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Abstract
“A computational approach to studying algae-bacterial interactions”
By Ulrich Johan Kudahl
Microalgae have a profound effect on the world due to their large contribution to
net carbon fixation. Although they are phototrophic, more than 50% of microalgae
are thought to depend on external supply of metabolites such as B-vitamins. In
oceans, algae are therefore often found together with a community of bacteria
and form intricate networks where metabolites are exchanged. Currently, only a
fraction of the related mechanisms and metabolite exchanges between algae and
bacteria have been uncovered and many more are likely to exist. The work
presented in this thesis is based on a model system for algae-bacterial
interactions made up of the green alga, Lobomonas rostrata and the alphaproteobacterium Mesorhizobium loti. In the model system, it is known that the
bacterium provides vitamin B12 to the alga and itself, whilst the alga provides
fixed carbon. I have applied methods from the field of computational biology to
study the interactions between these organisms and other similar partnerships,
with the aim of uncovering new insights. The thesis is made up of three research
chapters, each focused on using a specific method to study algae-bacterial
interactions.
I developed a genome scale metabolic model of metabolism of M. loti that
enabled simulation of growth. The model simulates 1908 enzymatic reactions and
takes 1804 metabolites into account. Using the model, I simulated growth of the
bacterium on 1018 different substrates with the aim of identifying substrates
supplied by L. rostrata when the two organisms are co-cultured. In addition, I
carried out a set of simulations studying the bacterium’s ability to produce B12
from 1368 different substrates. The modelling efforts in this project was
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successful in enabling simulations, but it was not possible to validate the
simulations with experimental data.
A transcriptomics experiment was undertaken with the aim of identifying genes
related to the interaction between L. rostrata and M. loti. In the experiment, the
partners from the model system was grown in axenic and co-culture conditions
and RNA samples were taken from each state. Using RNA-seq, the RNA samples
were sequenced and from this a candidate transcriptome was created. The
expression of each putative gene was then quantified and differentially expressed
genes were identified. Based on sequence similarity, candidate functions were
assigned where possible. In the analysis of differentially expressed genes, it was
found that there appears to be an increased expression of a transporter
responsible for uptake of the plant hormone, auxin.
Currently, only a small fraction of all bacteria has been shown to produce B12
and it is not clear in which phylogenetic groups this is a common trait. I therefore
applied methods from comparative genomics to study the synthesis of this
metabolite in more than 8000 bacterial species. This involved developing a
computational framework that allowed me to search for the presence of more
than 50 genes in more than 8000 genomes in a rapid manner. I found that 37.2%
of bacteria can synthesise B12 and that this capability is very common in some
phylogenetic groups such as Cyanobacteria, but extremely rare in others such as
Lactobacillus. I was also able to confirm that cyanobacteria are not able to make
cobalamin, a variant of B12 used by eukaryotic algae, and thus they are unlikely
to support algal growth in the photic zone.
In the final section of the thesis, I discuss the application of computational biology
methods in this field and summarise my experience from applying genome scale
modelling, comparative genomics and transcriptomics to study algae-bacterial
interactions.
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1 Introduction
1.1 Microbial communities
Microbial communities are found in all environments across the planet and play
a central role in aspects such as marine biogeochemistry and for the health of an
individual human. They vary in complexity from a few species in an extreme
environment such as hot springs, to hundreds of species in the human gut
microbiome. Competition for resources such as nitrogen or phosphorus has led
to the development of both adversary and symbiotic relationships in these
community structures. While the existence of microbial communities has long
been known, only through recent technological advances has it become possible
to study these important biological structures from a metabolic, genetic and
molecular point of view.
The ocean microbiome and human gut microbiome (HGM) are the two most
studied microbiomes both in terms of the number of samples and the amount of
sequence data. Sunagawa et al, (2015) used a functional analysis approach to
identify the overlap between these two microbiomes by comparing the identified
Orthologous Groups of proteins (OGs) (Galperin et al, 2014) from the Tara Ocean
Project (Sunagawa et al, 2015; Lima-Mendez et al, 2015; Malviya et al, 2016)
with the gene catalogue from the human gut established by Qin et al, (2010).
Despite the physiological difference between the environments, such as oxygen
availability and nutrient concentrations, 73% of the OGs found in the ocean
microbiome was also identified as part of the core gene set from the HGM.

1.1.1 Ocean Microbiome
In the oceans, microorganisms play an essential role in biogeochemical process
such as carbon fixation, and nutrient cycling. Phytoplankton (cyanobacteria and
eukaryotic microalgae) are responsible for approximately half of the net primary
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production, which is defined as the gross amount of carbon fixation minus
respiration of the carbon fixing organisms (Whitman et al, 1998; Field et al, 1998).
The diversity of the ocean microbiome is vast and oceanographers have studied
this microbial community for more than four decades ever since it became clear
that microbes consume the majority of energy that is being produced in the
oceans (Moran, 2015). The study of the ocean microbiome has attracted
increased interest as the changes in climate are thought to affect the composition
and productivity of this microbial community. As the global temperature of the
oceans rise, it leads to changes in currents and mixing dynamics of the oceans,
which changes availability of growth limiting nutrients such as iron and nitrogen.
As this availability changes, the productivity of the oceans, in terms of carbon
fixation, could change and affect the global climate (Behrenfeld et al, 2006).
The threat of changes to ocean productivity has led to studies attempting to
increase the knowledge of the mechanisms driving primary productivity, including
studies of taxonomical diversity and nutrient availability. One of the biggest of
these studies is the TARA ocean studies, (Moran, 2015; Sunagawa et al, 2015),
where a research vessel sailed across the globe collecting samples from 68 sites
across the Pacific, Atlantic, Southern, Mediterranean, Red Sea and Indian ocean
over 3 years. Using Illumina sequencing and sequence mapping, they identified
~40 million representative genes with 59% thought to stem from bacteria, 3.3%
from eukaryotes, 27.7% from unknown organisms and the remaining fraction
from vira and archaea (Sunagawa et al, 2015). This shows that bacteria are main
contributor to the gene diversity of the oceans. Using the sequence data from the
oceans samples, the taxonomical landscape of the bacteria was also
investigated, and ~40,000 operational taxonomical units (OTUs) were identified,
a feature commonly used as a proxy for microbial species (Schloss &
Handelsman, 2005; Blaxter et al, 2005). Identification of OTUs are based on
clustering 16S rRNA (in the case of bacteria) sequences with high degree of
sequence similarity, typically 95%-99%. The threshold reflects the taxonomical
precession required, e.g. >97% sequence similarity when trying to group
sequences to species level, and >95% when grouping sequences to genus level
(Schloss & Handelsman, 2005). This analysis showed that Alpha- and Gammaproteobacteria are the two most dominant groups in terms of abundance and
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make up 2/3 of the ocean microbiome. Delta-proteobacteria, Cyanobacteria and
Bacteroidetes make up the majority of the remaining microbiome (Sunagawa et
al, 2015). The sequence data from the ocean samples was also subjected to a
functional analysis using the eggNOG platform (Powell et al, 2012; Huerta-Cepas
et al, 2016) to identify OGs. 39,246 OGs were identified across all samples, but
only 5,755 OGs (14.5%) could be identified in all environmental samples,
suggesting a high degree of variation in the functionality of the ocean microbiome
in different locations at different times (Sunagawa et al, 2015). Interestingly, only
60% of the 5,755 OGs have a known function indicating the need for further
studies into the functionality of the ocean prokaryote microbiome.
Using the same samples from the TARA ocean project, a characterisation of the
eukaryotic, primarily algae, variation in the oceans was also made. In a study of
diatom abundance and taxonomical richness, 4,748 OTUs were identified and
58% of them were mapped to a known genus (Malviya et al, 2016). The most
abundant diatom genera across all the samples were Chaetoceros, which made
up 23.1% of the mapped sequences. Chaetoceros has attracted a commercial
interests as a nutrient in fisheries and potential source for biofuel due to its high
lipid content (Ifuku et al, 2015; Gu et al, 2016). 15.5% of sequences mapped to
the genus Fragilariopsis, which is the major species in the polar regions and
known to produce multiple anti-freeze proteins (Uhlig et al, 2011). This was
followed by Thalassiosira (13.7%) Corethron (11%), Leptocylindrus (10.1%),
Actinocyclus (8.7%), Pseudo-nitzschia (4.4%), and Proboscia (3.9%) (Malviya et
al, 2016).

1.1.2 Human Gut Microbiome
The human gut microbiome (HGM) is likely the most studied microbiome in terms
of data produced, samples taken, and research papers published. Recognition of
the facts that HGM: 1) contains as many bacterial cells as there are human cells
in an individual (Sender et al, 2016); 2) has a gene set 150x larger than the
human genome (Qin et al, 2010); and 3) has a major impact on human health
(Cho & Blaser, 2012) has led to large interest in this research area. Two large
scale projects, the Human Microbiome Project (Turnbaugh et al, 2007) and
3

European equivalent MetaHIT (Ehrlich, 2011), have carried out sequencing
efforts equivalent to the Human Genome Project in order to determine the
composition and functionality of what has been dubbed ‘the other genome’ (Zhao,
2010; Brüls & Weissenbach, 2011). Correlations between the particular HGM
composition and a wide variety diseases such as diabetes (Qin et al, 2012;
Forslund et al, 2015), cardiovascular disorders (Wang et al, 2011), psoriasis (Gao
et al, 2008), and more, have been identified. The studies of diseases in relation
to the HGM are largely based on comparing the microbiome composition of
healthy and sick individuals and identifying differences. While these sequencebased studies allows for detection of correlation between changes in the
microbiome and certain diseases, they do not provide evidence for causality, and
further studies are required before the knowledge can be applied in a clinical
setting (Cho & Blaser, 2012).
Considering the number of bacterial species present in the gut microbiome, the
potential for variation between humans is almost unlimited. It was expected that
the microbiome species composition was correlated with factors such as age,
body mass index, gender or geographical location (e.g. difference between
continents). However based on more than 400 metagenomes and using principle
component analysis, three distinct clusters (dubbed enterotypes) that are
independent of the mentioned factors were identified (Arumugam et al, 2011).
The three enterotypes are characterised by the abundance of either one of the
following bacterial genera: Bacteroides (enterotype 1), Prevotella (enterotype 2)
and Ruminococcus (enterotype 3). In addition to the species identification,
Arumugam et al, (2011) also performed a functional analysis, quantifying
abundance of OGs. While vitamin synthesis pathways could be found in all three
enterotypes, enterotype 1 was enriched in biotin, riboflavin, pantothenate and
ascorbate synthesis pathways genes, while enterotype 2 was enriched in
thiamine and folate synthesis genes. The impact of these functional differences
on human health is still unclear, but it is hypothesised that availability of limiting
vitamins can shape a microbial community and vitamin supplements could be
used to alter the gut microbiome and thus improve human health.
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1.2 Microalgae
1.2.1 Microalgae and their global implications
Microalgae in the marine environment are thought to be responsible for up to 50%
of the global carbon fixation through photosynthetic processes and are thus of
high importance as primary producers underpinning more complex lifeforms
(Falkowski, 1994). ‘Microalgae’ is a broad term for unicellular photosynthetic
organisms. The species in this group are not strictly related from an evolutionary
point of view as the term covers diverse groups, such as diatoms, dinoflagellates,
the green algae (Chlorophytes and Charophytes) and more. The phylogenetic
difference between species of algae can be vast, with the main common
denominator between members being that they are eukaryotes and contain
plastids, which originate from an endosymbiotic event involving cyanobacteria
(Cooper & Smith, 2015) (Figure 1.1).

Figure 1.1 – Overview of algal phylogeny from ancient ancestral organisms to current species. Figure from Cooper &
Smith, (2015)
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While algae through their role as primary producers support all secondary life
forms, they can also cause major environmental havoc. Among the eukaryotic
algae, species of diatoms and dinoflagellates are known to produce harmful algal
blooms (HAB) in oceans, such as the annual red tide blooms along the west coast
of the US. There the toxins domoic acid from the Pseudo-nitzschia (diatom)
genus and saxitoxin from genus Alexandrium (dinoflagellate) cause paralytic
shellfish poisoning (Horner et al, 1997). Most studies of algae blooms and the
attempts to understand why they form, have been focused on availability of iron,
phosphorus and nitrogen and how a sudden influx of these inorganic nutrients
might lead to an algae bloom. However, a more recent study has shown that a
large part of these harmful algae are dependent on Vitamin B1 and B12 and that
availability of these vitamins might impact blooming (Tang et al, 2010).

1.2.2 Algae-bacterial interactions
The oceans are generally dilute both in terms of nutrients such as iron, nitrogen
and phosphorus and while algae can fix CO2 and cover their energy need through
photosynthesis, many rely on other microorganisms for micronutrients. The
oceans are estimated to contain ~106 bacterial/mL (Whitman et al, 1998) and
~103 eukaryotic algae/mL (Andersen, 1992), and surrounding the algae is a thin
layer of fluid called the phycosphere

(Bell & Mitchell, 1972). In this

microenvironment algae secrete dissolved organic matter (DOM) such as simple
sugars, amino acids, organic acids, complex polysaccharides, and lipids (Sharp,
1977; Hedges et al, 2001; Amin et al, 2015). In the phycosphere the amount of
DOM decreases exponentially as the distance from the algae increases
(Seymour et al, 2010), which leads to bacteria accumulating in close proximity to
the algae due to the chemotaxis by bacteria (Stocker & Seymour, 2012). While
the bacteria in the phycosphere are dependent on the DOM provided by the
algae, they affect the algae and phycosphere by providing micronutrients and
making sparse nutrients more bioavailable.
As the iron concentration in oceans is low, it can often be a growth limiting nutrient
for algae (Bertrand et al, 2007, 2015). Amin et al, (2009) found that members of
the Marinobacter genus, which are known to form communities with
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dinoflagellates such as Scrippsiella trochoidea, produce an iron binding
siderophore called vibrioferrin, which has an average affinity for iron, but a high
photolysis rate. The presence of this siderophore results in 20x increase in iron
uptake by the algae and a 70% increased uptake by the bacteria. It is therefore
a greater advantage for the algae than the bacteria, despite it being produced by
the bacteria. This difference is thought to be due to the absorbance of light by the
algae and the high photolysis rate. It was also found that S. trochoidea provide
DOM to the Marinobacter, but the exact metabolite was not identified.
Surprisingly, vibrioferrin was also shown to facilitate uptake of boron, which is
essential in some phytoplankton and has been hypothesised to have multiple
roles in interspecies communication (Lewin & Chen, 1976; Amin et al, 2007).
Using a model system of the diatom Thalassiosira pseudonana and the alphaproteobacteria Roseobacter pomeroyi, a study of the metabolites exchanged
between these two representative species was undertaken by Durham et al,
(2014). The authors carried out a transcriptome analysis using RNA-seq of cocultures of the two organisms, and axenic cultures, which enabled identification
of differentially expressed transcripts between the two experimental conditions.
A transcript encoding a protein involved in transport and metabolism of 2,3dihydroxypropane-1-sulfonate in R. pomeroyi was found to be upregulated 374fold in co-cultures, which suggest that this metabolite is used by the algae to
attract beneficial bacteria. It was demonstrated that the B12-requirement of T.
pseudonana can be met by R. pomeroyi, which has been shown to carry the
genes required for B12 synthesis (Sañudo-Wilhelmy et al, 2014).
A similar study of the diatom Pseudo-nitzschia multiseries and the alphaproteobacteria Sulfitobacter SA11 was performed with the aim of identifying
metabolites exchanged by the two species (Amin et al, 2015). The authors
demonstrated that the bacteria enhance growth of the diatom and using a
transcriptomics approach, they identified an upregulation in the indole-3-acetic
acid (IAA) synthesis pathway. IAA is a known plant hormone of the class called
auxins and stimulates growth. The effect of auxin on algae in general is still poorly
understood, but it was demonstrated to increase growth of P. multiseries and to
be involved in cell division regulation (Lau et al, 2009; Amin et al, 2015). It was
also shown that the auxin is unlikely to be responsible for the entire enhanced
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growth as an axenic culture of P. multiseries supplemented with IAA has a lower
growth rate compared to P. multiseries in co-culture with Sulfitobacter SA11.
When studying the algae side of the interaction, it was discovered that the algae
supply the bacterium with DOM in the form of the sulphur containing
dimethylsulfoniopropionate as well as tryptophan. Tryptophan is particularly
interesting as it is a precursor for IAA, and thus demonstrates that the interaction
between the two organisms is of a complex nature.
Nitrogen is an essential macronutrient for algae and as they are unable to fix N2,
they rely on other microorganisms for this resource. A study of the marine
cyanobacteria species Richelia intracellularis and Calothrix rhizosoleniae
demonstrates that these organisms can form communities with various diatoms
(Foster et al, 2011). Using a type of mass spectrometry called nanoSIMS, the N2
fixation rates of the cyanobacteria were estimated in both co-cultures and in
axenic cultures and found to be 171–420x higher when the cyanobacteria were
co-cultured with algae. The experiment also showed that the 97% of the fixed
nitrogen ultimately ended up in the algae.
In the examples above, the interaction between the algae and bacteria is
beneficial or at least neutral for both parties. The widespread marine algae,
Emiliana huxleyi can form communities with the alpha-proteobacterium
Phaeobacter gallaciensis (Seyedsayamdost et al, 2011a, 2011b) and at the onset
of the interaction, E. huxleyi provides an organosulfur that the bacteria can use
as an energy source, while P. gallaciensis supports the algae by providing a
growth enhancing auxin and secreting antibiotics. As the co-cultures mature the
algae begins releasing p-coumaric acid, which stems from the lignification of the
algae cell wall (Martone et al, 2009). This prompts the bacteria to begin
synthesising and secreting a class of algecides dubbed roseobacticides, which
leads to algae death, and then the interaction switches from mutualistic to
parasitic.
The examples above demonstrate that algae and bacteria can form mutualistic
relations in nature, but it is also possible to construct synthetic communities of
algae and bacteria. Using the freshwater green alga Lobomonas rostrata, which
is related to the model alga Chlamydomonas reindhardtii, and the soil alphaproteobacterium Mesorhizobium loti, it is possible to construct a stable and
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mutualistic community (Kazamia et al, 2012b; Grant et al, 2014). L. rostrata can
cover its need for organic nutrients through photosynthesis, except for vitamin
B12 (cobalamin), which it requires from an exogenous source, while M. loti
produces B12, but requires fixed carbon as an energy source. When the two
organisms are co-cultured in a media with neither DOM nor B12, they both grow,
forming a community with ~30 bacteria per algal cell. Interestingly, this ratio of
algae to bacteria appears to be independent of the initial concentration of the
inoculum (Kazamia et al, 2012b), and indicates that each is regulating the growth
of the other species (Grant et al, 2014).
The paragraphs above have provided examples of both natural and synthetic
communities of algae and bacteria with the majority of these communities being
mutualistic. In Figure 1.2 below, the metabolites exchanged between the two
types of organism have been summarised, however it should be noted that all of
these groups of metabolites might not be found to be exchanged in a specific
algae-bacterial community. In the studies discussed, it is mentioned that these
interactions are complex and that it is unlikely that all the mechanisms and
metabolites involved in the action have been uncovered. As shown, the
interaction between algae and bacteria in the phycosphere is complex and it has
been proposed that a specific interaction might have started with exchange of a
single compound and then evolved to include more metabolites (van Tol et al,
2016).
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Figure 1.2 – Examples of metabolites exchanged between algae and bacteria found in previous studies. Not all of the
examples are found to be exchanged between all algae and bacteria pairs.

1.2.2.1 A theory on the evolution of communities
A recent theory of how communities develop and evolve is “The Black Queen
Hypothesis” (BQH), which is based on a study of the widespread marine
cyanobacterial genus Prochlorococcus (Morris et al, 2012). Prochlorococcus has
one of the smallest genomes among cyanobacteria with only ~1700 genes
(Rocap et al, 2003) compared with the closely related Synechococcus WH8102,
which has ~50% more genes (Palenik et al, 2003). This apparent loss of genes
in Prochlorococcus includes the loss of an arsenal of anti-oxidative stress genes
particularly katG, which encodes catalase-peroxidase that protects against H2O2
damage (Morris et al, 2008; Scanlan et al, 2009). As katG requires iron to
function, Prochlorococcus MED4 has a lower metabolic requirement for iron,
which is a growth advantage as iron is often growth limiting in oceans (Bertrand
et al, 2007). Further studies showed that when the Prochlorococcus species is
co-cultured with the heterotrophic Alteromonas EZ55, which does have the katG
gene, Prochlorococcus is able to grow in seawater, because H2O2 is reduced to
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non-toxic levels (Morris et al, 2011). The above observations led to the
formulation of the BQH, which described the evolution of communities using a
game theory approach (Morris et al, 2012). The BQH proposes that the small
genomes observed are results of adaptive genome reduction that occurs when a
common pool of a particular ‘good’ (such as a nutrient or detoxification in the case
of Prochlorococcus/Alteromonas) is available. The benefitting organisms stop
contributing to this pool, but instead rely on ‘helper’ organisms for this ‘good’. The
‘beneficiary’ gains an advantage, since it doesn’t need to spend energy on
making common ‘good’, but at the same time it is now dependent on ‘helpers’ for
this particular ‘good’. This puts evolutionary pressure on the ‘beneficiary’ to
maintain association with members of the ‘helper’ group. The theory explains how
dependencies between organisms can occur as a result of interactions and as a
way of dividing labour. A complementary theory to the BQH dubbed ‘forager to
farmer’ has been proposed based on observations of algae and bacteria and
evolution of mutualism (Kazamia et al, 2016). C. reinhardtii is a B12-independent
alga but will ‘forage’ and utilise this metabolite when it is available. However,
when supplied with an abundance of B12 over a longer period, an evolved strain
of C. reinhardtii arose that was B12dependent (Helliwell et al, 2014a). If this
occurred throughout the algal kingdom more generally, it would explain the
widespread distribution of B12 auxotrophy, which is found in approximately half
of all algal species (Croft et al, 2005). After becoming B12-dependent, the algae
would need an exogenous source of B12 and might start ‘farming’ bacteria by
providing DOM in its phycosphere.

