ATP binding

Molecular Function

3

10

GO:0043492 ATPase activity, coupled to movement of substances Molecular Function

4

ATPase activity, coupled to transmembrane
11

GO:0042626 movement of substances

Molecular Function

4

12

GO:0042625 movement of ions

Molecular Function

4

13

GO:0019829 cation-transporting ATPase activity

Molecular Function

4

1

GO:0005575 cellular_component

Cellular Component

20

2

GO:0019012 virion

Cellular Component

3

2

GO:0016020 membrane

Cellular Component

17

2

GO:0005576 extracellular region

Cellular Component

1

3

GO:0044421 extracellular region part

Cellular Component

1

3

GO:0044423 virion part

Cellular Component

3

3

GO:0044425 membrane part

Cellular Component

4

4

GO:0005615 extracellular space

Cellular Component

1

4

GO:0019028 viral capsid

Cellular Component

3

ATPase activity, coupled to transmembrane
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Level GO ID

Term

Type

#Seqs

4

GO:0031224 intrinsic component of membrane

Cellular Component

4

5

GO:0016021 integral component of membrane

Cellular Component

4

1

GO:0008150 biological_process

Biological Process

56

2

GO:0065007 biological regulation

Biological Process

8

2

GO:0023052 signaling

Biological Process

3

2

GO:0044699 single-organism process

Biological Process

20

2

GO:0051704 multi-organism process

Biological Process

3

2

GO:0022610 biological adhesion

Biological Process

1

2

GO:0008152 metabolic process

Biological Process

33

2

GO:0051179 localization

Biological Process

17

2

GO:0071840 cellular component organization or biogenesis

Biological Process

3

2

GO:0050896 response to stimulus

Biological Process

6

2

GO:0009987 cellular process

Biological Process

27

3

GO:0044710 single-organism metabolic process

Biological Process

9

3

GO:1902578 single-organism localization

Biological Process

8

3

GO:0051716 cellular response to stimulus

Biological Process

3

3

GO:0071704 organic substance metabolic process

Biological Process

30

3

GO:0044238 primary metabolic process

Biological Process

27

3

GO:0044237 cellular metabolic process

Biological Process

17

3

GO:0044085 cellular component biogenesis

Biological Process

3

3

GO:0042221 response to chemical

Biological Process

3

3

GO:0044764 multi-organism cellular process

Biological Process

3

3

GO:0044763 single-organism cellular process

Biological Process

13

3

GO:0006807 nitrogen compound metabolic process

Biological Process

14

3

GO:0016043 cellular component organization

Biological Process

3

3

GO:0044419 interspecies interaction between organisms

Biological Process

3

3

GO:0009056 catabolic process

Biological Process

9

3

GO:0007155 cell adhesion

Biological Process

1

3

GO:0009058 biosynthetic process

Biological Process

5

3

GO:0044700 single organism signaling

Biological Process

3

3

GO:0051234 establishment of localization

Biological Process

17

3

GO:0050789 regulation of biological process

Biological Process

8

4

GO:0044712 single-organism catabolic process

Biological Process

3

4

GO:0044281 small molecule metabolic process

Biological Process

6

4

GO:0050794 regulation of cellular process

Biological Process

8

4

GO:0006725 cellular aromatic compound metabolic process

Biological Process

8

4

GO:1901360 organic cyclic compound metabolic process

Biological Process

11

4

GO:0046483 heterocycle metabolic process

Biological Process

11

4

GO:0019222 regulation of metabolic process

Biological Process

5
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Level GO ID

Term

Type

#Seqs

4

GO:0006793 phosphorus metabolic process

Biological Process

3

4

GO:0005975 carbohydrate metabolic process

Biological Process

3

4

GO:0055114 oxidation-reduction process

Biological Process

3

4

GO:0098609 cell-cell adhesion

Biological Process

1

4

GO:0022607 cellular component assembly

Biological Process

3

4

GO:0009636 response to toxic substance

Biological Process

3

4

GO:0017144 drug metabolic process

Biological Process

3

4

GO:0044249 cellular biosynthetic process

Biological Process

5

symbiosis, encompassing mutualism through
4

GO:0044403 parasitism

Biological Process

3

4

GO:0006810 transport

Biological Process

17

4

GO:0044248 cellular catabolic process

Biological Process

6

4

GO:0007154 cell communication

Biological Process

3

4

GO:1901564 organonitrogen compound metabolic process

Biological Process

6

4

GO:0043170 macromolecule metabolic process

Biological Process

21

4

GO:0034641 cellular nitrogen compound metabolic process

Biological Process

11

4

GO:1901576 organic substance biosynthetic process

Biological Process

5

4

GO:1901575 organic substance catabolic process

Biological Process

9

4

GO:0006629 lipid metabolic process

Biological Process

3

5

GO:0009308 amine metabolic process

Biological Process

3

5

GO:0016999 antibiotic metabolic process

Biological Process

3

cell-cell adhesion via plasma-membrane adhesion
5

GO:0098742 molecules

Biological Process

1

5

GO:1901361 organic cyclic compound catabolic process

Biological Process

6

5

GO:1901362 organic cyclic compound biosynthetic process

Biological Process

5

5

GO:0018130 heterocycle biosynthetic process

Biological Process

5

5

GO:0060255 regulation of macromolecule metabolic process

Biological Process

5

5

GO:0043412 macromolecule modification

Biological Process

3

5

GO:0006796 phosphate-containing compound metabolic process

Biological Process

3

5

GO:0005976 polysaccharide metabolic process

Biological Process

3

5

GO:0080090 regulation of primary metabolic process

Biological Process

5

5

GO:0031323 regulation of cellular metabolic process

Biological Process

5

5

GO:0006082 organic acid metabolic process

Biological Process

3

5

GO:0019439 aromatic compound catabolic process

Biological Process

3

5

GO:0051171 regulation of nitrogen compound metabolic process

Biological Process

5

5

GO:0016052 carbohydrate catabolic process

Biological Process

3

5

GO:0046700 heterocycle catabolic process

Biological Process

6

5

GO:0006139 nucleobase-containing compound metabolic process Biological Process

8

5

GO:0009889 regulation of biosynthetic process

5

Biological Process
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Level GO ID