1.3 Vitamin B12
1.3.1 Vitamin B12 as an enzymatic co-factor
B12 is one of the largest and most complex molecules found in nature. It is made
up of a corrin ring with a cobalt ion at the centre, an upper axial ligand and a
nucleotide loop that supports the lower axial ligand. Interest in this micronutrient
was prompted by Minot & Murphy (1926), who discovered that liver extract could
be used to treat pernicious anaemia. The molecule itself was isolated in 1948
(Rickes et al, 1948; Smith, 1948) and using x-ray crystallography Hodgkin et al,
(1955) managed to identify the structure of this complex B12 (Figure 1.3)
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Figure 1.3 - Structure of cobalamin. B12 is a corrin ring with a cobalt ion at the centre and nucleotide loop. The lower
axial ligand DMB is shown in marked box. The figure is adapted from Taga & Walker, 2008

B12 acts as a co-factor for three classes of enzymes, isomerases,
methyltransferases and reductive dehalogenases (Banerjee & Ragsdale, 2003).
In mammals, two particular B12-utilising enzymes are essential for maintaining a
proper health: methylmalonyl-CoA mutase and methionine synthase (Marsh,
1999; Banerjee & Ragsdale, 2003). Methylmalonyl-CoA mutase, which is
encoded by the MUT gene, is an isomerase that facilitates conversion of
methylmanonyl-CoA to succinyl-CoA, which a central aspect of odd-chain fatty
acid metabolism. Methionine synthase is encoded by the METH gene and is
responsible for methylating homocysteine and converting it into methionine.
Homocysteine is toxic in high concentrations and when B12 is absent,
homocysteine is likely to accumulate, which can lead to pernicious anaemia
(Marsh, 1999). In lower amounts it is correlated with ischaemic heart disease. In
addition to these two enzymes, a B12-utilizing isomerase, ribonucleotide
reductase (type II) is found in bacteria. This enzyme catalyses conversion of
ribonucleotides to deoxy-ribonucleotides that are essential for DNA-replication
and repair (Gleason & Olszewski, 2002; Dawes et al, 2003; Warner et al, 2007).
As DNA-replication is an essential process for any living organisms attempting to
replicate, and RNR is the only group of enzymes capable of converting
ribonucleotides into deoxy-ribonucleotides, this enzyme is thought to essential for
all bacteria (Torrents, 2014), although it should be pointed out that there are B12independent forms of RNR (see below). The third class of B12-dependent
enzymes, the reductive dehalogenases, is found in anaerobic bacteria and
facilitates dehalogenation, which is the process of removing halogens such as
12

chlorine and substituting them for either a hydrogen or in cases of alkane/alkenes
for a new carbon-carbon bond (Mohn & Tiedje, 1992). As several halogens,
including those from pesticides, are environmentally damaging, dehalogenation
plays an important role in bioremediation (Mohn & Tiedje, 1992). Reductive
halogenases are membrane bound enzymes that are highly oxygen-sensitive,
which have made detailed studies challenging (Payne et al, 2014). By using a
non-oxygen-sensitive reductive halogenase from the bacteria Nitratireductor
pacificus, it was shown that the cobalt from cobalamin is directly involved in the
dehalogenation process and that this process is thus unlikely to occur without a
cobalt ion present (Payne et al, 2014).
Both methionine synthase and ribonucleotide reductase exist in a B12-dependent
form and in a B12-independent form (Figure 1.4). In bacteria, the methionine
synthase isoforms are encoded by the metE (B12-independent) and metH (B12dependent) genes. Mammals and higher eukaryotes only have the B12dependent form of this enzyme, while bacteria and algal species can have just
metE or metH, or both of them. Species that have both genes, such as the green
alga C. reinhardtii or the diatom Phaeodactylum tricornutum, have been shown
to utilise the B12-dependent isoform when B12 is available and the B12independent form when B12 is scarce (Warner et al, 2007; Helliwell et al, 2014b).
The conversion of ribonucleotides into the essential deoxy-ribonucleotides can
be carried out by 3 enzymes, RNR class I (consisting of subclasses Ia and Ib)
and class III, which are B12-independent, as well as RNR class II, which requires
B12. As with methionine synthases, any bacterial species can possess either one
or more of the three classes and having multiple classes enable the species to
adapt to changing environments and substrate availabilities. Classes I and III do
not need B12 as cofactor, but class I requires oxygen, while class III only
functions under anaerobic conditions. Class II can function under both aerobic
and anaerobic conditions and having this class therefore enables a bacterium to
survive in environments that switch between aerobic and anaerobic states
(Torrents, 2014). An example of a bacterium that utilises all three classes is the
biofilm forming opportunistic pathogen Pseudomonas aeruginosa, which can live
both in aerobic environments such as the soil, where it utilises RNR class I and
II, and in an anaerobic environment such as the lower layers of a biofilm in the
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lungs of humans, where a combination of class II and III are active (Sjöberg &
Torrents, 2011; Crespo et al, 2016). In addition, some species have been shown
to have genes coding for two different variants of class I RNR. E. coli is such a
species, which has been shown to utilise class Ia variant under most conditions,
but the class Ib enzyme when iron is limiting (Martin & Imlay, 2011). Together
these multiple versions of the ribonucleotide reductase allow bacteria to carry out
this function under a wide range of environmental conditions (Torrents, 2014).
Methionine synthatse

metH + B12
Homocysteine

Methionine

metE
Ribonucleotide reductase

rnr II + B12

Ribonucleotides

Deoxyribonucleotides

rnr I/III
Figure 1.4 – Overview of two enzymatic reactions that can be catalysed by either B12-dependent or B12independent enzymes. The B12-independent forms are shown in orange, while the B12-dependent forms are in blue.
Both processes are thought to be essential in all organisms.

While enzymes that utilise B12 as cofactor can be found in all mammals, in some
eubacteria (Warren et al, 2002), algae (Croft et al, 2005) and archaea (Thomas
& Escalante-Semerena, 2000; Torrents et al, 2002), but in land plants (Smith et
al, 2007) and fungi (Suliman et al, 2005), there are no B12-dependent enzymes.
Plants and fungi use the B12-independent methionine synthase (MetE) to cover
their methionine need, and RNR I to catalyse deoxy-ribonucleotide synthesis.
Moreover, B12 cannot be detected in these organisms, which suggests that they
do not produce it either.
1.3.2 Vitamin B12 dependence in algae
In the studies described in section 1.2.2, B12 was demonstrated as a nutrient
being supplied by bacteria to algae in natural environments. It has been
demonstrated that approximately half of eukaryotic algae are dependent on
exogenous B12 (Croft et al, 2005) and presently no eukaryotic algae have been
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demonstrated to synthesise B12 de novo. As the species of algae that are B12dependent are not closely related, it is thought that B12-dependence in algae is
a trait that has risen multiple times throughout evolution. Using data from
sequenced algae, genes for three B12-dependent enzymes were identified,
methylmalonyl-CoA mutase, METH, and RNR II, although many species encoded
just one of these (Helliwell et al, 2011). By comparing the experimental data and
genomic data, B12 auxotrophy in algae appeared to be related to the loss of the
B12-independent methionine synthase gene, METE. In the algal species without
the METE gene, this essential function is carried out by the B12-dependent
enzyme encoded by the METH gene. it is not known what has caused this
dependence to evolve, but culturing of the B12-independent alga, C. reinhardtii
in excess B12 led to the evolution of a B12 auxotroph in fewer than 500x
generations (Helliwell et al, 2014a). Sequencing of the METE gene in this strain
revealed that a transposable element was inserted into the gene rendering it
functionless. It was also demonstrated that the B12 producing bacteria M. loti was
able to provide B12 and rescued growth of the algae. This points towards B12
auxotrophy evolving in algae when algae are in communities where B12 is readily
available.

1.4 Other B-vitamins
1.4.1 Vitamin B7 (Biotin)
Biotin was first discovered in 1901 and demonstrated to affect growth of yeast.
Biotin is involved in fatty acid synthesis, branched-chain amino acid catabolism,
and gluconeogenesis (Wood & Barden, 1977; Campbell & Cronan, 2001; Tong,
2005; Waldrop et al, 2012) and is an essential vitamin in all organisms (Lin et al,
2010). It is a cofactor for three classes of enzymes, carboxylases (e.g. pyruvate
carboxylase, which is part of the gluconeogenesis pathway), transcarboxylases
(e.g. Transcarboxylase that is central to propionic acid fermentation in bacteria)
and decarboxylases enzymes (e.g. methylmalonyl-CoA decarboxylase which is
part of succinate fermentation) (Murtif et al, 1985; Bott et al, 1997; SañudoWilhelmy et al, 2014). Biotin is made up of two heterocyclic rings and a valeric
acid side chain (Figure 1.5A) and is produced by both eukaryotes, prokaryotes
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and archaea. The synthesis pathway branches off the fatty acid synthetic
pathway (Lin et al, 2010) and takes different routes in different organisms to arrive
at the precursor pimeloyl-CoA (Entcheva et al, 2002; Wu et al, 2005). In bacteria
four enzymes, bioF, bioA, bioD and bioB, which are organised in an operon, are
responsible for converting pimeloyl-CoA into biotin (Figure 1.5B, Marquet et al,
2001). The plant Arabidopsis thaliana has genes analogous to bioF (BIO4 in A.
thaliana), and bioB (BIO2) with the function of bioA and bioD being carried out by
bi-functional protein called BIO3-BIO1 (Baldet et al, 1997; Pinon et al, 2005;
Muralla et al, 2008). In algae, the biotin synthesis pathway has not been studied
in detail, but homologous of bioF, BIO3-BIO1 and bioB can be found in algae
such as C. reinhardtii and Thalassiosira pseudonana (Croft et al, 2006).
While all organisms require biotin, not all are capable of synthesis. Biotin
auxotrophy is found in all mammals, which requires indigested biotin in order to
maintain proper health (Landenberger et al, 2004). In other eukaryotes such as
algae, a previous study found that 13 out of 306 (4.5%) surveyed species were
biotin-auxotrophs and this trait is thus considered rare (Croft et al, 2006). In a
study focused on algal species causing harmful algal blooms (HABs) it was found
that 10 out of 27 investigated species require a supplement of biotin in order to
grow (Tang et al, 2010). Based on these two studies it appears that there is an
overrepresentation of biotin auxotrophy among the algae causing HABs
compared to other algae. The reason for this has not been uncovered, but it
suggests that algae causing HABs are required to interact with a biotin-producing
algae or bacteria in the oceans.
In a study of marine bacteria Sañudo-Wilhelmy et al, (2014) surveyed 413
bacterial species using a comparative genomics and found that in ~80% of
bacteria have homologs to bioB, while no match could be found in the remaining
~20% suggesting that these bacteria are biotin-auxotrophs. It should be noted
here however that only bioB was searched for, not any of the other three enzymes
in the synthesis pathway. By including the other enzymes from the biotin
synthesis pathway, it will likely reveal that the true fraction of biotin-auxotrophs is
even larger. While the above study is based only on sequence information, there
are also experimental data demonstrating biotin auxotrophy among oceanic
bacteria. The two marine alpha-proteobacteria Roseobacter denitrificans and
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Roseobacter litoralis have been demonstrated to require exogenous biotin for
growth (Shiba, 1991). The biotin auxotrophy is potentially caused by the absence
of bioD and bioB homologs in the two roseobacter species.
In a study of the HGM, 259 bacterial species were studied with a comparative
genomics approach using annotated genomes from PubSeed (Overbeek et al,
2005), and each species was classified as either having the biotin synthesis
pathway or not (Magnúsdóttir et al, 2015). It was found that ~40% of the studied
bacteria were predicted to be capable of biotin synthesis, which suggests that the
remaining 60% of the bacteria are dependent on exogenous biotin. If the
predicted ratio of biotin-producers/auxotrophs is true, biotin availability could
have a strong impact on the composition of microbiome.

A)

B)
Pimeloyl-CoA
BioF/BIO4
7-Keto-8-aminopelargonic acid
BioA
BIO1/BIO3

7,8-diaminopelargonic acid
BioD
Dethbiotin
BioB/BIO2

Biotin

Biotin

Figure 1.5 –A) Structure of biotin (Hastings et al, 2013) B) Biotin synthesis pathway from the precursor Pimeloyl-CoA
to the final form of biotin. Genes from plants/algae are in green, while genes from bacteria in blue.

1.4.2 Vitamin B3 (niacin)
Niacin is an enzymatic co-factor for synthesis of nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP).
These two molecules are redox co-factors, thought to be essential in all life forms
and involved in more than 100 redox-reactions in important pathways such as
citric acid cycle, fatty acid synthesis and photosynthesis (Sistare & Haynes, 1985;
Nicholls, 2013). In humans, niacin-deficiency is known as pellagra and can cause
diarrhoea, dermatitis, and dementia, and be potentially fatal if left untreated
(Hegyi et al, 2004; Prakash et al, 2008). Pellagra was first described by Gasper
Casa in 1762, who noted that people in Andalusia who had a diet mainly
consisting of maize developed sores on their hands and feet. In 1914 it was
discovered that it was a result of nutrient deficiency. While maize does contain
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niacin, it is bound in a form that makes it unavailable to humans, unless it is boiled
in alkaline water such as limewater (Hegyi et al, 2004). In 1922 Goldberger &
Tanner (1922) found that amino acid supplementation could improve conditions
in Pellagra patients and finally in 1937 it was found that niacin was able to cure
the condition. Humans cover the majority of their niacin requirements through
uptake from their diet but can synthesise niacin from tryptophan degradation. This
process however is limited by available tryptophan as 60 mg of tryptophan
converts to only 1mg of niacin (Hegyi et al, 2004).
Niacin can be synthesised either from aspartate or tryptophan, and the
conversion from tryptophan can be done via two different routes (Figure 1.6). In
the ‘aspartate pathway’, aspartate is converted to iminoaspartate by the gene
product of nadB or nadX (Yang et al, 2003). While the two enzymes catalyse the
same conversion, they appear to be unrelated based on sequence similarity
(Yang et al, 2003). Quinolinate synthase is encoded by nadA and converts
iminoaspartate to quinolinate and from there the enzyme encoded by nadC is
responsible for the conversion of quinolinate to niacin. The tryptophan pathways
are based on tryptophan being degraded to either anthranilate or kynureine. In
the anthranilate branch, anthranilate is converted to 3-hydroxyanthranilate using
hpaB (Liu et al, 2010). In the kynureine branch, kynureine is converted to 3hydroxy-L-kynurenine by kynurenine 3-monooxygenase (KMO), which is then
converted to 3-hydroxyanthranilate by kynureninase (KYNU). At this point the two
tryptophan branches converge and the remaining reactions are identical in both
branches. 3-hydroxyanthranilate is converted to 2-amino-3-carboxymuconate
semialdehyde by HAAO (Malherbe et al, 1994) and in a non-enzymactic reaction
this molecule is converted to quinolinate (Belenky et al, 2007). The final step of
the tryptophan pathway is the conversion of quinolinate to niacin catalysed by
nicotinate-nucleotide pyrophosphorylase (encoded by nadC) and identical to the
aspartate pathway (Hughes et al, 1993; Rongvaux et al, 2003; Kurnasov et al,
2003). Mammals synthesise niacin from tryptophan (Rongvaux et al, 2003),
plants use aspartate as a precursor (Noctor et al, 2006) and bacteria have been
found to use both (Kurnasov et al, 2003). Niacin synthesis in algae has not been
extensively studied, but algal species such as Chlorella vulgaris and Chlorella
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pyrenoidosa have been demonstrated to produce this vitamin (Pratt & Johnson,
1964).
As niacin is used by all organisms and produced by most microorganisms, niacinauxotrophy among microorganisms has received less interest compared with B12
or biotin auxotrophy studies. In bacteria, there are a number of unrelated
examples of niacin-auxotrophy resulting from the absence of one or more niacin
synthesis genes. One example of this is the opportunistic pathogen
Staphylococcus aureus from the firmicute phylum, which can cause skin
infections. In this bacterium the auxotrophy is caused by the absence of the nadC
gene (Knight, 1937; Bosi et al, 2016). It is not clear how niacin-auxotrophy affects
the life cycle of the bacterium, but since niacin can be a growth limiting factor, it
presents a potential therapeutic target. Another pathogen that is a known niacindependent organism is Shigellae dysenteriae, which is a gamma-proteobacteria
from the same family as E. coli (Ahmed et al, 1988). S. dysenteriae causes
infections in the gut, known as dysentery, by secreting shiga toxin, which inhibits
protein synthesis (Sandvig & van Deurs, 2000). The niacin source for S.
dysenteriae has not been demonstrated directly, but as more than ~60% of
bacteria in the human gut are predicted to synthesise niacin (Magnúsdóttir et al,
2015), the niacin-dependent bacteria might form some form of community with
niacin-producing bacteria. The human pathogen Streptococcus pyogenes, which
causes skin infections and is responsible for >500.000 deaths annually (CohenPoradosu & Kasper, 2007) has also been found to require exogenous niacin
(Sorci et al, 2013). On the skin S. pyogenes is a part of community consisting of
a large variety of bacteria (Grice & Segre, 2011), which is a potential source for
the essential niacin, and niacin availability might play an important role during
infections. In the alpha-proteobacteria R. denitrificans and R. litoralis, found in
the

marine

environment,

niacin

auxotrophy

has

been

demonstrated

experimentally (Shiba, 1991) and is potentially caused by the absence of nadA
from the aspartate pathway or absence of multiple enzymes from the tryptophan
pathways.
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Aspartate Pathway

Tryptophan pathway I

Tryptophan pathway II

Tryptophan degredation

Aspartate
nadB/
nadX

Anthranilate
hpaB

Iminoaspartate

Kynureine
KMO

3-hydroxy-anthranilate

3-Hydroxy-L-kynuerine
KYNU

HAAO
nadA

2-amino-3-carboxylmuconate
semialdehyde
Nonenymatic
Quinolinate

nadC
Niacin

Figure 1.6 – Niacin synthesis pathway. Niacin can be synthesised from either aspartate or tryptophan through a
series of enzymatic steps. There are two variants of the tryptophan pathway. The enzyme names are mentioned as
well as the intermediates in the synthesis pathway.
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1.5 Aim and structure of this thesis
My overarching aim for this thesis was to study how algae and bacteria interact,
and to improve the understanding of which metabolites and mechanisms that are
central to this interaction. My research is largely based on the model system of
bacterium M. loti and alga L. rostrata, where vitamin B12 is provided by the
bacterium, and the alga partner provides the community with fixed carbon
(Kazamia et al, 2012b; Grant et al, 2014). The thesis is structured into three
distinct research chapters each with their own introduction, results and discussion
and finished with a discussion chapter placing the findings in a broader context.
In chapter 2, I investigated how metabolic modelling could be applied to study the
metabolism of M. loti. The aim of this study was to simulate growing M. loti using
various substrates as energy source to identify substrates that could be provided
by L. rostrata to M. loti in co-cultures of the two organisms.
In chapter 3, I present my findings from a broad study of B12 synthesis, usage
and dependence in bacteria. This chapter was motivated by the lack of
knowledge about which bacteria are capable of B12 synthesis. Using
comparative genomics techniques, the presence of more than 50 genes in more
than 8000 bacterial species was analysed to provide an overview of B12
synthesis and utilisation in bacteria.
The study presented in chapter 4 was motivated by a wish to identify genes that
play a key role in the mutualistic community of M. loti and L. rostrata. I set out to
identify genes that were differentially expressed in the two organisms when
comparing an axenic state to a co-culture of the two organisms using
transcriptomics.
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1.6 Publications
In addition to the research presented in this thesis, I co-authored two published
studies, one that has been accepted for publication, as detailed below, and
included as Appendices.
In a paper on cobalamin and pseudo-cobalamin in cyanobacteria and eukaryotic
algae some of the results from chapter 3 were included in the published study
(Appendix 7.2). We found that the studied cyanobacteria have a preference for
pseudo-cobalamin, while eukaryotic algae prefer cobalamin. In a bioinformatics
study of more than 100 cyanobacteria, we showed that cyanobacteria are unlikely
to have the capacity to produce cobalamin, but the majority of them can produce
pseudo-cobalamin. Cyanobacteria are therefore unlikely to be the source of
cobalamin for eukaryotic algae in the oceans.
Helliwell KE, Lawrence AD, Holzer A, Kudahl UJ, Sasso S, Kräutler B, Scanlan DJ, Warren MJ
& Smith AG (2016) Cyanobacteria and Eukaryotic Algae Use Different Chemical Variants
of Vitamin B12. Curr. Biol. 26: 999–1008