Term

Type

#Seqs

5

GO:0044765 single-organism transport

Biological Process

8

5

GO:0010467 gene expression

Biological Process

5

5

GO:0019438 aromatic compound biosynthetic process

Biological Process

5

5

GO:0019538 protein metabolic process

Biological Process

11

5

GO:0043603 cellular amide metabolic process

Biological Process

3

5

GO:0009057 macromolecule catabolic process

Biological Process

6

5

GO:1901565 organonitrogen compound catabolic process

Biological Process

3

5

GO:0046677 response to antibiotic

Biological Process

3

5

GO:0009059 macromolecule biosynthetic process

Biological Process

5

5

GO:0044260 cellular macromolecule metabolic process

Biological Process

11

5

GO:0016032 viral process

Biological Process

3

5

GO:0007165 signal transduction

Biological Process

3

5

GO:0044270 cellular nitrogen compound catabolic process

Biological Process

6

5

GO:0044271 cellular nitrogen compound biosynthetic process

Biological Process

5

6

GO:0072338 cellular lactam metabolic process

Biological Process

3

regulation of nucleobase-containing compound
6

GO:0019219 metabolic process

Biological Process

5

6

GO:0006811 ion transport

Biological Process

7

6

GO:0055085 transmembrane transport

Biological Process

4

6

GO:0044106 cellular amine metabolic process

Biological Process

3

6

GO:0019058 viral life cycle

Biological Process

3

6

GO:0031326 regulation of cellular biosynthetic process

Biological Process

5

6

GO:0036211 protein modification process

Biological Process

3

6

GO:0090304 nucleic acid metabolic process

Biological Process

8

6

GO:0043436 oxoacid metabolic process

Biological Process

3

6

GO:0000272 polysaccharide catabolic process

Biological Process

3

6

GO:0010468 regulation of gene expression

Biological Process

5

6

GO:0034655 nucleobase-containing compound catabolic process

Biological Process

3

nucleobase-containing compound biosynthetic
6

GO:0034654 process

Biological Process

5

6

GO:0043605 cellular amide catabolic process

Biological Process

3

homophilic cell adhesion via plasma membrane
6

GO:0007156 adhesion molecules

Biological Process

1

6

GO:0044265 cellular macromolecule catabolic process

Biological Process

3

6

GO:0010556 regulation of macromolecule biosynthetic process

Biological Process

5

6

GO:0017001 antibiotic catabolic process

Biological Process

3

6

GO:0016311 dephosphorylation

Biological Process

3

6

GO:0034645 cellular macromolecule biosynthetic process

Biological Process

5

6

GO:0044267 cellular protein metabolic process

Biological Process

3
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Level GO ID

Term

Type

#Seqs

6

GO:0006508 proteolysis

Biological Process

8

7

GO:0072340 cellular lactam catabolic process

Biological Process

3

regulation of cellular macromolecule biosynthetic
7

GO:2000112 process

Biological Process

5

7

GO:0019075 virus maturation

Biological Process

3

7

GO:0019752 carboxylic acid metabolic process

Biological Process

3

7

GO:0030653 beta-lactam antibiotic metabolic process

Biological Process

3

7

GO:0016070 RNA metabolic process

Biological Process

5

7

GO:0006812 cation transport

Biological Process

4

7

GO:0019068 virion assembly

Biological Process

3

7

GO:0006259 DNA metabolic process

Biological Process

3

7

GO:0006464 cellular protein modification process

Biological Process

3

8

GO:0051252 regulation of RNA metabolic process

Biological Process

5

8

GO:0030655 beta-lactam antibiotic catabolic process

Biological Process

3

8

GO:0019069 viral capsid assembly

Biological Process

3

8

GO:0006308 DNA catabolic process

Biological Process

3

8

GO:0032774 RNA biosynthetic process

Biological Process

5

8

GO:0006520 cellular amino acid metabolic process

Biological Process

3

8

GO:0006470 protein dephosphorylation

Biological Process

3

9

GO:0097659 nucleic acid-templated transcription

Biological Process

5

9

GO:2001141 regulation of RNA biosynthetic process

Biological Process

5

9

GO:0046797 viral procapsid maturation

Biological Process

3

10

GO:1903506 regulation of nucleic acid-templated transcription

Biological Process

5

10

GO:0006351 transcription, DNA-templated

Biological Process

5

11

GO:0006355 regulation of transcription, DNA-templated

Biological Process

5

11

GO:0006352 DNA-templated transcription, initiation

Biological Process

5
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Appendix III. Contigs realignment results obtained from CONTIGuator mapped
against Rhodopirellula baltica SH1T genome.
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Appendix IV. Shared proteins and subsytems shared by LF1, UC8 and FC18, retrived
by RAST
Category
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives

Amino Acids
and Derivatives

Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives

Subcategory
Alanine, serine, and
glycine
Arginine; urea cycle,
polyamines
Arginine; urea cycle,
polyamines
Arginine; urea cycle,
polyamines
Arginine; urea cycle,
polyamines
Arginine; urea cycle,
polyamines

Subsystem
Alanine biosynthesis

Arginine and Ornithine
Degradation
Arginine and Ornithine
Degradation
Arginine and Ornithine
Degradation
Arginine and Ornithine
Degradation
Cyanophycin
Metabolism
Chorismate:
Intermediate for
synthesis of
Aromatic amino acids and
Tryptophan, PAPA
derivatives
antibiotics, PABA, 3hydroxyanthranilate
and more.
Arginine; urea cycle,
Arginine and Ornithine
polyamines
Degradation
Arginine; urea cycle,
Arginine and Ornithine
polyamines
Degradation
Arginine; urea cycle,
Arginine and Ornithine
polyamines
Degradation
Acetyl-CoA
Fermentation
fermentation to
Butyrate
Pyruvate metabolism
Central carbohydrate
I: anaplerotic
metabolism
reactions, PEP
Peptidoglycan
no subcategory
Biosynthesis
Capsular and
Exopolysaccharide
extracellular
Biosynthesis
polysacchrides