The red alga Porphyra umbilicalis is part of an ancient group of algae and serves
as a food source (laver). In the study I contributed to annotation of the 87.7 Mbp
genome, sequenced by an international consortium of over 20 different research
groups. Among the findings were that this algal genome contained both METE
and METH suggesting that this organism can take up B12 from the environment
when available but survive when it is not (Appendix 7.3).
Brawley SH, Blouin NA, Ficko-Blean E, Wheeler GL, Lohr M, Goodson H V, Jenkins JW, BlabyHaas CE, Helliwell KE, Chan CX, Marriage TN, Bhattacharya D, Klein AS, Badis Y, Brodie
J, Cao Y, Collén J, Dittami SM, Gachon CMM, Green BR, Karpowicz SJ, Kim Jay W,
Kudahl UJ, Lin S, Michel G, Mittag M, Olson BJSC, Pangilinan JL, Peng Y, Qiu H, Shu S,
Singer JT, Smith AG, Sprecher BN, Wagner V, Wang W, Wang Z, Yan , Yarish C, ZäunerRiek S, Zhuang Y, Zou Y, Lindquist EA, Grimwood J, Barry KW, Rokhsar DS, Schmutz J,
Stiller JW, Grossman AR, Prochnik SE (2017) Insights into the red algae and eukaryotic
evolution from the genome of Porphyra umbilicalis (Bangiophyceae, Rhodophyta). Proc.
Natl. Acad. Sci. U. S. A. 114: E6361–E6370
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The model system for algae bacterial interactions that was studied in chapter 4
was also the focal point of another study. Using quantitative proteomics, monocultures of L. rostrata supplemented with B12 and co-cultures of L. rostrata with
M. loti were examined. From the study, 588 algal proteins were identified and
quantified with 153 having different abundances when comparing the two
cultures. We found that enzymes related to amino acid synthesis were expressed
at higher levels in co-cultures while enzymes related to photosynthesis were
expressed at lower levels. These observations were verified through
physiological studies (Appendix 7.4).
Helliwell KE, Pandhal J, Cooper MB, Longworth J, Kudahl UJ, Russo DA, Tomsett EV, Bunbury
F, Salmon DL, Smirnoff N, Wright PC & Smith AG (2017) Quantitative proteomics of a
B12-dependent alga grown in co-culture with bacteria reveals metabolic trade-offs
required for mutualism, accepted for publication in New Phytologist.
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2 Genome Scale
Metabolic Model of
M. loti
2.1 Introduction
To study the microbial members of a productive and/or stable community,
genomics approaches are being used, both to identify organisms and to
characterise the specific interactions between the organisms. Metagenomics,
that is sequencing the combined genomes of organisms in a mixed population
(Handelsman et al, 1998), has become increasingly cheap and accessible as
sequencing methods have developed in the past 15 years and has been used for
identification of species (Sharon & Banfield, 2013). In one of the most cited
metagenomics studies from the past decade, Qin et al, (2010) used
metagenomics to identify and map the bacterial landscape of the human gut in
124 people. From the sequencing data they identified a set of bacterial species
and genes that are thought to present in all humans, dubbed the minimal gut
bacterial genome.
However, as the examples in section 1.2.2 illustrate, identifying the specific
mechanisms and metabolic exchanges that underlie the interactions is still
challenging and not fully uncovered for many consortia. Symbiotic interactions
between microbial species can be underpinned by exchange of metabolites and
using Genome Scale Metabolic (GSM) models has therefore been proposed as
a way forward for illuminating these exchanges (Oberhardt et al, 2009; Zomorrodi
& Maranas, 2012).
Metabolic capability is a central aspect when studying any microorganism.
Through the emergence of next generation sequencing and exponentially
decreasing cost the opportunity to create GSM models has become possible for
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many organisms (Stein, 2010). GSM models are based on annotation of genes
and characterisation of the enzymatic capabilities of the proteins encoded by the
organism’s genes. They were first developed to study phenotypes of
Haemophilus influenzae (Edwards & Palsson, 1999) and have since been used
to study a variety of organisms as more have been genome-sequenced.
Currently, over 160 GSM models for more than 100 species are available through
online resources (Feist et al, 2009, Data updated in July/2017).
Table 2.1 - Examples of published GSM models. For each organism is summarized the number of genes accounted for by the
model, the number metabolic reactions and the number of metabolites involved in those reactions.
Organism
Publication
Genes
Metabolic
Metabolites
Reactions
Haemophilus influenza
(Edwards & Palsson, 1999)
296
488
343
Escherichia coli

(Edwards & Palsson, 2000)

660

627

438

Saccharomyces cerevisiae

(Förster et al, 2003)

708

1175

584

Homo sapiens

(Duarte et al, 2007)

1,496

3311

2233

Arabidopsis thaliana

(Poolman et al, 2009)

N/A

1406

1253

Chlamydomonas reinhardtii

(Chang et al, 2011)

1080

2190

1068

A GSM model for the plant Arabidopsis thaliana was first developed by Poolman
et al (2009) and the model demonstrated that the principles and assumptions
developed for bacteria models could be adopted and used to model eukaryotes.
The A. thaliana model was later expanded by de Oliveira Dal’Molin et al (2010)
to include compartment specific reactions and consider light uptake by the plant.
In the study, it was demonstrated it is possible to simulate difference in redox
reactions between a photosynthesis and non-photosynthetic state. Two GSM
models for the green alga C. reinhardtii were published in 2011. Chang et al
(2011) first published a model with a focus on lipid metabolism and modelling
light uptake in the alga and used the model to develop a light source optimal for
stimulating growth of the cell. A second model was published by Dal’Molin et al
(2011) covering 866 genes and including 1862 metabolites and 1725 reactions
based on the their A. thaliana model. This GSM model was focused on
compartmentalization of reactions into the cytoplasm, mitochondrion, plastid and
microbody.
GSM models have been applied for purposes such as guidance for metabolic
engineering, and for studying interspecies interactions. Optimising productivity in
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biological production systems is of key importance to the biotechnology industry.
As random mutagenesis had not provided significant improvements for lycopene
(a pigment) production, Alper et al (2005a) analysed the metabolic capabilities of
E. coli using a GSM model and identified a set of gene knockout candidates that
could increase the production in E. coli. The knockout strategy from the GSM
model study was implemented by Alper et al (2005b), knocking out the genes
gdhA, aceE and fdhF, and the resulting strain showed a 8.5-fold increase in
lycopene production compared to the wild type. Another example of model guided
metabolic engineering is the work by Izallalen et al (2008) to identify gene
knockouts in Geobacter sulfurreducens that result in increased respiration for use
in bioremediation.
There are multiple examples of GSM models being applied to study interspecies
interactions. One of the first uses of GSM models to study mutualism was by
Stolyar et al (2007) who investigated the interaction between Desulfovibrio
vulgaris and Methanococcus maripaludis. In the symbiosis, D. vulgaris takes up
lactate from the environment and secretes self-inhibiting bi-products that can be
utilized as an energy source by M. maripaludis. The study focused on the
interspecies electron transfer and showed that hydrogen was the main electron
carrier between the organisms. The community model was created using
individually developed models for each organism and the models were then
combined as compartments inside a shared environment. (Zhang et al, 2011). An
extension of this concept can help in optimising generation of a desired product.
Ethanol production from sugars released from lignocellulose feedstocks is limited
by sequential uptake of substrate in pure cultures of fermenting organisms, e.g.
pentoses are taken up before hexoses. Hanly & Henson, (2011) therefore
proposed to use a microbial community so that substrates could be used
simultaneously. The authors used GSM models of E. coli and S. cerevisiae
combined with kinetic data to investigate ethanol production from a combination
of xylose and glucose. They applied the models to optimize inoculation ratio (E.
coli to S. cerevisiae) and substrate ratio (glucose to xylose) and predicted a 2fold increase in ethanol production compared with a pure culture of optimized S.
cerevisiae grown on glucose. In a later study, they sought to validate the
predictions experimentally and found improved ethanol yield of ~30% (Hanly et
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al, 2012). Klitgord & Segrè, (2010) proposed a framework called Search for
Exchange Metabolites that attempts to identify environments that induce
interactions between organisms based on their GSM models. This approach was
applied by Freilich et al (2011) to predict symbiotic and competing pairs of
organisms among 118 bacterial species. In a study of 800 different microbial
communities, GSM models of the community partners was used to demonstrate
that co-occurrences of bacteria is likely to be a result of metabolic dependencies
(Zelezniak et al, 2015).
2.1.1 GSM models and Flux Balance Analysis
GSM models are based on the genome of the target organism. Using annotations
from the genome, enzymatic reactions are identified and the chemical reactions
they catalyse are collected. The stoichiometric information related to each
reaction is converted into a formal representation as one matrix with the
dimensions ! × $, with m being the number of metabolites and n being the
number of reactions. Each column in the table describes a specific reaction by
the metabolites involved and their stoichiometry. Each row represents a specific
metabolite and the reactions it is involved with. The stoichiometry of metabolite i
in reaction j will be nij and with nij < 0 for substrates and nij > 0 for products.
This matrix is referred to as a stoichiometric matrix (S) and the details on
constructing the S for an organism is elaborated in section 2.2.2. The changes in
concentrations for metabolite C can be described using the S matrix as
%&
= ) × *(')
%'

(1)

*(') = [*. … *0 ]

(2)

where C is any metabolite, and v(t) is a flux vector at a specific time point. Figure
2.1 shows an example of a simple metabolic model and the related S matrix.
Metabolism operates on a relatively fast time scale compared to other cellular
events such as translation, regulation or cell division. This is used to justify the
central assumption that the cell is in pseudo steady state, where metabolite
concentrations are constant and that all reactions occur at the same speed. This
is formally written as
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) ∙ *(') = 0

(3)

By making a steady state assumption it is possible to do a systems level analysis
of metabolism without kinetic information for each reaction. While this is a
simplification, it allows metabolic models to be expanded to a genome-scale level
and changes the nature of the equations from a differential equation system to a
linear equation system. The downside of the assumption is that metabolite
concentrations are no longer variable, and the system is not directly able to
simulate a dynamic situation.
A
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Figure 2.1 – Example of a metabolic model with three metabolites and seven reactions.
The model has three metabolites (A, B and C), four internal reaction fluxes (V1 to V4) and three transporter fluxes (B1 to B3).
B) The set of differential equations defining change in metabolite concentration for metabolite A, B and C.
C) Equation (1) for the metabolic model shown in A. The E × F matrix is S and the vector is the flux vector.

Once created, GSM models can be analysed using Flux Balance Analysis (FBA).
This applies linear programming to identify flux distributions across the model.
For most GSM models, there are more reactions than metabolites. This causes
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the system of equations to be undetermined (more variables than equations) and
an infinite number of solutions to exist. It is therefore necessary to define a set of
constraints on the model and provide an objective for the FBA. An example of a
constraint is a fixed influx of glucose through a transporter reaction. This will limit
the number of solutions to the model but can still generate multiple solutions. The
model can therefore be provided with an objective, such as maximal export of a
metabolite (e.g. B12), maximal biomass production or minimal ATP production.
When given constraints and objectives, the FBA framework will determine the
optimal solution satisfying the conditions, with ‘optimal’ being defined by the
objective function (example in Figure 2.2).
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Figure 2.2 – Example of flux distributions with constraints.
The solutions were constrained by an influx of metabolite A of 1 unit, and the objective is maximal export of
metabolite B. While both solutions are within the constraints, solution 1 gives a higher export of B and will therefore
be identified as the best solution.

2.1.2 Algae-bacteria model system
The aim of this study was to improve the understanding of mutualistic algae and
bacteria relationships through studying the metabolism of the soil bacterium M.
loti. M. loti is a member of a model system developed to study mutualistic
alga/bacterium interactions. The other member of the system is the green alga L.
rostrata (Kazamia et al, 2012b; Grant et al, 2014). The system is described in
more detail in Chapter 1.
Kazamia et al (2012b) investigated the B12-dependence of L. rostrata by coculturing the alga with M. loti and S. meliloti, both of which can synthesise B12.
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The study showed that when L. rostrata and M. loti were co-cultured in media
without B12 and a fixed carbon source, both organisms grew, whereas this was
not the case with S. meliloti unless a carbon source was provided. Table 2.2
provides a summary of the environments that support and do not support the
growth of L. rostrata and M. loti.
Table 2.2 - Conditions that support symbiotic behaviour for M. loti and L. rostrata
In the left table is shown the conditions that support growth of L. rostrata and on the right is the conditions that
support M. loti (Kazamia et al, 2012b; Grant et al, 2014)
Condition
Axenic (minus B12)
Axenic (+ B12)
With M. loti
With S. meliloti

L. rostrata
+
+
-

Condition
Axenic (minus c-source)
With glycerol
With L. rostrata
With C. reinhardtii

M. loti
+
+
-

Kazamia et al (2012b) found that the interaction between M. loti and L. rostrata
has a stable equilibrium. In Figure 2.3A it is shown that with initial inoculation
ratios varying from 10-6 to 105 bacteria to algae, the co-culture converges towards
a steady ratio of approximately 30 bacteria per alga. It should also be noted that
this equilibrium is stable over time, and under different growth conditions. The
B12 component of the symbiosis was further investigated by Grant et al (2014)
who found that B12 per M. loti cell increases 10-fold when the bacterium is cocultured with L. rostrata (Figure 2.3B).
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A

B

Figure 2.3 – Equilibrium and B12 production in the model system.
A) Ratio of algae to bacteria when co-cultured using various inoculation rations. The ratio converges towards 30 bacteria to 1
alga (Kazamia et al, 2012b)
B) B12 per M. loti in co-culture compared to axenic. The B12 per cell is approximately 10 fold higher in co-culture (Grant et al,
2014)

2.1.3 Aim of this study
The aim of this study was to increase the understanding of M. loti metabolism
and identifying metabolites or enzymatic reactions that allow it to form a stable
mutualistic interaction with L. rostrata. I wanted to develop a GSM model
representing the M. loti metabolism. Then, using a model of the S. meliloti
metabolism, I carried out a comparison of the two organisms on a metabolism
level to identify differences that could help to identify the metabolites exchanged
between S. meliloti and L. rostrata. Using the developed GSM model for M. loti, I
also wanted to investigate if the increased B12 production by the bacterium could
be traced back to L. rostrata providing a particular precursor related to B12.

2.2 Methods
2.2.1 Strains and genome sequences
Table 2.3 – Strains and genome sequences used for in this study
Species
Strain
M. loti
MAFF303099
S. meliloti
1021

Genome sequence
(Kaneko et al, 2000)
(Galibert et al, 2001)

2.2.2 Creation of a genome scale metabolic reconstruction
The process of creating a GSM model is described in a protocol by Thiele &
Palsson, (2010) and forms the basis of my approach. The methods used were
further developed through personal communication with Dr. Thomas Pfau,
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University of Luxembourg. The process is a combination of automated and
manual steps to take a genome and convert it into a set of metabolic reactions
that represent the metabolism of the target organism.

2.2.2.1 Software packages and databases
Below is a brief description of the software packages and versions of these used
for this project. The functionality of the software packages is described in detail
when they are used.
Pathway tools version 13 (Karp et al, 2010) was used to assemble the initial draft
genome. The manual curation steps were aided by the metabolism databases
BioCyc (Caspi et al, 2012) and KEGG (Kanehisa et al, 2014). To aid the manual
curation, several python scripts were written (Python Software Foundation,
2011). The details of these scripts are not described in this document as their
functions and structures are basic. FBA was performed using the software suite
ScrumPy version 731 by Poolman (2006). ScrumPy was selected as it was
developed with the specific purpose of doing FBA and has a suitable method for
integrating data from the BioCyc Database.

2.2.2.2 Assembly of draft model
The initial draft for the model of M. loti was created using an automated approach
based on the annotated genome of M. loti MAFF303099 (Kaneko et al, 2000).
The

genome

is

available

http://www.ncbi.nlm.nih.gov/genome/?term=txid266835.

The

at
automated

approach for draft model creation used PathoLogic from the Pathway Tools
package (Karp et al, 2010). The module takes the annotated genome of the target
organism as input. Terms such as names, Enzyme Commission (EC) numbers
and descriptions from the annotated genome are extracted and compared to the
MetaCyc Database (Caspi et al, 2012). An example of this process is shown in
Table 2.4. An inherent problem with this approach is that a missing or wrong
annotation in the genome will lead to a missing reaction and therefore gaps in
related pathway. To compensate for this, a workflow for filling these gaps was
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applied. Based on the reactions and pathways added in the first step, gaps in the
pathways were identified and using the sequence homology search tool BLAST,
reactions to fill these gaps were identified and added to the model. Counter
measures such as the taxonomy of the target organism and size of pathway were
used to minimize the number of false positives reactions included in the model.
Table 2.4 –Example of the automated annotation process for draft assembly. In the example, the M. loti gene mlr1387 has
been annotated as cobyrinic acid, a,c-diamide synthase. Based on this annotation, the EC 6.3.5.9 is identified. The EC
number is then correlated to MetaCyc ID R341-RXN. This reveals that mlr1387 is part of the B12 synthesis pathway and is
responsible for the reaction shown.
Category
Example
Gene Id
mlr1387
Gene annotation
cobyrinic acid a,c-diamide synthase
EC Number
6.3.5.9
MetaCyc ID
R341-RXN
Pathway
Adenosylcobalamin biosynthesis II (late cobalt incorporation)
Reaction
hydrogenobyrinate + 2 L-glutamine + 2 ATP + 2 H2O →
2 L-glutamate + hydrogenobyrinate a,c-diamide + 2 ADP + 2 phosphate + 2 H+

2.2.2.3 Reactions not suitable for GSM models
Using FBA to analyse the GSM model imposes certain restrictions on the
reactions allowed in the model. Reactions are in general restricted to monomers,
as all reactions must be specific. If polymers were allowed, new reactions would
have to be added for each variant of the oligomer, e.g. ADP-D-Glucose + 1-4alpha-D-Glucann à ADP + 1-4-alpha-D-Glucann+1 with n ranging from 1 to infinity.
To reduce the number of reactions, reactions related to polymers are taken out
of the draft model. A key feature of a GSM model is mass balance across the
model, and certainty that all elements are accounted for. This leads to the
restriction that all reactions need to be specific, and non-specific reactions are
therefore removed from the draft model. The non-specific reactions in a draft
model are a result of poor or weak annotation where general names are used as
annotation. Reactions related to macromolecules, polymers and non-specific
metabolites were identified during the stoichiometric balancing and were
removed as part of the curation process.
2.2.2.4 Stoichiometric balancing
The reactions present in the model were inspected one by one and their
stoichiometry was balanced on an elemental level manually. The chemical
composition for metabolites was extracted from BioCyc. For metabolites without
a chemical structure, symbolic structures were defined and used to balance
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reactions. In the example shown in Figure 2.4, one of the metabolites, “Quinones”
has no defined chemical structure. Instead R is used to represent the structure
on both sides of the equation.
Reaction: Malate dehydrogenase
Phenylacetyl-CoA + 2 Quinones + H2O → Phenylglyoxylyl-CoA + 2 Reduced-Quinones
Stoichiometric definitions
Phenylacetyl-CoA - C29H38N7O17P3S
Quinones - R1
Phenylacetyl-CoA - C29H36N7O18P3S
Reduced-Quinones – R1H2
Figure 2.4 – Stoichiometric balancing of a reaction. In the example a metabolite does not have a chemical formula. In
this case, the chemical formula of the Quinone is represented as R1 and R1H2 in the reduced form.

2.2.2.5 Thermodynamic feasibility
To identify and remove thermodynamically unfeasible cycles, a set of FBA
simulations was performed. A flux through the energy producing ATPase reaction
(ATP + H2O → ADP + Pi+ H+) was set at 1 mmol / gDW / h. At the same time,
the model was constrained to no external energy sources (e.g. glucose, sucrose,
maltose etc.). With these conditions, any solution identified would mean that the
model would be violating thermodynamics. Identified solutions provided a list of
reactions that caused the model to violate thermodynamics. The list of reactions
was inspected manually, and selected reactions were changed with respect to
reversibility. This procedure was repeated whenever changes to the model were
made, to ensure that no new unfeasible cycles were being introduced.
2.2.2.6 Biomass objective function
The biomass objective function (BOF) is an artificial reaction added to the model
to simulate growth. The BOF is similar to other reactions in the model in the sense
that it has substrates, products and a specific stoichiometry for each. The BOF
simulates growth by consuming substrates, such as amino acids, nucleotides,
ATP and co-factors to produce the product ‘biomass’ which is then exported from
the model. The BOF used for the current GSM model of M. loti is an adapted
version of the E. coli biomass composition described by Feist et al (2007). The
biomass function used here was modified by removing a set of metabolites that
are not relevant for the analysis performed in this work (Table 2.5).
The components in the biomass function served to guide the model development
process and were used to measure progress. One by one, the biomass
precursors required for growth were inspected and it was ensured that the model
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contained reactions that could produce the appropriate set of metabolites from
glycerol, NH4, SO4, P, O2 and CO2. If the model did not contain the necessary
reactions to produce a specific biomass precursor, the pathways related to that
compound were investigated manually using KEGG and MetaCyc (Caspi et al,
2012). The reactions required to complete all the pathways needed for biomass
production were manually added to model. As B12 is of particular interest to the
project, the B12 biosynthetic pathway was curated extensively and compared
with genetic data to evaluate inclusion in the model. B12 is not part of the biomass
function for E. coli and was therefore added to the M. loti biomass function. The
B12 required per cell was estimated using the dry weight per cell for E. coli as
shown in Table 2.6.
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Table 2.5 - The Biomass Objective Function used for the M. loti and S. meliloti models. The function is used to simulate consumption of metabolites as part of growth. The number next to each metabolite
shows the amount consumed per unit of biomass created, e.g. 0.5137 g of alanine is consumed per 1 g of biomass created.

Nucleotides
dTTP
dGTP
dATP
dCTP
GTP
CTP
UTP
ATP

[mmol /
gDW]
0.02617
0.02702
-0.2617
-0.2702
-0.2151
-0.1335
-0.1441
-59.984

Amino acids
glycine
L-tryptophan
L-cysteine
L-histidine
L-tyrosine
L-methionine
Lphenylalanine
L-serine
L-proline
L-asparagine
L-aspartate
L-threonine
L-glutamine
L-glutamate
L-isoleucine
L-arginine
L-lysine
L-valine
L-leucine
L-alanine

[mmol /
gDW]
-0.6126
-0.05684
-0.09158
-0.09474
-0.1379
-0.1537
-0.1759
-0.2158
-0.2211
-0.2411
-0.2411
-0.2537
-0.2632
-0.2632
-0.2905
-0.2958
-0.3432
-0.4232
-0.4505
-0.5137

Soluble and inorganic
metabolites
H2O
pyridoxal 5'-phosphate
di-trans,octa-cisundecaprenyl
diphosphate
10-formyl-tetrahydrofolate
tetrahydrofolate
5,10methylenetetrahydrofolate
S-adenosyl-L-methionine
coenzyme B12
riboflavin
coenzyme A
protoporphyrin IX
FAD
NADP+
NAD+

[mmol / gDW]

Products

-54.462
-0.000223

ADP
H+
diphosphate
Inorganic
phosphor
Biomass

-5.50E-05
-0.000223
-0.000223

[mmol /
gDW]
59.81
57.129029
0.7739
59.806
1

-0.000223
-0.000223
-1.00E-05
-0.000223
-0.004737
-0.000223
-0.000223
-0.000447
-0.001831
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Table 2.6 – Estimation of B12 content per unit of biomass in M. loti
Value
g B12 / M. loti cell
3 × 10%&'
E. coli cells / g Dw

3.57 × 10&+

mmol B12 / g B12

0.7374

mmol B12 / g DW

3 × 10%&' ×
3.57 × 10&+ × 0.7374

Reference
(Grant et al, 2014)
(Neidhardt & Curtiss, 1996)
= 7.9 × 10%/ mmol B12 / g DW

2.2.3 In silico experiments
Using FBA and the ScrumPy modelling environment, a set of in silico experiments
were carried out. The protocols used for these experiments are described below.
2.2.3.1 Vitamin B12 and ATP yield from various substrates
The methodology applied is based on work by Blank et al (2005). A list of all
metabolites in the model was created and reactions for uptake of each of the
metabolites were added. The import of metabolites was set to zero. This restriction
was lifted for one reaction at a time and free import was allowed. At the same time the
flux through the B12 exporter reaction was fixed to 1 mmol / gDw / h. The objective of
the model was set to minimize the total intracellular flux. The same protocol was used
to analyse ATP yields from substrates.
2.2.3.2 Growth supporting substrates
In this experiment both the M. loti model and a S. meliloti model developed by T Pfau
(2013) were used to perform a comparative study between the two organisms. A list
of metabolites present in both models was compiled and the metabolites ability to
support growth in both organisms was tested. Importer reactions for the substrates
were added to both models and the flux of all other import of organic metabolites was
set to zero. Consecutively, the metabolites from the list were allowed as input, while a
flux through the biomass function was set to one mmol / gDw / h. If a solution was
found, the metabolite was designated as growth supporting. NH4, SO4, P, O2 and CO2
were freely available in the simulations.

2.2.4 Experimental validation of growth supporting substrates
Growth of M. loti and S. meliloti on different carbon sources was evaluated using the
BIOLOG GN-2 kit (Garland & Mills, 1991). Single colonies were taken from TY plates
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and suspended in an inoculation fluid provided as part of the kit. Aliquots of 100 µL
were transferred from the inoculation fluid to each of the 96 wells in the BIOLOG
microtiter plate, which has a range of different carbon sources in each well. The plate
was incubated at 28 ºC for 7 days before growth was evaluated. Each well in the plate
contained a rich medium that supports the incubated organisms as well as a dye
bound to the carbon source that turns from transparent to purple if NADH is formed by
the organism, indicating respiratory activity. A substrate was designated as growth
supporting if any purple colour was observed in the assay. No quantitative evaluation
of growth was performed.

2.3 Results
The model systems of L. rostrata and M. loti exhibit mutualistic behaviour when grown
in co-culture (Kazamia et al, 2012b). It has been established that M. loti provides B12,
which is essential for L. rostrata growth and that L. rostrata provides an organic energy
source derived from photosynthate to M. loti. It has also been shown that M. loti
increases its B12 production approximately 10-fold when grown in co-culture with L.
rostrata compared to an axenic culture using glycerol as a carbon source (Grant et al,
2014), although this may simply be as a result of the algal cells acting as a sink. By
developing a GSM model of M. loti and applying the analytical method of FBA to the
model, I attempted to provide insights into the production of B12 under different
conditions with the aim of illuminating the mechanisms and exchanges underpinning
the symbiosis.
2.3.1 GSM model of M. loti
Based on the annotated genome of M. loti, PathwayTools/PathoLogic and the
metabolism database BioCyc, an initial draft model was automatically generated as
described in section 2.2.2.2. It contained 1908 reactions and 1804 metabolites. As the
draft model was created using an automated approach, it was expected to contain
several reactions not needed or suitable for the subsequent FBA. A set of manual
curation steps was therefore applied to the draft to create the functional GSM model
as described in section 2.2.2.3, 2.2.2.4 and 2.2.2.5.
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2.3.1.1 Removal of irrelevant reactions
GSM models and FBA require that the metabolites of each reaction are specific, hence
have defined substrates and products. General annotations of genes lead to the nonspecific reactions being included in the first interaction of the model. In Table 2.7 are
two examples of reactions that were removed as part of the curation process. A total
of 537 reactions were removed in this step.
Table 2.7 – Examples of reactions from the initial draft that were removed as part of the curation process because they did
not have defined substrates or products and therefore could not be used for the FBA. Reactions like these were identified
through systematic inspection of each reaction in the initial model
Gene
mll8195
Annotation
alcohol dehydrogenase
EC number 1.1.2.7
Reaction
a primary alcohol + NAD+ <=> an aldehyde + NADH + H+

Gene
Annotation
EC number
Reaction

mll5109
alpha-glucosidase
2.4.1.18
(1,4-α-D-glucosyl) + H2O <=> (1,4-α-D-glucosyl) + α-D-glucose

2.3.1.2 Stoichiometric balancing and thermodynamic inconsistency
Stoichiometric balancing on an elemental level is a basic requirement for any
metabolic model. Any violation of this will make subsequent predictions irrelevant. A
thorough investigation was performed using the chemical composition of each
metabolite. It was determined that there were no errors in the stoichiometry in any
reaction in the model.
Thermodynamically unfeasible cycles are known to arise when creating a GSM model.
These futile cycles carry a flux through a set of reactions with net conversion of
metabolites. They typically arise from a lack of knowledge of the reversibility of many
reactions and from the assumption that enzymatic reactions are reversible in a
biological system unless there is any evidence to the contrary (Schellenberger et al,
2011). As part of the curation step, futile cycles that could replenish ATP without any
uptake from the environment were identified and corrected. An example of a futile
cycle and the subsequent correction is shown in Figure 2.5. The futile cycles were
corrected using information about Gibbs free energy under standard conditions (pH 7,
1atm, 25ºC), and reversibility was changed to irreversibility accordingly. The
reversibility of eight reactions (Table 2.8) was changed to eliminate thermodynamic
violating reactions in this model.
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10-formylTHF!
ADP + Pi + H+!

ATP!
Formate +
THF!

H+!

A
10-formylTHF!
ADP + Pi + H+!

ATP!
Formate +
THF!

H+!

B
Figure 2.5 – Example of a cycle of reactions violating thermodynamics.
In A is shown the futile cycle and B shows the corrected form where no cycles exist. The reversibility of
Formate:tetrahydrofolate ligase was changed as shown in Table 2.8 to remove the cycle.
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Table 2.8 – Reactions where reversibility was changed to remove cycles violating thermodynamics.
MetaCyc ID
MetaCyc Reaction
RXN-0
3.6.5.1-RXN

"PUTRESCINE" + "ACETYL-COA" -> "PROTON" + N-acetylputrescine" + "COA
GTP + "WATER" -> "PROTON" + "GDP" + ”Pi"

Gibbs
Energy
[kcal/mol]
-745.4386
-102.58893

FORMATETHFLIGRXN
RXN-9929

ATP + "FORMATE" + "THF" -> "ADP" + "|Pi|" + "10-FORMYL-THF"

-25.441711

DI-H-OROTATE + "FUM" -> "OROTATE" + "SUC"

-20.54004

1.2.1.9-RXN

GAP + "NADP" + "WATER"->2 "PROTON" + "G3P" + "NADPH"

-16.5318

RXN0-3962

ACETALD + "NADP" + "WATER"->"ACET" + "NADPH" + 2 "PROTON"

-16.52362

RXN-969

GLYCOLLATE + "OXYGEN-MOLECULE"->"GLYOX" + "HYDROGENPEROXIDE"
PALMITATE + "CO-A" + "ATP"->"PALMITYL-COA" + "PPI" + "AMP"

-21.019997

ACETALD" + "OXYGEN-MOLECULE" + "WATER"->"PROTON" + "ACET" +
"HYDROGEN-PEROXIDE

-44.25712

RXN-9623
RXN-8092

-80.04077

2.3.1.3 B12 and biomass precursors pathway curation
B12 production in M. loti plays a central role among the mechanisms underpinning
mutualism in the co-culture with L. rostrata. The B12 synthesis pathway therefore
underwent thorough curation. See section 3.1.1 for a thorough review of B12 synthesis
and the related genes. When investigating and curating the B12 synthesis pathway, it
was discovered that both early and late cobalt insertion pathway had been added in
the initial draft model due to sequence similarity between the respective genes. By
analysing the genome sequence and annotations of M. loti, combined with pathway
information from Warren et al (2002), the reactions without a genetic basis were
removed and the pathways corrected accordingly. This left only the late cobalt
insertion pathway functional.
The biomass function is used to simulate growth and consumption of a defined set of
metabolites that serves as building blocks for the target organism. In order to make
predictions related to growth, such as gene lethality, there should be a complete
pathway so that each of the biomass precursors can be synthesised from basic
nutrients such as glycerol, NH4, SO4, P, O2 and CO2. One by one the biomass
precursors were investigated, and reactions were added if needed. Seven reactions
that had been taken out in a previous curation step were added back in a corrected
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form, and eight new reactions were added to the model, to allow for production of
biomass Table 2.9.
Table 2.9 – Reactions added to the model. For all but one reaction, it was possible to use genes from other organisms
combined homology search to find unannotated genes in M. loti responsible for the reactions
MetaCyc ID

Reaction

Gene in M. loti

RXN-8627

(R)-1-aminopropan-2-ol + ATP -> (R)-1-amino-2-propanol
O-2-phosphate + ADP

RXN-8626

L-threonine + ATP -> L-threonine 3-O-phosphate + ADP +
H+

mll9228

GLYCOLALD-DEHYDROG-RXN

glycolaldehyde + NAD+ + H2O -> glycolate + NADH + 2
H+

mll1168,mlr6098

325-BISPHOSPHATENUCLEOTIDASE-RXN

adenosine 3',5'-bisphosphate + H2O -> AMP + phosphate

mlr7577

4.1.1.81-RXN

L-threonine 3-O-phosphate + H+ -> (R)-1-amino-2propanol O-2-phosphate + CO2

mlr5890

AMINOPROPDEHYDROG-RXN

(R)-1-aminopropan-2-ol + NAD+ <- aminoacetone + NADH
+ H+

mll3070

TRIPHOSPHATASE-RXN

PPPi + H2O -> phosphate + diphosphate

mll9114

DARAB5PISOM-RXN

D-arabinose 5-phosphate <-> D-ribulose 5-phosphate

mll3023

2.3.1.4 Curated GSM model of M. loti
The curated GSM model of M. loti produced in this work accounts for 1011 ORFs and
represents the activities that these genes carry out. The model contains 1368
reactions and 1293 metabolites, which is comparable to the S. meliloti model
developed by Pfau (2013) as indicated in Table 2.10. Both bacteria have considerably
larger gene contents than E. coli, but even so, their GSM models include a similar
number of genes and reactions as the model for E. coli. The model of M. loti can be
found

on

https://github.com/ulrichkudahl/PhDthesis/tree/master/GSM_Mesorhizobium_Loti.
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Table 2.10 – Comparison of the GSM model for M. loti with E. coli and S. meliloti. Total genes refer to the number of genes
in the genome. Included genes is the number of genes use to get the metabolic reactions. Metabolites and reactions refer to
numbers from the model of the organisms.
Organism

Total genes

Included genes

Metabolites

Reactions

Reference

M. loti

7,334

1011

1293

1369

This work

S. meliloti

6,363

Unknown

1215

1318

(Pfau, 2013)

E. coli

4,516

1260

1039

2077

(Feist et al, 2007)

2.3.2 Assessment of growth supporting substrates
Kazamia et al (2012b) initially found that L. rostrata can support the growth of M. loti
effectively, but not S. meliloti. Identifying carbon sources that support growth of M. loti,
but not S. meliloti could provide candidate substrates for further experiments that might
explain this difference. Using this approach 1018 metabolites present in both the M.
loti and S. meliloti model were tested for their ability to support biomass production. A
total of 168 substrates supported growth of M. loti and 248 supported growth of S.
meliloti. Sixteen substrates were found to support growth of M. loti, but not S. meliloti
(Table 2.11). Four of the substrates were tested experimentally using BIOLOG plates,
as described in section 2.2.4. Despite predictions showing that the substrates only
support growth of M. loti, the experimental data points to either growth or no growth of
both organisms for each substrate.
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Table 2.11 – Comparison of in silico and in vivo growth supporting substrates. Metabolites predicted to support experimental
growth of M. loti, but not S. meliloti were tested in a BIOLOG growth assays. + indicates growth support and – indicates not
supporting growth. For the four substrates tested so far and no differences were found between the two organisms.
Metabolite predicted to support M. loti
Experimental growth
but not S. meliloti
M. loti

S. meliloti

+

+

-

-

+

+

+

+

N-formimino-L-glutamate
Acrylamide
Acrylate
N-acetylputrescine
Aminoacetone
4-acetamidobutanoate
(S)-lactate
4-acetamidobutanal
Putrescine
orotidine-5'-phosphate
Sucrose
acrylonitrile
2-(α-hydroxyethyl)thiamine diphosphate
L-asparagine
L-lactaldehyde
uridine-5'-monophosphate