Amino Acids
and Derivatives

no subcategory

Peptidoglycan
Biosynthesis

Amino Acids
and Derivatives

no subcategory

CBSS266117.6.peg.1260

Amino Acids
and Derivatives

no subcategory

CBSS296591.1.peg.2330

Biotin

Biotin biosynthesis

Folate and pterines

Folate Biosynthesis

Folate and pterines

Folate Biosynthesis

Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives

NAD and NADP
no subcategory
no subcategory

NAD and NADP
cofactor biosynthesis
global
DNA structural
proteins, bacterial
Ton and Tol transport
systems

Role
Cysteine desulfurase (EC 2.8.1.7),
SufS subfamily
Succinylarginine dihydrolase (EC
3.5.3.23)
Succinylglutamic semialdehyde
dehydrogenase (EC 1.2.1.71)
Arginine N-succinyltransferase (EC
2.3.1.109)
Arginine N-succinyltransferase (EC
2.3.1.109)
Cyanophycinase (EC 3.4.15.6)

Isochorismatase (EC 3.3.2.1)

Succinylarginine dihydrolase (EC
3.5.3.23)
Succinylglutamic semialdehyde
dehydrogenase (EC 1.2.1.71)
Succinylglutamic semialdehyde
dehydrogenase (EC 1.2.1.71)
Acetyl-CoA acetyltransferase (EC
2.3.1.9)
Phosphoenolpyruvate
carboxykinase [ATP] (EC 4.1.1.49)
Glucosamine-1-phosphate Nacetyltransferase (EC 2.3.1.157)
Glycosyl transferase, group 2 family
protein
UDP-N-acetylmuramoylalanyl-Dglutamate--2,6-diaminopimelate
ligase (EC 6.3.2.13)
16S rRNA (guanine(966)-N(2))methyltransferase (EC 2.1.1.171)
Lipid carrier : UDP-Nacetylgalactosaminyltransferase
(EC 2.4.1.-)
3-ketoacyl-CoA thiolase (EC
2.3.1.16)
Dihydrofolate synthase (EC
6.3.2.12)
Folylpolyglutamate synthase (EC
6.3.2.17)
Nudix-related transcriptional
regulator NrtR
Integration host factor beta subunit
TPR domain protein, putative
component of TonB system
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Category

Subcategory

Amino Acids
and Derivatives

no subcategory

Amino Acids
and Derivatives

no subcategory

Amino Acids
and Derivatives

no subcategory

Amino Acids
and Derivatives

no subcategory

Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives

YbbL ABC transporter ATP-binding
protein
YbbM seven transmembrane helix
protein
YbbL ABC transporter ATP-binding
protein
YbbM seven transmembrane helix
protein

Flagellar motility

Phages, Prophages

Phage capsid proteins Phage major capsid protein

no subcategory

no subcategory

Amino Acids
and Derivatives

Protein processing and
modification

Amino Acids
and Derivatives

Role

Flagellar motility in
Prokaryota

Amino Acids
and Derivatives

Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives
Amino Acids
and Derivatives

Subsystem
Broadly distributed
proteins not in
subsystems
Broadly distributed
proteins not in
subsystems
Broadly distributed
proteins not in
subsystems
Broadly distributed
proteins not in
subsystems

Transcription
no subcategory
Oxidative stress
Resistance to antibiotics
and toxic compounds
Invasion and intracellular
resistance

Phosphate
metabolism
Glutathione-regulated
potassium-efflux
system and
associated functions
Protein deglycation
Transcription initiation,
bacterial sigma factors
SigmaB stress
responce regulation
Glutathione: Nonredox reactions
Copper homeostasis:
copper tolerance
Listeria surface
proteins: Internalinlike proteins

Signal transduction histidine kinase
CheA (EC 2.7.3.-)

Pyrophosphate-energized proton
pump (EC 3.6.1.1)
Glutathione-regulated potassiumefflux system protein KefB
Ribulosamine/erythrulosamine 3kinase potentially involved in protein
deglycation
RNA polymerase sigma-70 factor
Anti-sigma B factor antagonist RsbV
Lactoylglutathione lyase (EC
4.4.1.5)
Copper homeostasis protein CutE
internalin, putative
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