2.3.3 B12 yield from various carbon sources in M. loti
Grant et al (2014) reported that M. loti produced 10-fold more B12 per cell in cocultures compared with axenic cultures grown with glycerol as carbon source. Since
the carbon source provided by L. rostrata to M. loti is currently not known, identifying
substrates that have a higher maximal B12 yield than glycerol could help to identify
the carbon source provided by L. rostrata. The hypothesis behind the experiment is
that if a substrate is few conversion steps from the B12 precursor, such as
uroporphyrinogen-III, it will have a higher B12 yield than a substrate that is many
conversions away from a B12 precursor. The 1368 metabolites included in the M. loti
were therefore tested in silico for their ability to support B12 production and the
maximal B12 yield for each was calculated. Of the tested substrates 212 could support
B12 production and the five substrates with the highest and lowest calculated yields
are shown in Figure 2.6A. There is approximately a 10-fold difference between the
substrates with the lowest and highest B12 / substrate yield, and a 5-fold difference
between glycerol and the substrates with the highest yield.
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To account for differences in ‘energy’ density between the substrates the maximal ATP
yield for each substrate was also calculated. The ATP yield and B12 yields were
correlated and plotted in Figure 2.6B. The figure shows that there is some level of
correlation with a few substrates as outliers. All outliers except for one were substrates
that had a proportionally higher ATP yield than B12 yield and are thus not of interest.
The substrate 1-pyrroline-4-hydroxy-2-carboxylate stands out as having the highest
B12 yield / ATP yield.
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Figure 2.6 – Analysis of B12 yield from various substrates
A) The five substrates with the highest and lowest B12 yield and Glycerol which was used as substrate in the experiments
by Grant et al (2014).
B) Correlation between B12 yield and ATP yield from 212 substrates that supported B12 production. ATP yield is shown in
the x-axis, with B12 yield on the Y-axis. Interesting substrates would be those that have high B12 yield that cannot be
explained by a high ATP yield.
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2.4 Discussion
The symbiosis between M. loti and L. rostrata is a model system for symbiosis
between a bacterium and an alga. L. rostrata is dependent on B12 as a co-factor for
methionine synthase and is unable to grow without it. The B12 producing bacterium
M. loti can produce and supply B12 to L. rostrata, which in turn provides the bacterium
with a fixed carbon source derived from photosynthesis (Croft et al, 2005; Kazamia et
al, 2012). The model system has been found to be stable over time and reaches an
equilibrium of ~30 bacteria to one alga (Kazamia et al, 2012). It has also been shown
that there is a ten-fold increase in B12 per M. loti cell when the bacterium is grown in
co-culture with L. rostrata, compared with an axenic culture of the bacterium (Grant et
al, 2014). While it is known that the bacteria produce and provide B12 to the algae,
the metabolites that the algae contribute to the symbiosis are currently not known.
In this study, I attempted to use modelling of M. loti’s metabolism to identify
metabolites that L. rostrata might supply to M. loti. Initially the goal of the study was to
create models of both organisms and join them together to allow simulation of the
community. As the project moved along, it became apparent that GSM models were
not a suitable for simulating exchange co-factors. Co-factors such as B12 are not
being consumed like other metabolites, as they are catalysts in reactions such as
methionine synthase. There is therefore no stoichiometric change in the co-factor
molecule and thus it is not suitable to include in GSM models. The focus of the study
was therefore changed to the model of M. loti and its metabolism.
A set of reactions were assembled based on the annotated genome of M. loti and
served as the initial draft of the model. These reactions underwent a set of manual
and semi-automated curation steps to make the model useful for FBA. A total of 537
reactions were removed as they were not suitable for FBA. Similarly, thermodynamics
violating cycles were identified and removed, and pathways for biomass production
were curated and completed. The curated model of M. loti accounts for 1011 genes,
1369 reactions and contains 1293 metabolites. It should be noted that among the
reactions that are not associated with a gene are 111 transporter reactions that are
needed to explain the model, and indeed the physiological activity of the bacterium,
such as the ability to take up phosphate. Some may be simply diffusion, e.g. O2, CO2,
whilst others are gene products that are currently unknown. The remaining reactions
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without a directly associated gene are added to the model because they complete a
pathway. No direct association with a gene should not be regarded as false reaction,
but rather one that needs more thorough curation. For some of the reactions it will be
the case that they should be associated with a gene that is wrongly annotated,
annotated vaguely or not annotated. However, there is also a possibility that some of
these reactions are not present in M. loti. As part of the model refinement, further
investigations of these reactions should be carried out to determine whether these
reactions should be included or not. The proton gradient across the cell membrane is
crucial to synthesis of ATP and is important for all quantitative predictions. A
systematic analysis and correction of charge balance for all reactions should therefore
be carried out as part of the model refinement. Charge balancing could be done using
a workflow similar to the stoichiometric balancing workflow. The charge of all
metabolites would be defined and, following that, each reaction can be inspected one
by one, and charge conservation can be evaluated and corrected as needed.
FBA was used to generate a list of candidate substrates that all were predicted to
support growth of M. loti and not S. meliloti. This study was undertaken based on
observations that S. meliloti could not be supported by L. rostrate (Kazamia et al,
2012b). Four of the 16 substrates on the list have been tested experimentally, but the
results did not align with the predictions. Initially, the aim was to continue with the
experimental verification process, but while this was ongoing, new experiments
performed by PhD student Frederick Bunbury, Department of Plant Sciences,
University of Cambridge, showed that L. rostrata could support S. meliloti. The initial
premise for the experiment was therefore changed and experiments were
discontinued. For the four substrates where model prediction and experimental data
were not in agreement, the observations should be used to guide further model
refinement. By analysing the pathways related to metabolism of these substrates,
corrections can be made to ensure that model and experimental data are in
accordance. Making these corrections will enable better predictions in future in silico
experiments.
Currently, the predictions related to growth of M. loti in the GSM model are performed
using a biomass function for E. coli. Since the predictions related to growth in this
project are not quantitative, this is not an issue as of now. However, if the aim was to
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predict quantitative growth of M. loti, it would be necessary to determine the biomass
composition for M. loti. While there is no single protocol for this, there are established
protocols for the individual parts of the biomass, e.g. determining protein content, total
DNA, etc (Feist & Palsson, 2010).
Currently, there is no confirmed explanation for the 10-fold increase in B12 per cell
observed when M. loti is co-cultured with L. rostrata, compared to growth on glycerol.
It was therefore hypothesized that the substrate provided by L. rostrata might be able
to be converted to B12 at a higher mol / mol yield than glycerol. A total of 1368
metabolites were therefore analysed and their maximal B12 yield was calculated and
the yields were normalised using the ATP yield for each substrate. The simulations
did not provide a candidate substrate that stood out with regards to ‘B12 yield’ versus
’ATP yield’. The preliminary conclusion is therefore that the pathway of a substrate to
B12 is not directly responsible for the 10-fold increase in B12 per M. loti cell. It is
however still a possibility that the increased B12 production is related to the substrate
provided by L. rostrata, though the mechanism might be regulatory instead of pathwayrelated. Cheng et al (2014) showed that adding 5 mg/L of the plant derived small
molecule rotenone (C23H22O6) to a culture of the B12-producing Pseudomonas
denitrificans caused an increase from 48.28 (±0.62) mg/L to 54.70 (± 0.45) mg/L of
B12. When rotenone was added, increased levels of phosphofructokinase and
pyruvate kinase activity was seen, and an increase in the glycolytic pathway was
proposed as the cause of the increased B12 levels.
To develop the GSM mode- based approach further, one possible extension would be
to integrate transcriptomics data for M. loti grown in axenic and in co-culture. By
integrating expression data with GSM models, it will be possible to create a model
specific to the environment it is simulating, hence one model of M. loti for the axenic
state, and another for the co-culture state. This could make predictions more accurate
as it will be possible to define which reactions are active and inactive in each state.
The methods for combining a GSM model and omics data are well established and
protocols have been published (Blazier & Papin, 2012; Saha et al, 2014).
There is no genome model for L. rostrata publicly available. My initial idea was
therefore to develop a GSM model of L. rostrata from transcriptomics data. This has
been done in other studies and protocols for it have been published (Robertson et al,
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2010; Grabherr et al, 2011). I would apply the methods that I used to create the GSM
model for M. loti to the L. rostrata transcriptome to refine the model from an initial draft.
An additional step of evaluating and defining compartmentalization of the reactions
will be added to the process. This step is likely to draw on data from the already
developed models of C. reinhardtii (Dal’Molin et al, 2011; Chang et al, 2011).
Once developed, the GSM model of L. rostrata could be combined with the model of
M. loti to simulate mutualism. Using FBA reactions, and thereby genes, that are central
to interaction between the two organisms could be studied; then through a systematic
and exhaustive simulation of in silico gene knockouts, a list of genes essential to the
symbiosis could be identified. This would then serve to further the understanding of
the underlying mechanisms of symbiosis. However, for the reasons discussed above,
the GSM model of M. loti and FBA is not ideal for simulating exchanges of co-factors
and unlikely to provide insights about the mechanisms underpinning the L. rostrata/M.
loti mutualism. The model can however be used for other studies related to general
metabolism of the bacterium. Using the model, it will be possible to explore pathways
and assess metabolic consequences of gene-knockouts on larger scale and at a pace
otherwise not possible using only experimental data.
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3 Survey of Vitamin B12
synthesis, usage and
dependence in bacteria
Preface
It should be noted that part of the results in this chapter has already been published.
The results related to B12 synthesis as well as DMB synthesis in cyanobacteria are
published in Helliwell et al, (2016). The computational framework and method
described in this chapter was also published in the study.
The results related to niacin and biotin auxotrophy in Roseobacter and Sulfitobacter
will be published as part of a study by Cooper et al. (manuscript in preparation)
Data

and

the

computational

framework

can

be

found

on

https://github.com/ulrichkudahl/PhDthesis/tree/master/B12_Survey.

3.1 Introduction
Vitamin B12 is one of the most complex metabolites in nature. In biological systems,
it is an enzymatic co-factor for essential reactions such as methionine synthase and
ribonucleotide reductase. The metabolic relevance of B12 and the related B12dependent enzymes are described in more detail in Chapter 1.
3.1.1 Vitamin B12 synthesis
After Hodgkin et al, (1955) discovered the complex structure of B12 attention turned
to how this complex metabolite is synthesised in nature. Using the model organisms
Pseudomonas denitrificans and Salmonella enterica genes were isolated and cloned
into plasmids and expressed in E. coli individually and their function confirmed using
enzymatic assays (Roth et al, 1996). These studies revealed that there are two
synthesis pathways for this vitamin each containing 21 enzymes converting
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Uroporphyrinogen III into the bioactive cobalamin. The synthesis pathways are
extensively review by Warren et al, (2002) and outlined in Figure 3.1. The two
pathways are called the aerobic and anaerobic pathway, referring to the fact that the
former requires molecular oxygen for the ring contraction step. They are also referred
to as the late cobalt insertion-pathway (aerobic) and the early cobalt insertion pathway
(anaerobic) – here referring to the fact that in the latter the majority of intermediates
already have the Co2+ ion inserted in the tetrapyrrole ring. Proteins from the aerobic
pathway were initially discovered in P. denitrificans and given the prefix Cob, while the
proteins from the anaerobic pathway isolated in S. enterica were given the prefix Cbi.
However, this is complicated by the genes encoding the enzymes from the last steps
of the anaerobic pathway using the prefix Cob rather than Cbi (see Figure 3.1). The
result of this is a confusing naming structure, where two distinct proteins are both
named CobT. To reduce any ambiguities, any enzyme name that is used twice is given
a subscript to enable distinction e.g. CobTaerobic and CobTanaerobic.
Uroporphyrinogen III is derived from glutamate and also serves as a precursor to
heme, siroheme and F430 (Roth et al, 1996), and is converted to precorrin-2 by either
CysG or CobA. At this point the synthesis pathways split and the subsequent corrin
ring formation and cobalt insertion occurs in opposite order facilitated by different
enzymes. Cob(II)urinate a,c-diamide is formed by CIA and the Costs complex, the
remainder of the synthesis is done in similar manner, but still using different enzymes.
In the final steps of the synthesis pathway, the nucleotide loop is assembled, and the
lower axial ligand is attached.
Some species, such as E. coli, do not have the required genes to synthesis B12 de
novo, but still have B12-dependent enzymes. Bacteria such as this cover their B12
need by taking up the vitamin from the environment using the btuCDF transport system
(Locher et al, 2002; Borths et al, 2005). In some species, it has been demonstrated
that the btuCDF system can also facilitate uptake of other corrinoids such as
cobinamide. Thermotoga lettingae is not able to produce B12 de novo, but has been
shown to produce B12 when it is supplied with cobinamide (Butzin et al, 2013).
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Anaerobic pathway
Early cobalt insertion

Uroporphyrinogen III
CysG / CobA

Aerobic pathway
Late cobalt insertion

Precorrin 2
CysG

CobI

Sirohydrochlorin

Precorrin 3A

CbiK/CbiX/CysG

CobG
Co-Sirohydrochlorin

Precorrin 3B

CbiL

CobJ
Co-Factor III

Precorrin 4

Non-enzymatic

CobM
Co-Precorrin 3

Precorrin 5

CbiH

CobF
Co-Precorrin 4

Precorrin 6A

CbiF

CobK
Co-Precorrin 5A

Precorrin 6B

CbiG

CobL
Co-Precorrin 5B

Precorrin 8

CbiD

CobH
Co-Precorrin 6A

Hydrogenobyrinate

CbiJ

CobB
Co-Precorrin 6B

Hydrogenobyrinate-a,cdiamide

CbiE
CobNST

Co-Precorrin 7

Cob(II)yrinate a,c-diamide

CbiT
Co-Precorrin 8
CbiC
Cobryinate
CbiA
Cob(II)yrinate a,c-diamide

FldA / CobR
Cob(I)yrinate a,c-diamide
CobA / CobO
Adenosylcobyrinate a,c-diamide
CbiP / CobQ
Adenosylcobyric acid
CbiB / CobD
Adenosylcobinamide-P
CobU / CobP
Adenosylcobinamide-GDP
CobS / CobV
CobT / CobU
Adenosylcobalamin-5’P
CobC
Adenosylcobalamin

Figure 3.1 – Schematic overview of the two B12 synthesis pathways.
Enzymes from the early cobalt insertion-pathway are shown in green and the late cobalt insertion-pathway are shown in red.
In the early cobalt insertion pathway, cobalt is inserted by either CbiK, CbiX or CysG, while in the late insertion pathway, this
is done by Costs.
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3.1.2

B12 variants – cobalamin and pseudocobalamin

Different forms of B12 can be found in nature, including variants in the lower ligand,
with the two of the most studied forms being cobalamin and pseudocobalamin (Figure
3.2). In the cobalamin form, the molecule has a lower ligand called 5,6dimethylbenzimidazole (DMB). DMB can be synthesised from flavin through a reaction
catalysed by the enzyme 5,6-dimethylbenzimidazole synthase, which is encoded by
the bluB gene (Campbell et al, 2006; Taga et al, 2007). Recently an alternative
anaerobic synthesis pathway for DMB synthesis was discovered in Eubacterium
limosum from the Clostridiales order (Hazra et al, 2015). This operon has been named
bzaABCDE. Cobalamin is the form of B12 that is bioactive in humans, while
pseudocobalamin have been shown to be 500x less bioavailable to humans. This is
caused by a weaker binding to the intrinsic factor, which facilitates absorption of B12
from the human gut (Stupperich & Nexø, 1991). Pseudocobalamin received little
attention due the limited applications for human health, but interest has since then
grown. In place of the DMB molecule, pseudocobalamin has an adenine molecule,
which is thought to be universally available in bacteria (Taga & Walker, 2008).

Cobalamin

Pseudo-cobalamin

Figure 3.2 – Structures of cobalamin and pseudocobalamin. The lower ligand is highlighted in the coloured box. For
cobalamin this lower ligand is DMB, while in pseudocobalamin, the ligand is replaced by adenine.

3.1.3 Using comparative genomics to study B12 synthesis
B12 synthesis has been studied in individual species and currently experimental
evidence for B12 synthesis is available in 40+ bacterial species (Table 3.8). That is
however only a small fraction of the total number of bacterial species that are thought
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to produce B12. At this point it was unknown how common or rare the B12-producer
phenotype is and in which phylogenetic groups it is dominant. Due to logistical
challenge in trying to gather thousands of species of bacteria and test these in a
biological assay, and due to the advances in sequencing techniques, comparative
genomics has been proposed as a way forward to answer these questions.
Comparative genomics have twice previously been applied with the aim of studying
B12 synthesis across all bacteria, but in both cases the studies have included fewer
than 500 species of bacteria (Rodionov et al, 2003; Zhang et al, 2009). In more recent
studies efforts have focused on a group of bacteria from a particular environment such
as the human gut (Degnan et al, 2014a) or the oceans (Sañudo-Wilhelmy et al, 2014).
Common for all but the study by Degnan et al, (2014a) is that these studies have used
a subset of the genes related to B12 synthesis rather than all genes from both
pathways.
3.1.4 Aim of the study
The aim of this study was initially to identify bacterial species capable of B12 synthesis.
This was motivated by the lack of data on B12 synthesis in bacteria and for related
projects it would be useful to have a resource for quickly assessing the B12 synthesis
capabilities of a given bacterium. During the project, it was expanded as several new
research questions arose.
•

It is generally accepted that mammals are B12-dependent and that plants are
B12-independent (Smith et al, 2007; Froese & Gravel, 2010). However,
examples of bacteria with and without B12 auxotrophy have been identified
(Sudarsan et al, 2006; Degnan et al, 2014b). It is currently unknown which of
these two cases is the most common, and what the ratio between them is.

•

As described above, some bacterial species have been found to make
cobalamin and others are synthesise pseudocobalamin. I wanted to discover
which of these two metabolites are most common in nature

•

Given the preponderance of B12-dependent algae in marine environments, I
wanted to investigate if B12 synthesis was more common among marine
bacteria compared to bacteria in other environments
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3.2 Methods
3.2.1 Representative sequences for relevant enzymes
A comparative genomics approach centred on homology search was selected as the
method to investigate the research questions. To carry forward with this method it was
required that representative and experimentally verified amino acid sequences were
identified for all the relevant enzymes related to B12 synthesis and relevant enzymes
utilizing B12 as a cofactor. By searching through published literature, representative
gene sequences for each relevant enzyme were found and a reference to the
experimental work verifying the sequences’ enzymatic activity is shown in Table 3.1 Table 3.5 . In addition to the NCBI ID and literature reference, I have added information
about the chemical reaction facilitated by the related enzyme. As conserved domain
analysis forms part of the search strategy, I identified conserved domains in the
representative sequences using CD-search (Marchler-Bauer et al, 2015). This
collection of experimentally verified sequences, complete with NCBI GI, serve as a
resource not only for this study, but also for future studies of the B12 synthesis
pathway or any of the other pathways described.
In addition to cobalamin biosynthesis, I extended the analysis to look for the
prevalence of biosynthesis of two other vitamins, niacin (vitamin B3) and biotin (vitamin
B7). The representative sequences for each enzyme are found in Table 3.6 and Table
3.7.
3.2.2 Genomes, Homology search, protein domain analysis, phylogenetic
trees, environmental data and computational frameworks
Amino acid sequences from NCBI NR protein database (NCBI Resource
Coordinators, 2016) was extracted (March 2016) and a local version of the database
was created. Data from NCBI Taxonomy (NCBI Resource Coordinators, 2016) was
added to allow for homology search for individual species. Using information from
NCBI Taxonomy, it was possible to structure the database to collapse species that
have been sequenced multiple times into a single representative translated genome.
In order to exclude partially sequenced genomes, only species with a minimum of
2000 protein sequences translated from their genome were included in the study. In
total 8424 eubacterial species were represented in the final dataset. Although many
56

species of archaebacteria are known to produce B12, their biosynthetic pathways
differ and so would complicate the analysis. BLASTP (Camacho et al, 2009) with a
threshold of e-value < 10-10 was used to identify putative hits in each species. The
closest match to the query sequence was subject to a domain analysis using CDD
(Marchler-Bauer et al, 2015) searching the databases Pfam (Finn et al, 2014), the
COGs collection (Huerta-Cepas et al, 2016), TIGRFAMs (Haft et al, 2013) and the
NCBI Protein Clusters collection (NCBI Resource Coordinators, 2016). I compared the
identified domains in each of the putative homologues with the expected domains for
each query sequence and used a threshold of at least one domain match the list of
expected domains.
As part of the results section for this chapter, a number of phylogenetic trees were
generated.

The

trees

were

created

using

NCBI

Taxonomy

IDs,

PhyloT

(http://phylot.biobyte.de/) and iTOL (Letunic & Bork, 2016).
Data on the natural habitat of bacteria were extracted from the GOLD database
(Reddy et al, 2015) and correlated with data from this study using NCBI taxonomy IDs.
Environmental data was not available for all species.
Due to the number of enzymes and translated genomes involved in this study, I built
an automated computational pipeline using custom python scripts to organise the flow
of data from one analysis to the next. This also allowed me to run the analysis on
multiple CPUs, which decreased the computational time by more than an order of
magnitude. The source code for the software in the project can be found in the
Appendix 7.1 and https://github.com/ulrichkudahl/PhDthesis/tree/master/B12_Survey.
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Table 3.1 – Collection of sequences from the Late Cobalt Insertion / Aerobic Pathway for B12 synthesis.
Gene name

NCBI GI

Exp .Reference
(Crouzet et al, 1990a;
Blanche et al, 1992;
Vévodová et al, 2004)

cobA_aerobe

116832

cobI

116840

(Crouzet et al, 1990a)

cobG

1352123

(Crouzet et al, 1990a)

cobJ

116841

cobM

116844

cobF

116837

cobK

54040789

(Crouzet et al, 1990a;
Debussche et al, 1993)
(Crouzet et al, 1990a;
Debussche et al, 1993)

Conserved domains
cd11642,TIGR01469,PRK06136,PLN02625
TIGR01467,cd11645,PRK05990
TIGR02435,pfam03460
TIGR01466,pfam00590,pfam01890,cd11646,PRK05991,
COG1010
TIGR01465,pfam00590,cd11641,COG2875
COG2243,TIGR02434,cd11643

(Crouzet et al, 1990a)
(Crouzet et al, 1990a;
Blanche et al, 1992)
(Crouzet et al, 1990a;
Blanche et al, 1992)
(Crouzet et al, 1990a;
Thibaut et al, 1992;
Shipman et al, 2001)

cobL

116843

cobH

116839

cob

116833

cobN

231829

cobS_aerobe

231833

cobT_aerobe

231834

cobR

17982642

(DelVecchio et al, 2002)

cobO

231830

(Crouzet et al, 1990b;
Debussche et al, 1992)

cobQ

231832

(Crouzet et al, 1991;
Blanche et al, 1991a)

cobD

116835

(Crouzet et al, 1990b)

cobP

231831

(Crouzet et al, 1991;
Blanche et al, 1991b)

(Crouzet et al, 1990b;
Debussche et al, 1990)
(Crouzet et al, 1990b;
Debussche et al, 1992)
(Crouzet et al, 1990a;
Debussche et al, 1992)
(Crouzet et al, 1990a;
Debussche et al, 1992)

COG2099,pfam02571,TIGR00715,PRK08057
TIGR02467, TIGR02469,COG2242,cd11644

Reaction
S-adenosyl-L-methionine + precorrin-1 <=> S-adenosyl-Lhomocysteine + precorrin-2
precorrin-2 + S-adenosyl-L-methionine <=> S-adenosyl-Lhomocysteine + precorrin-3A + H+
precorrin-3A + NADH + oxygen + H+ <=> precorrin-3B +
NAD+ + H2O
precorrin-3B + S-adenosyl-L-methionine <=> precorrin-4
+ S-adenosyl-L-homocysteine + 2 H+
precorrin-4 + S-adenosyl-L-methionine <=> precorrin-5 +
S-adenosyl-L-homocysteine + H+
precorrin-5 + S-adenosyl-L-methionine + H2O <=>
precorrin-6A + S-adenosyl-L-homocysteine + acetate + 2
H+
precorrin-6B + NADP+ <=> precorrin-6A + NADPH + H+
precorrin-7 + S-adenosyl-L-methionine <=> precorrin-8x +
S-adenosyl-L-homocysteine + 2 H+

COG2082,PRK08285,pfam02570,PRK05782
precorrin-8x + H+ <=> hydrogenobyrinate
TIGR00379,pfam01656,COG1797
TIGR02257,pfam02514,cd10150,PRK05989,COG1429
TIGR01650,pfam02654
TIGR01651,pfam06213,COG4547,pfam06213,pfam11775
No conserved domains
TIGR00708,pfam02572,cd00561,PRK05986
TIGR00313,pfam01656,pfam07685,COG1492
TIGR00380,pfam03186,PRK01209,COG1270
pfam02283,COG2087,cd00544,PRK05800

hydrogenobyrinate + 2 L-glutamine + 2 ATP + 2 H2O → 2
L-glutamate + hydrogenobyrinate a,c-diamide + 2 ADP +
2 phosphate + 2 H+
hydrogenobyrinate a,c-diamide + Co2+ + ATP + H2O <=>
cob(II)urinate a,c-diamide + ADP + phosphate + 3 H+
hydrogenobyrinate a,c-diamide + Co2+ + ATP + H2O <=>
cob(II)urinate a,c-diamide + ADP + phosphate + 3 H+
hydrogenobyrinate a,c-diamide + Co2+ + ATP + H2O <=>
cob(II)urinate a,c-diamide + ADP + phosphate + 3 H+
2 cob(I)urinate a,c-diamide + FMN + 3 H+ <=> 2
cob(II)urinate a,c-diamide + FMNH2
2 cob(I)yrinate a,c-diamide + FMN + 3 H+ <=> 2
cob(II)yrinate a,c-diamide + FMNH2
adenosyl-cobyrinate a,c-diamide + 4 L-glutamine + 4 ATP
+ 4 H2O <=> 4 L-glutamate + adenosylcobyrate + 4 ADP
+ 4 phosphate + 4 H+
adenosylcobyrate + (R)-1-amino-2-propanol O-2phosphate + ATP <=> adenosyl-cobinamide phosphate +
ADP + phosphate + H+
adenosyl-cobinamide phosphate + GTP + H+ <=>
adenosylcobinamide-GDP + diphosphate
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cd02439,PRK00105,pfam02277,TIGR03160,COG2038
cobU_aerobe

231835

(Cameron et al, 1991)

71152737

(Cameron et al, 1991)

Unknown
cobV

TIGR00317,pfam02654,COG0368,PRK00235

β-nicotinate D-ribonucleotide + 5,6dimethylbenzimidazole <=> nicotinate + α-ribazole 5'phosphate + H+
α-ribazole 5'-phosphate + H2O <=> α-ribazole +
phosphate
adenosylcobinamide-GDP + α-ribazole <=> coenzyme
B12 + GMP + H+
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Table 3.2 – Collection of sequences for the early Cobalt Insertion / Anaerobic pathway for B12 synthesis
Conserved domains
Gene name
NCBI GI
Exp. Reference
TIGR01470,COG1648,TIGR01469,
pfam10414,PRK10637,pfam01903,
pfam13241,cd11642,pfam14824,COG0007
cysG
118137
(Wu et al, 1991; Stroupe et al, 2003)

cbiK
cbiXL

543950
48427998

(Roth et al, 1993; Roessner et al, 1992;
Raux et al, 1997; Schubert et al, 1999;
Romão et al, 2011; Kaneko et al, 1995,
1996; Leech et al, 2003)

cbiL

20141258

(Roth et al, 1993; Roessner et al, 1992)

cbiH

543948

cbiF

61220314

cbiG

543947

(Roth et al, 1993; Roessner et al, 1992)

cbiD

543944

(Roth et al, 1993; Roessner et al, 2005)

cbiJ

543949

(Roth et al, 1993)

cbiT

543957

(Roth et al, 1993; Roessner et al, 1992;
Santander et al, 2006)

cbiE

61220317

cbiC

543943

cbiA

20141224

(Roth et al, 1993; Richter-Dahlfors &
Andersson, 1992; Fresquet et al, 2004)

fldA

48428121

(Fonseca & Escalante-Semerena, 2001)

cobA_anaerobe

399274

(Suh & Escalante-Semerena, 1993, 1995;
Escalante-Semerena et al, 1990; Fonseca et
al, 2002; Bauer et al, 2001)

cbiP

543955

(Roth et al, 1993)

cbiB

543942

(Roth et al, 1993; Brushaber et al, 1998)

pfam06180,COG4822,cd03413,cd03412
PRK00923,pfam01903,COG2138,cd03416,cd03414
TIGR01467,cd11645,PRK05576

(Roth et al, 1993; Roessner et al, 1992;
Santander et al, 2006)
(Roth et al, 1993; Roessner et al, 1992;
Kajiwara et al, 2006)

(Roth et al, 1993; Roessner et al, 1992;
Santander et al, 2006)
(Roth et al, 1993; Roessner et al, 1992)

TIGR01466,PRK15478,pfam01890,
cd11646,COG1010
TIGR01465,PRK15473,COG2875,cd11641
pfam01890,pfam11760,pfam11761,
COG2073,PRK05788
TIGR00312,pfam01888,PRK00075,COG1903
TIGR00715,pfam02571,PRK08057,COG2099
TIGR02469,PRK08287
TIGR02467,pfam01890,cd11644,
PRK05787,COG2241
pfam02570,COG2082,PRK08286,PRK05782
TIGR00379,pfam01656,PRK01077,COG1797
COG0716,TIGR01752,PRK09267
TIGR00708,TIGR00636,
pfam02572,pfam01923
TIGR00313,pfam01656,COG1492,PRK00784
TIGR00380,pfam03186,COG1270,PRK01209

Reaction
S-adenosyl-L-methionine + uroporphyrinogen-III <=>
S-adenosyl-L-homocysteine + precorrin-1 + H+
S-adenosyl-L-methionine + precorrin-1 <=> Sadenosyl-L-homocysteine + precorrin-2
precorrin-2 + NAD+ <=> sirohydrochlorin + NADH + 2
H+
sirohydrochlorin + Co2+ <=> cobalt-sirohydrochlorin +
2 H+
S-adenosyl-L-methionine + cobalt-sirohydrochlorin
<=> S-adenosyl-L-homocysteine + cobalt-factor III +
H+
cobalt-precorrin-3 + S-adenosyl-L-methionine <=>
cobalt-precorrin-4 + S-adenosyl-L-homocysteine
S-adenosyl-L-methionine + cobalt-precorrin-4 <=> Sadenosyl-L-homocysteine + cobalt-precorrin-5A + H+
cobalt-precorrin-5A + H2O <=> cobalt-precorrin-5B +
acetaldehyde + H+
cobalt-precorrin-5B + S-adenosyl-L-methionine <=>
cobalt-precorrin-6A + S-adenosyl-L-homocysteine
cobalt-precorrin-6A + NADH <=> cobalt-precorrin-6B +
NAD+
cobalt-precorrin-6B + S-adenosyl-L-methionine +
H+ <=> cobalt-precorrin-7 + S-adenosyl-Lhomocysteine + CO2
cobalt-precorrin-7 + S-adenosyl-L-methionine <=>
cobalt-precorrin-8 + S-adenosyl-L-homocysteine
cobalt-precorrin-8 <=> cobyrinate + H+
cobyrinate + 2 L-glutamine + 2 ATP + 2 H2O <=>
cob(II)yrinate a,c-diamide + 2 L-glutamate + 2 ADP + 2
phosphate + 2 H+
2 cob(I)urinate a,c-diamide + FMN + 3 H+ <=> 2
cob(II)urinate a,c-diamide + FMNH2
cob(I)urinate a,c-diamide + ATP <=> adenosylcobyrinate a,c-diamide + PPPi
ATP + cob(I)alamin <=> coenzyme B12 + PPPi
adenosyl-cobyrinate a,c-diamide + 4 L-glutamine + 4
ATP + 4 H2O <=> 4 L-glutamate + adenosylcobyrate +
4 ADP + 4 phosphate + 4 H+
adenosylcobyrate + (R)-1-amino-2-propanol O-2phosphate + ATP <=> adenosyl-cobinamide
phosphate + ADP + phosphate + H+
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cobU_anaerobe

1705975

(Roth et al, 1993; O’Toole & EscalanteSemerena, 1995; Thompson et al, 1998,
1999; Thomas et al, 2000)

cobT_anaerobe

20141416

(Roth et al, 1993; Chen et al, 1995; Cheong
et al, 1999)

cobS_anaerobe

20141415

cobC

20141373

(Roth et al, 1993; Maggio-Hall & EscalanteSemerena, 1999; Maggio-Hall et al, 2004;
Zayas & Escalante-Semerena, 2007)
(Roth et al, 1993; Zayas & EscalanteSemerena, 2007)

pfam02283,COG2087,PRK05800,cd00544
COG2038,PRK00105,TIGR03160,
pfam02277,cd02439
PRK00235,TIGR00317,pfam02654,COG0368
TIGR03162,PRK15004

adenosyl-cobinamide phosphate + GDP + H+ <=>
adenosylcobinamide + GTP
β-nicotinate D-ribonucleotide + 5,6dimethylbenzimidazole <=> nicotinate + α-ribazole 5'phosphate + H+
adenosylcobinamide-GDP + α-ribazole 5'-phosphate
<=> adenosylcobalamin 5'-phosphate + GMP + H+
adenosylcobalamin 5'-phosphate + H2O <=>
coenzyme B12 + phosphate

Table 3.3 – Collection of sequences for synthesis of the lower ligand of cobalamin
Gene
name

NCBI GI

Reference

Conserved domains

bluB

81634473

(Campbell et al,
2006; Taga et al,
2007)

bzaA

308741497

(Hazra et al, 2015)

PRK13352,pfam01964,COG0422,
PRK09284,TIGR04386

bzaB

308741498

(Hazra et al, 2015)

TIGR04386,PRK13352,pfam01964,
COG0422,PRK09284,PLN02444

bzaC

308741500

(Hazra et al, 2015)

bzaD

308741501

(Hazra et al, 2015)

bzaE

308741502

(Hazra et al, 2015)

Reaction

cd02145,TIGR02476
FMNH2 + oxygen → 5,6-dimethylbenzimidazole + D-erythrose 4-phosphate + dialurate

cd02440,pfam12847,COG2890,pfam10050
TIGR04385,COG1032,pfam04055,TIGR04072
No conserved domains

5-amino-1-(5-phospho-β-D-ribosyl)imidazole + S-adenosyl-L-methionine + an reduced unknown
electron acceptor → 5-hydroxy-benzimidazole + ammonium + formate + 5'-deoxyadenosine + Lmethionine + an oxidized unknown electron acceptor + phosphate + 2 H+
5-amino-1-(5-phospho-β-D-ribosyl)imidazole + S-adenosyl-L-methionine + an reduced unknown
electron acceptor → 5-hydroxy-benzimidazole + ammonium + formate + 5'-deoxyadenosine + Lmethionine + an oxidized unknown electron acceptor + phosphate + 2 H+
5-hydroxy-benzimidazole + S-adenosyl-L-methionine → 5-methoxybenzimidazole + S-adenosylL-homocysteine + H+
5-methoxybenzimidazole + S-adenosyl-L-methionine → 5-methoxy-6-methylbenzimidazole + Sadenosyl-L-homocysteine + H+
5-methoxy-6-methylbenzimidazole → 5,6-dimethylbenzimidazole
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Table 3.4 – Collection of sequences for cobalamin dependent enzymes
Gene
name

NCBI GI

metH

34395941

nrdZ
(rnr II)

745755724

nrdJ
(rnr II)

499307400

Reference
(Old et al,
1990;
Goulding et
al, 1997)
(Dawes et al,
2003; Warner
et al, 2007)
(Gleason &
Olszewski,
2002)

Conserved domains
TIGR02082,pfam02310,pfam02574,
pfam02607,pfam00809, pfam02965
TIGR02504,TIGR02505 ,pfam08471,cd02888
TIGR02505,cd01676,cd01676

Reaction
L-homocysteine + an N5-methyl-tetrahydrofolate → L-methionine + a tetrahydrofolate
a 2'-deoxyribonucleoside 5'-diphosphate + an oxidized thioredoxin + H2O = a ribonucleoside
diphosphate + a reduced thioredoxin
a 2'-deoxyribonucleoside 5'-diphosphate + an oxidized thioredoxin + H2O = a ribonucleoside
diphosphate + a reduced thioredoxin

Table 3.5 – Collection of sequences for cobalamin independent isoforms of the enzymes in Table 3.4
Gene
Conserved domains
NCBI GI
Reference
name
TIGR01371,TIGR01371,pfam08267,pfam01717,
metE
2851502
(González et al, 1992, 1996)
COG0620
(Carlson et al, 1984; Nilsson
cd01679,PRK09103,PHA02572,COG0209,TIGR02506
nrdAB
2507304
et al, 1988; Nordlund et al,
PRK09101,cd01049
(rnr I)
57014104
1990; Uhlin & Eklund, 1994)
nrdEF
2507305
TIGR04170,pfam08343,PRK08188,cd01679
(Jordan et al, 1994, 1996)
(rnr I)
2507306
COG0208,PRK13965,TIGR04171
nrdDG 34395948
TIGR02487,COG1328,PRK09263,cd01675,pfam13597
(Sun et al, 1993, 1995)
(rnr I)
71159601
COG0602,TIGR02491,PRK11121

Table 3.6 – Collection of sequences for biotin synthesis
Gene
Conserved domains
NCBI GI
Reference
name
TIGR00858,COG0156,PRK05958
BioF
115010
(Lin et al, 2010)
BioA

584840

(Lin et al, 2010)

BioD

584841
67462187

(Huang et al, 1995)

BioB

2506981

(Lotierzo et al, 2006)

TIGR00508,COG0161,PRK07986
COG0132,PRK00090,TIGR00347,cd03109
COG0502,TIGR00433,pfam06968,smart00876

Reaction
L-homocysteine + N5-methyl--tetrahydropteroyl tri-L-glutamate → L-methionine
+ tetrahydropteroyl tri-L-glutamate
an oxidized thioredoxin + a 2'-deoxyribonucleoside 5'-diphosphate + H2O ← a
reduced thioredoxin + a ribonucleoside diphosphate
dCDP + an oxidized NrdH glutaredoxin-like protein + H2O ← CDP + a reduced
NrdH glutaredoxin-like protein
a reduced flavodoxin + a ribonucleoside triphosphate = an oxidized flavodoxin +
a deoxyribonucleoside triphosphate + H2O

Reaction
Pimeloyl-[acyl-carrier protein] + L-alanine = 8-amino-7-oxononanoate + CO2 +
holo-[acyl-carrier protein].
S-adenosyl-L-methionine + 8-amino-7-oxononanoate = S-adenosyl-4methylthio-2-oxobutanoate + 7,8-diaminononanoate.
Dethiobiotin + sulfur-(sulfur carrier) + 2 S-adenosyl-L-methionine + 2 reduced
[2Fe-2S] ferredoxin = biotin + (sulfur carrier) + 2 L-methionine + 2 5'deoxyadenosine + 2 oxidized [2Fe-2S] ferredoxin
Dethiobiotin + sulfur-(sulfur carrier) + 2 S-adenosyl-L-methionine + 2 reduced
[2Fe-2S] ferredoxin = biotin + (sulfur carrier) + 2 L-methionine + 2 5'deoxyadenosine + 2 oxidized [2Fe-2S] ferredoxin
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Table 3.7 – Collection of sequences for niacin synthesis
Gene
Conserved domains
NCBI GI
Reference
name
COG0029,TIGR00551,PRK09077
nadB
34395939
(Seifert et al, 1990)
nadA

2507072

(Ollagnier-de Choudens et
al, 2005)

nadC

2507263

(Hughes et al, 1993)

KMO

75446355

(Crozier & Moran, 2007)

pfam02445,TIGR00550,COG0379
TIGR00078,COG0157,PRK09016

kynY

75345309

(Momany et al, 2004)

had

110278810

(Zhang et al, 2005)

hpaB

426020938

(Liu et al, 2010)

Reaction
L-aspartate + O2 = iminosuccinate + H2O2.

Glycerone phosphate + iminosuccinate = pyridine-2,3-dicarboxylate + 2 H2O +
phosphate.
Beta-nicotinate D-ribonucleotide + diphosphate + CO2 = pyridine-2,3dicarboxylate + 5-phospho-alpha-D-ribose 1-diphosphate.

TIGR01814
pfam06052,PRK13264,TIGR03037
pfam11794,TIGR02309

L-kynurenine + NADPH + O2 = 3-hydroxy-L-kynurenine + NADP+ + H2O
L-kynurenine + H2O = anthranilate + L-alanine
L-3-hydroxykynurenine + H2O = 3-hydroxyanthranilate + L-alanine
3-hydroxyanthranilate + O2 = 2-amino-3-carboxymuconate semialdehyde.
Anthranilate + FADH2 + O2 = 3-hydroxyanthranilate + FAD + H2O
4-hydroxyphenylacetate + FADH2 + O2 = 3,4-dihydroxyphenylacetate + FAD +
H2O
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3.3 Results
3.3.1 Predicting B12 synthesis phenotypes using comparative genomics
As this study is the first time an analysis of the B12 synthesis pathway has been
attempted on this scale and across this diversity of bacteria, it was of interest to
confirm that a comparative genomics approach was appropriate to accurately
assign B12 biosynthesis capabilities. To do this, data on B12 synthesis in bacteria
was gathered from literature and extended with data from members of my lab.
Using this experimental dataset, it was possible to classify 43 bacterial species
as either a ‘B12-producer’ or ‘not B12-producer’. The described computational
pipeline was then used to predict B12 synthesis phenotypes for each of the 43
species and these results were then compared with the experimental
classification (Table 3.8). As both B12 synthesis pathways include 20 enzymes,
one of the biggest challenges in using a comparative genomics approach was to
set an appropriate cut-off for the number of enzymes required for classification
as a B12-producer, i.e. should a species with 17 out of 20 B12 synthesis enzymes
be classified as B12-producer. Using the collected data on experimentally
validated phenotypes the Rand accuracy of the predictions was tested, using a
range of cut-offs for positive B12 synthesis assignment from 1 to 20 enzymes
required.
Rand accuracy
!""#$%"& =

(*+ + *-) 41
=
= 0.953
(+ + -)
43

The data from this analysis is presented in Figure 3.3 and shows that the best
correlation between the experimental data and computationally derived
predictions is achieved when using a threshold where a bacterial species must
have 15 genes or more from the biosynthesis pathway for it to be classified as a
B12-producer. While lower thresholds also yielded similar accuracies, this is
suspected to be influenced by the low number of non-B12-producers used in the
study (8 out of 43). The most stringent cut-off was therefore selected, while
maintaining a high accuracy.
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Figure 3.3 – Rand accuracy of predictions based on range of cut-offs for positive classification of B12 synthesis
pathway. The range was set a percentage of the full synthesis pathway, which contains 20 enzymes. The highest
accuracy was found at 70% of the pathway, translating to species having more than 14 of the enzymes required for
synthesis.

Using this threshold of >70%, 41 out of 43 species were correctly classified as
either ‘B12-producing’ or ‘non-B12-producing’ giving the method a Rand
accuracy of 0.953. One of the species that was not correctly classified is
Mycobacterium tuberculosis, which has been found to have all but cobF of the
required genes for B12 synthesis (Young et al, 2015). It has never been cultured
under conditions where presence of B12 has been detected (Warner et al, 2007;
Savvi et al, 2008).
This comparison of the experimental data and predicted phenotypes gave
enough confidence in the method to expand the analysis further.
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Table 3.8 – Comparison of experimentally demonstrated and predicted phenotypes for 43 bacterial species. The
species were computation prediction and experimental data are in alignment are assigned a “+”, while the species
where this is not the case are assigned a “-“. From the comparison it is found that it is possible to correctly assign
phenotypes in 41 out of 43 species giving the method a Rand accuracy of 0.953.
Experimentally verified cobalamin producers
Strain

TaxID

Acetobacterium woodii

33952

Pred.
match
(+ / - )
+

Aphanizomenon flos-aquae

1176

Bacillus megaterium

1404

Brevibacillus panacihumi
Brucella melitensis
Burkholderia cepacia
Crocosphaera watsonii

Experimental Reference

metE metH

rnr rnr
I
II

(Stupperich et al, 1988)

-

+

-

+

+

(Miyamoto et al, 2006)

-

+

-

+

+

(Moore et al, 2013)

+

+

+

+

497735

+

(Xie et al, 2013)

-

+

+

+

29459
292
263511

+
+
+

(Schroeder et al, 2009)
(Xie et al, 2013)
(Bonnet et al, 2010)

+
+

+
+
+

+
+
+

+
+
+

Desulfovibrio desulfuricans

876

+

(Choi & Bartha, 1993)

+

+

+

+

Dinoroseobacter shibae

215813

+

(Wagner-Döbler et al, 2010)

-

+

-

+

Eubacterium hallii

39488

+

(Engels et al, 2016)

-

+

+

-

Lactobacillus coryniformis

1610

+

(Martín et al, 2005)

+

+

+

+

Lactobacillus reuteri

1598

+

(Santos et al, 2008)

-

+

+

+

Lactobacillus rossiae

231049

+

(De Angelis et al, 2014)

+

-

+

+

Mesorhizobium loti

381

+

(Grant et al, 2014)

+

+

-

+

Nitratireductor pacificus

1231180

+

(Payne et al, 2014)

+

+

+

+

Propionibacterium acnes

1747

+

(Kang et al, 2015)

-

-

+

+

Propionibacterium freudenreichii

1744

+

(Bykhovskiĭ et al, 1998)

-

+

-

+

Pseudomonas denitrificans
Pseudomonas putida
Rhizobium leguminosarum

43306
303
384

+
+
+

(Warren et al, 2002)
(Xie et al, 2013)
Our lab

+
+
+

+
+
+

+
+
+

+
+
+

Rhodobacter capsulatus

1061

+

(McGoldrick et al, 2005)

-

+

-

+

Rhodobacter sphaeroides

1063

+

-

+

-

+

Rhodospirillum rubrum

1085

+

+

+

+

+

Ruegeria pomeroyi

89184

+

(Erb et al, 2008)
(Gray & Escalante-Semerena,
2007)
(Durham et al, 2014)

-

+

-

+

Salmonella enterica

28901

+

(Warren et al, 2002)

+

+

+

+

Sinorhizobium meliloti

382

+

(Campbell et al, 2006)

-

+

-

+

Streptomyces olivaceus

47716

-

(Bykhovskiĭ et al, 1998)

+

+

+

+

Synechococcus sp. CC9311

64471

+

(Helliwell et al, 2016)

-

+

-

+

Synechococcus sp. WH 5701

69042

+

(Helliwell et al, 2016)

-

+

-

+

Synechococcus sp. WH 7803

32051

+

(Helliwell et al, 2016)

-

+

-

+

Synechococcus sp. WH 7805

59931

+

(Helliwell et al, 2016)

-

+

-

+

Synechococcus sp. WH 8102

84588

+

(Helliwell et al, 2016)

-

+

-

+

Synechocystis sp. PCC 6803

1148

+

Our lab

-

+

-

+

Thermosipho africanus

2421

+

(Swithers et al, 2012)

-

+

-

+
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Species with no demonstrated cobalamin synthesis
Pred.
Strain
TaxID
match
Experimental Reference
(+ / -)
79880
Bacillus clausii
+
(Sudarsan et al, 2006)
Bacteroides
818
+
(Degnan et al, 2014b)
thetaiotaomicron
562
Escherichia coli
+
Our lab
Mycobacterium
(Warner et al, 2007; Savvi et
1773
tuberculosis
al, 2008)

+

rnr
class
I
+

Rnr
class
II
+

+

+

+

+

+

+

+

+

+

+

+

metE

metH

+
-

Myxococcus xanthus

34

+

(Bretscher & Kaiser, 1978)

-

+

+

+

Prauserella rugosa
Serratia marcescens
Synechococcus sp. PCC
7002

43354
615

+
+

(Bykhovskiĭ et al, 1998)
(Xie et al, 2013)

+
+

+
+

+
+

+
+

32049

+

Our lab

-

+

+

+

Thermotoga maritima

2336

+

(Swithers et al, 2012)

+

+

-

+
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3.3.2 Prevalence and distribution of B12 synthesis in bacteria
After the experimental testing of the method, the analysis was expanded to
include 8425 bacterial species, which is an order of magnitude more species than
the largest previous study (540 species by Zhang et al, 2009). I found that 3601
species of bacteria have the required enzymes for B12 synthesis, which is similar
to the 36.2% found by Zhang et al, (2009). To get a better sense of the distribution
of the B12 synthesis trait, the individual species were grouped into their
respective taxonomical orders and the frequency of the B12 synthesis in each
order was calculated (Figure 3.4). This enables a fairer comparison between
highly sequenced orders of bacteria such as Enterobacteriales (370 sequenced
species) and less sequenced orders Prochlorales (11 sequenced species). On
average between the orders, 37.2% of the species in each order have the genes
required for B12 synthesis. From Figure 3.4 it can be observed that the
distribution of the B12 synthesis trait is not uniform, but rather clustered together
in

certain

groups.

For

example,

the

majority

of

the

cyanobacteria

(Stigonematales, Nostocales, Prochlorales, Osciliatoriales and Chroococcales)
are B12-producers, while this trait is very rare in Lactobacillus (Firmicute),
Legionellales (gamma-proteobacteria) and Flavobacteriales (Bacteroidetes).
These last three orders are unrelated, demonstrating the stochastic nature of the
distribution of B12 biosynthesis.
Table 3.9 – Definitions of various categories of B12 metabolism found in bacteria and referenced in this study.
Phenotype
Definition
B12-producer
Has more than 75% of either one of the two B12 synthesis pathways
Cobalamin-producer
Same as above but also has the enzymes required to produce DMB using either
bluB or the bza operon
PseudocobalaminHas the B12 synthesis pathway, but lack the ability to produce DMB
producer
B12-utilizer
A species that have at least one B12-utlizing enzyme (either metH or rnr II)
B12-obligate
A species that have either metH or rnr II and not the corresponding metE and rnr I
B12-auxotroph
Same as above, but also lacking the B12 synthesis pathway and thus dependent
on exogenous B12
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Figure 3.4 – Distribution of B12 synthesis in bacterial orders with sequenced genomes. The figure shows the
frequency of B12 synthesis in each order. The height of the blue bars next to each bacterial order shows the
frequency in the group ranging from 0% (all grey e.g. Pasteurellales) to 100% (all blue e.g. Prochlorales). The tree is
unrooted, and the coloured fields are used to separate different phyla.

3.3.3 Comparison of the early- and late cobalt insertion pathways
Two distinct versions of the cobalamin synthesis pathway exist, the early cobalt
insertion pathway (also referred to as the anaerobic pathway) and the late cobalt
insertion pathway (aerobic pathway), and the evolution of these two equally
complex pathways remains an unsolved mystery even today. To investigate B12
biosynthetic capacity in the eubacterial kingdom further, each of the species
capable of B12 synthesis was classified as either using the early- or late cobalt
insertion pathway based on the presence of absence of the cobNST complex
from the late cobalt insertion pathway, encoding the three subunits of
cobaltochelatase, a Class I chelatase (Saha et al, 2009); in the anaerobic
pathway this step is catalysed by a completely different enzyme CbiX (or CbiK),
a Class II chelatase. Across all bacteria, 88.5% of the 3601 B12-producing
species use the early cobalt insertion pathway, while the remaining 11.5% use
the late cobalt insertion pathway. The distribution of the two pathways across
bacterial orders was plotted to assess whether there is a taxonomical pattern in
the distribution of the two pathways (Figure 3.5). It can be seen that the late cobalt
insertion pathway is dominant only in the four alpha-proteobacterial groups,
Rhodobacterales, Rhizobiales, Rhodospirillales and Sphingomonadales, while in
all other bacterial orders, the anaerobic pathway predominates, and most
69

bacterial orders exclusively contain this synthesis pathway. An exception to this
general trend is the bacterial order, Burkholderiales (part of the betaproteobacteria), where 33.7% of the 448 species possesses the early cobalt
insertion pathway, while 7.6% have the late cobalt insertion pathway. I
investigated this order further (Figure 3.6) and found that the genus Burkholderia
contained an almost equal split between the early and late cobalt insertion
pathways. As the presence of both pathways in one genus is quite unique, it
merits further analysis which could potentially reveal species with both synthesis
pathways.
Based on the results here it is not possible to determine which of the two
pathways that is the oldest since the phylogenetic tree is unrooted. However,
considering that the early cobalt insertion pathway is ~10x more abundant, found
in all phyla and is dominant in ancient bacteria such as the cyanobacteria
(Schirrmeister et al, 2015), these results points towards it being basal, with the
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Figure 3.6 – Phylogenetic tree of 440 sequenced Burkholderiales species and assignment of species the early (orange)
and late (cyan) cobalt insertion B12 synthesis pathways. The Burkholderia genus is marked in red. The species in this
group is split approximately equal between the early and late cobalt insertion pathway as seen by the mix of cyan and
orange bars.

3.3.4 Variants of Vitamin B12
Several variants of B12 have been shown to exist in nature with the forms
cobalamin and pseudocobalamin being among the most studied (Taga et al,
2007; Degnan et al, 2014b; Hazra et al, 2015). Given the reduced bioavailability
of pseudocobalamin for humans (Stupperich & Nexø, 1991) , knowledge of which
bacteria produce cobalamin and pseudocobalamin may have a major impact on
the fields of food nutrient and environmental sciences, but despite this no study
has attempted to establish which of these two variants are most commonly
produced by bacteria. Synthesis of cobalamin is thought to require available
DMB, which forms the lower axial ligand of cobalamin. In pseudocobalamin
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adenine is present instead of DMB. This study is based on the assumption that
adenine is universally available and will be incorporated in the absence of DMB.
In this study, the presence or absence of DMB synthesis was used to classify
those species with the de novo B12 pathway as either capable of producing
cobalamin or pseudocobalamin.
I wanted to quantify how large a fraction of B12-producing species was able to
produce cobalamin and find the relative distribution of the two DMB synthesis
pathways. From Figure 3.7 it can be seen how large a fraction of B12-producers
that also are capable of DMB synthesis via either the bluB gene (purple) or the
bza operon (green). Across all bacterial orders, 46.8% of B12-producing bacteria
(1685 species) are also capable of DMB synthesis and thus likely to be cobalamin
producers. The remaining 53.2% of B12-producers are likely to either produce
pseudocobalamin, or another variant using available bases. It should be
mentioned that some species such as Listeria innocuato, and Salmonella
typhimurium, have been demonstrated to take up available DMB from the
environment, and make cobalamin (Gray & Escalante-Semerena, 2010).
When studying the taxonomical distribution of cobalamin producing species, it is
clear that again this trait is not evenly distributed among bacterial groups. Most
B12-producers from the bacterial phyla Firmicutes lack the ability to produce
cobalamin, with the exception of the order Thermoanaerobacterales, which is a
group of thermophilic and anaerobic bacteria. The reason for this apparent
requirement or preference for cobalamin is currently not known, but B12 has been
linked to ethanolamine utilisation in Thermoanaerobacter sp. X514 (Lin et al,
2011), and it is conceivable that the ethanolamine deaminase might only function
with cobalamin and not pseudocobalamin (or other variant) as a co-factor. The
prevalence of the newly discovered bza operon, compared to the bluB gene, was
calculated, to gain further understanding into the evolution and distribution of
these two pathways. I found that 96.7% of the species capable of cobalamin
synthesis encode bluB, while only 3.3% utilise the bza operon. The bza operon
also seem to be mainly confined to the delta-proteobacteria phylum, with only a
few examples outside this phylum. The limited taxonomical spread of the bza
operon and its low frequency compared to bluB suggests that this pathway arose
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at later stage in evolution than the bluB pathway, but further studies are needed
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Figure 3.7 – Frequency of DMB synthesis among B12-producers from the various phylogenetic orders. Species with
the bluB gene are shown in purple and species with the anaerobic (bza operon) DMB synthesis pathway are shown
in green. E.g. 100% of the B12-producers from Prochlorales produce pseudocobalamin, while 90% of the
Rhizobiales produce cobalamin. The tree is unrooted, and the coloured fields are used to separate different phyla.

3.3.5 B12 synthesis prevalence in selected environments
Quantifying B12 synthesis prevalence in a taxonomical context revealed that this
trait is not distributed equally among all bacterial groups (Figure 3.5). As B12 is
a limiting nutrient in certain environments (Bertrand et al, 2007; Sañudo-Wilhelmy
et al, 2012), it is interesting to analyse B12 synthesis frequency in an
environmental context and see if this trait is equally common in different
environments. Using data from GOLD (Reddy et al, 2015) on natural habitats, the
environmental context was available for 1950 of the 8425 studied species. The
frequency of B12 synthesis (early and late cobalt insertion pathways) was
calculated for selected environments (Figure 3.8). Surprisingly, it was found that
in most of the environments analysed, the frequency of B12 synthesising bacteria
was similar to the average across all bacteria (37.2%), with only the rhizoplane
(associated with plant roots in the soil) and thermal springs environments differing
by more than 10 percentage points from this average. It is also worth noting that
environment with the lowest frequency of B12-producers, ‘Food production’
(32.4%), still contains a significant number of B12-producers. ‘Food production’
refers to engineered communities used in dairy production (Ivanova et al, 2010).
When comparing the frequency of the two pathways, it can be seen that both
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pathways are found in eight out of nine environments, but that the early cobalt
insertion pathway is dominant in all of them. The only environment where the late
cobalt insertion pathway is present in more than 12% of the species is the
rhizoplane, which has a large fraction of alpha-proteobacteria, such as

Fraction with B12 synthesis

Rhizobiales and Rhodobacteriales.
1
0.8
0.6
0.4
0.2
0

Figure 3.8 – Frequency of B12 synthesis in bacteria in selected environments. Fraction with the early cobalt insertion
pathway is shown in orange and the late cobalt insertion pathway is shown in cyan. The average across all species,
regardless of environment is marked by the dotted line. The number of species analysed from each environment is
shown in square brackets. E.g. of the 103 species from the rhizoplane, 44% have the early cobalt insertion pathway,
while 35% have the late insertion synthesis pathway. The remaining fraction are not able to synthesise B12.

Further to this, the frequency of species that are predicted to be able to
synthesise cobalamin (green) or not (grey) in selected environments is plotted in
Figure 3.9. Both traits can be identified in all nine environments, but the relative
frequency of two phenotypes varies greatly between them. Among the species
from the digestive system and thermal springs, only a small fraction is capable of
cobalamin synthesis, which points towards a preference for pseudocobalamin
among most bacteria in these environments. In contrast to this, more than 90%
of the B12-producing bacteria from the rhizoplane are capable of cobalamin
synthesis and thus appear to have a preference for this variant. It is however
unclear if this preference of a B12 variant in the mentioned environments points
towards a biochemical advantage of one of the variants in certain environments
or if it is simply a result of the stochastic nature of microbial environments and
evolution.
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Figure 3.9 – Fraction of species predicted to produce pseudocobalamin (grey) and cobalamin (green) in selected
environments. The average frequency of B12 synthesis across all species is marked by the dotted line. The number
of species analysed from each environment is displayed in square brackets.

3.3.6 B12 usage and auxotrophy in bacteria
In addition to analysing B12 synthesis capabilities in bacteria, B12 usage was
also studied. Although there are over 20 B12-dependent enzymes in bacteria, I
focused on the two major ones that are universal, and also are found in
eukaryotes, namely B12-dependent methionine synthase (MetH), methyl-and
type II ribonucleotide reductase (RNR II), since these have B12-independent
variants (MetE and RNR I) respectively. When quantifying the presence of these
different enzymes, 98.3% of the 8425 analysed species possess at least one
enzyme (MetH or RNR II) that utilises B12 as a co-factor. This demonstrates that
B12 is a widely used co-factor in bacteria, similar to what is observed in mammals
(Froese & Gravel, 2010), but in contrast to the B12-free metabolism of plants
(Smith et al, 2007) and fungi (Suliman et al, 2005). No noticeable patterns
emerged when analysing B12 usage in a taxonomical context. On the other hand,
when comparing the prevalence of the B12-dependent isoforms to the B12independent isoforms of the two selected enzymes, it was found that having only
the B12-dependent isoform is 5x more common than having only the B12independent isoform for both of the investigated enzymes (Figure 3.10). This
suggests that while it is a disadvantage to depend on a complex co-factor like
B12, the metabolic advantage of the B12-dependent isoforms of the enzymes
outweigh this ‘cost’.
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metE
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Figure 3.10 - Venn diagram quantifying B12-dependent isoforms (metH and rnr II) and B12-independent isoforms
(metE and rnr I) of methionine synthase and ribonucleotide reductase in bacteria. The number represents the
number of bacterial species with each of the traits, e.g. 3216 bacteria out of 8425 have metH, but not metE.

Under the assumption that synthesis of methionine (by methionine synthase) and
nucleotide synthesis (by ribonucleotide reductase) are critical process in all living
cells, it is possible to calculate the fraction of bacteria that are reliant on external
sources of B12. B12-auxotrophs were identified by finding species that do not
have the B12 synthesis pathway and at the same time have an absolute
requirement for B12 for the metabolism, e.g. having the metH gene, but not metE
gene (Figure 3.11). When averaging the frequency of B12 auxotrophy from each
order, it is found that 24.6% of bacteria are predicted to be dependent on
exogenous B12 or an intermediate from the synthesis pathway. When looking
across the different orders, it is clear that, like B12 synthesis, this is a trait that
varies between the different taxonomical groups. In groups such as
Myxococcales, Flavobacteriales and Thermotogales, more than 80% are
dependent

on

external

supplies

of

B12

or

intermediates,

while

in

Desulfovibrionales, Enterobacteriales and Prochlorales less than 5% are
predicted to B12-dependent. Upon looking at Myxococcales (a group of deltaproteobacteria) it was found that found that 86% (25/29 species) are predicted to
be B12-auxotrophs. Myxococcales (Myxobacteria) is a group of bacteria that can
be found in soil and are known for having genomes larger than 9Mb, which makes
them among the largest bacterial genomes discovered (Chen et al, 2016).
The finding that these bacteria are largely B12-dependent was initially surprising,
considering that much smaller organisms such as Prochlorococcus marinus (1.75
Mb) encode a full B12 synthesis pathway (Bonnet et al, 2010). This led me to
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undertake a more detailed analysis of genome size and presence/absence of B12
synthesis pathway. When binning species according to the number of predicted
unique proteins (used as proxy for genome size) and then calculating the fraction
of species that are capable of B12 synthesis in each bin, it is found that B12
synthesis is in 32.4% of species with 2-3K predicted proteins, while it is found in
83.7% of species with 9-10K predicted proteins (Figure 3.12). Based on this
analysis it appears that there is a correlation between genome size and the
frequency of the B12 synthesis pathway, although with exceptions such as
Prochlorococcus. When this apparent correlation between genome size and
presence of B12 synthesis pathway is taken into account, the rarity of the B12
synthesis pathway in Myxococcales is perhaps surprising considering the 9 Mb
genomes in this group. The reason for this is not known, but one possible
explanation is that the predatory behaviour of Myxobacteria means they could
cover their B12 need from prey bacteria (Goldman et al, 2006; Berleman & Kirby,
2009). Another bacterial order with a high frequency (12/13 species) of apparent
B12 auxotrophy is Thermotogales. This group of thermophilic bacteria, which are
thought to be among the oldest linages of bacteria (Butzin et al, 2013), have
developed mechanisms to compensate for their B12-dependence. T. littingae has
been found to take up cobinamides and convert these to bio-active B12 variants
as well as regular B12 uptake, using the btuCDF system, to cover its B12
requirements (Butzin et al, 2013).
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Figure 3.11 – Frequency of B12 dependence in bacterial orders. B12 auxotrophy was assigned to species missing
the B12 synthesis capabilities and at the same time having an obligate requirement for B12. The height of the red bar
next to each group represents the fraction of species that depend on exogenous B12, e.g. 86% of Myxococcales.
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Figure 3.12 - Fraction of species that are capable of B12 synthesis distribution into bins based on the number of predicted
proteins each species has. The number of species in each bin is shown in brackets. B12 synthesis is found 20% of species
with fewer than 2000 predicted proteins, while it is found in 83% of species with 9-10k predicted proteins.

B12 auxotrophy was also analysed in an environmental context using the same
method and data as for the analysis of B12 synthesis. I found that the frequency
of B12 auxotrophy is close to overall average in five of the investigated nine
environments (Figure 3.13). Among the bacterial species involved in food
production (4.1%) and associated with skin (12.9%), this trait is quite rare. At
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the other end of the spectrum, B12 auxotrophy among bacteria from thermal
springs is more common, where 37.5% of the bacteria are predicted dependent
on B12, compared with 24.6% across all bacteria. Going more into detail with
the bacteria from ‘thermal springs’ it is found that as 37.5% are B12-auxotrophs
and 57.5% capable of B12 synthesis, meaning that 95% of the species from this
environment either depend on or produce this co-factor (compared to 61.8% for
all groups). This could imply this trait is particularly important in this harsh
environment and that B12-utilising enzymes have advantages over the B12
independent counterparts. It has been found that B12-producing bacteria can
enhance the thermal tolerance of the green algae C. reinhardtii (Xie et al, 2013)
due to the increased thermal stability of METH (utilises B12) over METE (B12
independent). Potentially, this is the reason why there is a very high prevalence
of B12-utilisation in this particular environment, but further studies will be
needed to verify this.
Fraction of B12 auxotrophs

1
0.8
0.6
0.4
0.2
0

Figure 3.13 – Frequency of B12 auxotrophy in selected environments. The average across all species is marked by the dotted line.
The number of species analysed from each environment is displayed in square brackets. E.g. of the 222 fresh water bacteria studied,
22% were found to be B12-auxotrophs.

3.3.7 Niacin, biotin and B12 synthesis in algae-associated bacteria
Croft et al, (2005) showed that several eukaryotic algae are dependent on
exogenous B12 and further to this it has been found that eukaryotic algae
appear to have a preference for cobalamin over pseudocobalamin (Helliwell et
al, 2016). The background levels of B12 in marine environments are lower than
what is required by B12 dependent algae such as Ostreococcus tauri, and have
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been found to be a limiting factor for algal productivity in marine environments
(Bertrand et al, 2007, 2015). While it is known that bacteria can form
communities with B12-dependent algae and supply them with B12, it is not
known which are likely to provide the B12-requirement of algae in oceans
(Kazamia et al, 2012b; Grant et al, 2014; Durham et al, 2014). A list of
cobalamin producing bacteria had already been created (Data summarised in
Section 3.3.4), the next step in the analysis was to identify bacteria that were
often found together with algae and cross reference the two lists. By combining
the results from eight environmental studies of algae and their associated
bacteria, it was possible to identify two bacterial genera that were found most
frequently in the phycosphere of several algal species and in multiple
environments (Table 3.10). The species from the two alpha-proteobacterial
genera Roseobacter (found in 5/8 studies) and Sulfitobacter (found in 7/8
studies) were analysed further and predictions were made regarding their ability
to produce B12 and DMB (Table 3.11). It was found that 17/18 of the
sequenced species from two genera were predicted to be able to produce B12
and possessed the DMB synthesis pathway and therefore likely to produce
cobalamin, which can support B12 dependent eukaryotic algae (Helliwell et al,
2016).
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Table 3.10 – Collection of studies of algae and bacterial genera from their phycosphere from various marine
environments. From each study, the identified species and algae were extracted.
Environment sampled
Algae
Bacterial genera
Reference
Pacific and Atlantic
Pseudo-nitzschia
Roseobacter
Amin et al., 2015
Ocean
multiseries
Sulfitobacter
Hyphomonas
Marinobacter
Limnobacter
Croceibacter
Mexican Gulf and Atlantic
Dytilum brightwellii
Cytophaga
Schäfer et al., 2002
Ocean
Thalassiosira weissogii
Flavobacterium
Asterionella glacialis
Bacteroides
Chaetoceros socialis
Ruegeria
Leptocylindrus danicus
Sulfitobacter
Coscinodiscus sp.
Roseobacter
Erythrobacter
Arctic Ice
Amphiprora kufferathii
Sulfitobacter
Hünken et al., 2008
Colwellia
Pibocella
Northern Atlantic Ocean
Pseudo-nitzschia
Sulfitobacter
Kaczmarska et al., 2005
multiseries
Labrenzia
Paracoccus
Novosphingobium
Pseudoalteromonas
Cellvibrio
Reichenbachiella
North Sea
Guinardia delicatula,
Roseobacter
Sapp et al., 2007
Pseudo-nitzschia
Sulfitobacter
pungens, Thalassiosira
rotula,
Skeletonema costatum,
Ceratium horridum,
Akashiwo sanguinea
North Sea
Thalassiosira rotula
Sulfitobacter
Grossart et al., 2005
Skeletonema costatum
Roseobacter
Thalassobius
Octadecabacter
Pacific Ocean
Thalassiosira sp
Rimicaris
Riemann et al., 2000
Lewinella
Ochrosphaera
Cytophaga
Prochlorococcus
Cyanothece
Roseobacter
Alteromonas
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Table 3.11 – Table of sequenced species from the genera Roseobacter and Sulfitobacter. The table shows the
presence (√) or absence (-) of the synthesis pathway for Vitamin B12, DMB, Vitamin B7 and Vitamin B3
Species
B12 synt. DMB synt. B7 synt. B3 synt.
Sulfitobacter donghicola

√

√

-

-

Sulfitobacter geojensis

√

√

-

-

Sulfitobacter guttiformis

√

√

-

-

Sulfitobacter mediterraneus

√

√

-

-

Sulfitobacter noctilucae

√

√

-

-

Sulfitobacter noctilucicola

√

√

-

-

Sulfitobacter pseudonitzschiae

√

√

-

√

Sulfitobacter sp. 20_GPM-1509m

√

√

-

√

Sulfitobacter sp. CB2047

√

√

-

-

Sulfitobacter sp. EE-36

√

√

-

-

Sulfitobacter sp. NAS-14.1

√

√

-

√

Roseobacter denitrificans

√

√

-

-

Roseobacter litoralis

√

√

-

-

Roseobacter sp. AzwK-3b

√

√

-

-

Roseobacter sp. CCS2

√

√

-

-

Roseobacter sp. GAI101

-

-

-

-

Roseobacter sp. MED193

√

√

√

√

Roseobacter sp. SK209-2-6

√

√

√

√

This led to further investigation of these two bacterial genera, and from other
studies it was found that growth of the cobalamin dependent marine diatom
Pseudo-nitzschia multiseries was enhanced when the diatom is co-cultured with
bacteria from the Sulfitobacter genus (Tang et al, 2010; Amin et al, 2015). It
was also found that Dinoroseobacter shibae, which is closely related to
Sulfitobacter and Roseobacter, is capable of supplying B12 to diatoms in a
laboratory setting (Wagner-Döbler et al, 2010). Other previous studies had
shown that the two Roseobacter species, R. litoralis and R. denitrificans require
an exogenous source of niacin and biotin for growth and that P. multiseries is a
demonstrated biotin-producer (Shiba, 1991; Tang et al, 2010). Together these
observations led to a hypothesis that Sulfitobacter and Roseobacter and certain
cobalamin dependent marine algae form a symbiotic relationship revolving
around a two-way exchange of vitamin B3, B7 and B12 (Figure 3.14). It was
investigated whether B3 and B7 auxotrophy is likely to be confined to R. litoralis
and R. dentrificans or a general phenotype across the Sulfitobacter and
Roseobacter. This was done using the same method applied for identification of
presence or absence of B12 synthesis and the results are shown in Table 3.11.
It was found that 16/18 species are B7 auxotrophs and that 13/18 species are
B3 auxotrophs. The computational results was in agreement with the
experimental data from Shiba (1991) on R. litoralis and R. dentrificans.
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Coincidentally, in our laboratory a model system comprising the marine green
alga Osterococcus tauri and the marine alpha-proteobacteria Dinoroseobacter
shibae had been established (MB Cooper, PhD thesis 2014). This system
enabled us to test the hypothesis (Figure 3.14). Figure 3.15a shows that O.
tauri requires cobalamin and thiamine for growth, while D. shibae is depend on
biotin, para-aminobenzoic acid and niacin for growth. Figure 3.15b and Figure
3.15c show when co-culturing the two organisms in the absence of these critical
nutrients, growth is restored although at a lower level than when supplemented
with vitamins. While the experiment was performed using related species, rather
than P. multiseries and a Sulfitobacter/Roseobacter species, it shows as proof
of principle that two-way B vitamin exchanges between a marine alga and
bacterium is possible.
P. multiseries

Sulfitobacter

Roseobacter

B3 (Niacin)
B7 (Biotin)
B12 (Cobalamin)

Figure 3.14 – Hypothesis of bi-directional B vitamin exchange between the marine diatom P. multiseries and bacteria
from the genera Sulfitobacter and Roseobacter. It is hypothesised that ocean algae such as P. multiseries and
Sulfitobacter/Roseobacter species form mutualistic relationships where B3 and B7 are exchanged for B12. It is likely
that other metabolites are also exchanged.
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Figure 3.15 – Experimental validation of two-way B vitamin exchange between the marine alga Ostereoccocus tauri
and the marine bacterium Dinoroseobacter shibae. A) Growth Assay in microtiter plate to validate vitamin
auxotrophies for Ostereoccocus tauri and Dinoroseobacter shibae. Bacterial cultures were also supplemented with
1% glucose. B) Growth of O. tauri in axenic (grey) and co-cultures with D. shibae (white) with and without various B
vitamins. C) Growth of D. shibae in axenic (grey) and co-cultures with O. tauri with and without various B Vitamins.
Figures from Cooper et al, (in preparation)
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3.4 Discussion
3.4.1 Applying comparative genomics to identify B12 producing bacteria.
This study was started with the aim of identifying bacterial species capable of
producing B12, but to do this a method first had to be developed. Based on
experience and previous smaller studies, a comparative genomics method was
selected. This method relied on homology searches of translated genomes from
sequenced bacteria and representative sequences from the enzymes required
for B12 biosynthesis. A similar version of this method has been applied in other
studies, but either with a smaller pathway or a smaller set of studied species.
Examples include a study of six selenium utilizing enzymes in several thousand
species (Peng et al, 2016) or in a study on B12 synthesis enzymes but restricted
to 313 species found in the human gut (Degnan et al, 2014a). As the goal of this
study involved searching for >50 enzymes in >8000 species, I first had to
demonstrate that the method was appropriate for a study of this magnitude and
diversity. This was approached by collecting experimental data on species either
with or without a demonstrated B12 synthesis pathway and then correlating
computationally assigned phenotypes with the experimental data to identify the
optimal parameters for the homology search. By validating the homology search,
the confidence in the results increased dramatically and pointed towards
comparative genomics as a suitable method to study long pathways across a
very large range and diversity of bacteria. The parameters and search strategy
developed here can easily be used as a basis for other studies, but it will still be
advantageous to perform a similar comparison of experimental and predicted
phenotypes for each new study. As the experimental and predicted phenotypes
matched at a satisfactory level for this study, further exploration of search
thresholds was not done. However, parameters such as e-values, alignment
coverage between query and target sequences, number of matching domains
etc. could be explored further and used to optimized correlation between
experimental and predicted phenotypes.
A further refinement of the method would be to incorporate the genomic location
of individual genes from the synthesis pathway. The genes required for B12
synthesis are found in operons scattered around the chromosome. Nonetheless,
this would allow the analysis to be expanded using genome location of the
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individual genes from the synthesis pathway. Additional, it has been shown that
these operons are typically found in proximity to a B12 binding box that serves to
regulate expression of the synthesis genes (Rodionov et al, 2002). The study by
Rodionov et al, (2002) analysed the B12 synthesis in 87 species, while this study
attempts to analyse ~100x more species. This difference in scale represents the
main challenge in carrying out an operon structure analysis, as the study by
Rodionov et al, (2002) also showed that the operon structure varies between
species, so it is a major challenge to define a set of ‘rules’ that could be
incorporated into the computational framework. Another expansion of the search
strategy could be to include multiple query sequences in the homology search.
This strategy was used by Degnan et al, (2014a) in their study of 313 bacterial
species from the human gut. While this method could give more precise results,
the comparison of the experimental and computational data in my study shows
that using only one query sequence per enzyme in the synthesis pathways yields
results with an acceptable level of accuracy, and thus any additional use of query
sequences is redundant.
As the price of sequencing has been dropping over the past decade, the number
of newly sequencing public bacterial genomes has been rising quickly (Stein,
2010). This requires any analysis pipeline to be scalable and compatible with the
large stream of new genomes made available. The computational pipeline build
for this project is developed so that given a new set of genomes in a text format,
it is a simple matter to include these in the current analysis. If the efforts in
sequencing of bacteria continues, then there will be an increased demand on the
computational system behind the analysis. The limiting factor in the
computational part of analysis is the available number of CPUs. To address this
the computational framework was built so that it can be scaled according to the
available computational resources, being able to use multiple CPUs and thus
scaled to any number of CPUs available on the system. Enabling multiple CPUs
led to this analysis being complete in ~4 days of running time, as opposed to
~160 days that it would take if using a single CPU. It should be noted that 160
days of running time is unlikely to be possible as few computer systems can
operate continuously for 160 days. Enabling multiple CPUs for data processing
was therefore essential to make a project of this magnitude possible.
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3.4.2 B12 synthesis, two pathway ways and two variants.
The analysis of B12 synthesis across 8425 bacterial species found that 37.2% of
bacteria are capable of B12 synthesis. This was very similar to the 36.2% found
in study by Zhang et al, (2009) that also sought to identify presence or absence
of B12 synthesis capabilities across all bacteria (540 species studied). It was
perhaps surprising that the estimated frequency of B12 synthesis in bacteria were
so similar considering that this study investigated more than ten times as many
species and thus represented a much broader range of species. On the other
hand, perhaps this is a true reflection of the proportion of B12-synthesising
bacteria. As more genomes are added to public genome databases and these
genomes are analysed for presence B12 synthesis enzymes, it will be of interest
to follow the estimated frequency of B12 synthesis and see if it remains in the
range of 35-40% or if changes from this.
The taxonomical distribution of the B12 synthesis showed that this trait is found
in most branches of the bacterial kingdom, but at different frequencies. One of
the phyla where B12 synthesis is present in most species is in cyanobacteria.
Cyanobacteria are thought to be among the oldest groups of bacteria and have
been estimated to be as old as 3.5 billion years. They are thought to be
responsible for ‘the great oxygenation event’ (Schirrmeister et al, 2015), that
changed the environment from an anaerobic state to an aerobic. As oxygen was
only available in very limited quantities at the time this group evolved, it would
appear obvious that cyanobacteria utilised the anaerobic synthesis pathway for
B12 synthesis, where ring contraction occurs without the need for molecular
oxygen. Along a similar line of thought, in a collaborative project in the laboratory,
species of the abundant marine cyanobacterium genus Synechococcus was
shown to make the pseudocobalamin variant of B12 and does not appear to have
the BluB gene. This work was published as Helliwell et al, (2016). B12 is thought
to pre-date living organisms and it has been shown that it can be formed through
non-enzymatic reactions (Hodgson & Ponnamperuma, 1968). The near
omnipresence of the B12 synthesis pathway in cyanobacteria suggest that the
synthesis pathway was present in the ancestral line of these bacteria, and thus
places B12 as an ancient molecule. The observation that Thermotogales, which
has been found to be the most ancient line of bacteria (Butzin et al, 2013), are
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dependent on exogenous supply of the vitamin points towards B12 usage among
bacteria being a very old trait.
3.4.3 Studying B12 uptake using comparative genomics
One aspect of B12 usage that was not studied in this thesis is uptake of B12 from
the environment surrounding a given bacteria. The btuCDF uptake system was
identified in E. coli and has been described in high detail (Locher et al, 2002;
Borths et al, 2005). In relation to this study the next logical step would be to
attempt to identify the presence of the btuCDF system in all bacterial species,
and then to correlate B12 uptake with B12 auxotrophy. If there were species
identified without a B12 uptake system and with B12 auxotrophy, they could
potentially have an alternative uptake system currently not identified.
However, one of the main challenges in doing this is that identifying the function
of transporters based on the sequence alone is highly challenging. This is due to
the high degree of similarity in amino acid sequence between transporters
despite them transporting very different metabolites (Genee et al, 2016). In a
study by Zhang et al, (2009) the conclusion was reached that it is not possible to
distinguish the btuCDF system transporter from heme transporters simply based
on sequence alone. One solution to this probably could be to look for a B12binding box in close proximity to the putative btuCDF genes to identify regulatory
elements. This could be used to confirm or reject and potential btuCDF
candidates.
3.4.4 Expanding the study of algae associated bacteria and B-vitamin
auxotrophy
Based on the observation that D. shibae and O. tauri can exchange B-vitamins
in a bilateral manner it seemed obvious to study if this was likely to be happening
only with these two organisms or if this was a general phenomenon. From the
previously published studies, it was identified that Sulfitobacter and Roseobacter
species are often found in the phycosphere of algae in marine environments. The
study presented here encompasses data from nine environmental locations, but
the search was not exhaustive. It would therefore be beneficial to expand the
number of studies included to get stronger evidence for which bacteria are found
in most phycospheres. Another potential expansion is to investigate experimental
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data on niacin and biotin auxotrophy in Roseobacter and Sulfitobacter. As there
was only data available for two species, the next step would be to carry out simple
experiments demonstrating the apparent auxotrophies in more of the sequenced
bacteria in these orders that are associated with algae.
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4 Transcriptomics study
of a green alga cocultured with a
bacterium for
exchange of B12
Preface
The work described in this chapter is a result of a collaboration with multiple
partners. Vaibhav Bhardwaj (formerly Department of Plant Sciences, University
of Cambridge) and Dr Katherine Helliwell (formerly Department of Plant
Sciences, University of Cambridge) grew the cultures used in the experiments
and extracted RNA from them. Construction of the libraries of cDNA prepared
from the RNA samples, and then sequencing of these libraries was carried out at
the Cambridge Genomic Services, in the Department of Pathology, University of
Cambridge by Dr Edward Farnell. Dr Krys Kelly (Department of Plant Sciences,
University of Cambridge) and Chris Boursnell (Department of Plant Sciences,
University of Cambridge) provided advice on the bioinformatics part of the study.
It should be noted that the work described in this chapter complements a
proteomics study performed using the same model system of M. loti and L.
rostrata. I co-authored the article describing this study and it has been accepted
for publication in New Phytologist as Helliwell et al, (2017) and is included as
Appendix 7.4.
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4.1 Introduction
The photosynthetic green alga L. rostrata and the B12-producing soil bacterium
M. loti have been demonstrated to form stable co-cultures when grown together
(Kazamia et al, 2012b; Grant et al, 2014). While this community has been studied
in terms of cell numbers and nutrient levels, the molecular mechanisms
underpinning this mutualistic relationship are not fully understood. In a
proteomics study of this community that I co-authored, the protein expression in
L. rostrata was quantified from an axenic culture supplied with B12 and a coculture of L. rostrata and M. loti (Helliwell et al, 2017). From the experiment, 588
proteins were identified, and the analysis of these proteins showed expression of
proteins related to amino acids synthesis was higher in co-cultures. Another
central finding was that proteins related to photosynthesis were expressed at
lower levels in co-cultures. This observation was validated by measuring electron
transfer rate as a proxy for photosynthesis capacity and was found to be lower in
co-cultures.
To expand the understanding of the interaction between these two organisms, a
transcriptomics experiment was carried out with the aim of identifying further
changes in gene expression between mono-cultures and co-cultures. An RNAseq based approach was selected due to it being successfully applied in previous
studies involving algae and bacteria co-cultures. Recent examples of include
studies of interactions between diatoms and alpha-proteobacteria: Thalassiosira
pseudonana with Roseobacter pomeroyi (Durham et al, 2014), and Pseudonitzschia multiseries with Sulfitobacter (Amin et al, 2015). Both studies are
described in detail in Chapter 1.
RNA-seq was also chosen as there is no genome sequence available for L.
rostrata, so performing a targeted qPCR study of selected transcripts would be
challenging. On the other hand, without a reference genome, a de novo assembly
process had to be undertaken to construct a representative of the L. rostrata
transcriptome. The fundamental challenge in this field is to construct trustworthy
longer sequences that represent individual transcripts from short sequence
reads. As these longer sequences are only candidate transcripts, but not verified
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they are referred to as contigs. The collection of contigs is referred to as an
assembly rather than a transcriptome.
RNA-seq studies in algal species without a reference genome have been
performed successfully previously, including for Chlorella sp. “SAG-211-18”
(Mansfeldt et al, 2016). They studied the Chlorella transcriptome under nutrient
replete and deplete conditions to identify changes in in gene expression. A central
observation from the study was that when switching from nutrient replete to
deplete conditions, transcripts encoding enzymes related to starch and lipid
synthesis are upregulated, while transcripts encoding enzymes related to
photosynthesis are down regulated. The phytoflagellate Euglena gracilis has
been the subject of two transcriptome-based studies recently. Yoshida et al,
(2016) sequenced cultures of E. gracilis under aerobic and anaerobic conditions
and constructed a de novo assembly of the transcriptome. The authors identified
a set of candidate genes related to synthesis of wax esters but concluded that
regulation of this process was more likely to be post-translational. In a similar
study, O’Neill et al, (2015) also constructed a representation of the E. gracilis
transcriptome using RNA-seq. The generated was assembly was used to place
E. gracilis in a phylogenetic context and the authors determined that E. gracilis
contains genes with homologs in mammals, plants and bacteria.
Building a representative transcriptome by de novo assembly for algal species is
becoming more common these days, but still provides a significant challenge.
This study is to my knowledge also the first time a transcriptome study of a coculture has been undertaken with an un-sequenced alga. The data from this study
will also provide the first opportunity to place L. rostrata in a phylogenetic context
using large quantities of nucleotide data.
The study had the following aims:
1) To demonstrate that it is possible to perform a transcriptomics
experiment of a synthetic co-culture consisting of a bacterium and an
alga, including a conducting a de-novo transcriptome assembly from a
co-culture.
2) To characterise changes in the metabolism of the organisms based on
changes in transcript levels
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3) To uncover specific genes that could have a central role in the
mutualistic interaction between L. rostrata and M. loti

4.2 Methods
4.2.1 Cultivation and harvesting of cells
Cultures used for the RNA-seq experiment were grown by Vaibhav Bhardwaj
using the following protocol.
Axenic cultures of Lobomonas rostrata were maintained on TAP agar + B12
slopes at 21 °C. Material for the RNAseq experiment was obtained by the
following method. Single colonies were selected and cultured in 10 mL of
heterotrophic medium (TP+(Kazamia et al, 2012b) in a shaking incubator at 25
°C, 120 rpm under white light of 100 µM m-2 s-1. After 14 days, cells from this
preculture were inoculated into 50 mL of TP+. To ensure equal cell numbers were
inoculated, cells counts were carried out using a Beckman Coulter counter and
an inoculation volume was chosen such that an initial concentration of 50 000
cells mL-1 was used. Flasks were then grown in a shaking incubator 16 h light 8
h dark cycles, 120 rpm and a temperature of 25 °C. Cells were harvested after 8
days.
The strain Mesorhizobium loti MAFF303099 was used for this study and cultured
on TY plates from cryopreserved stocks. Plates were incubated at 28 °C for 72 h
and then single colonies were picked and inoculated into 5 mL of TP+
supplemented with glycerol. The cultures were incubated in a shaking incubator
at 120 rpm and at 28 °C for 72 h. The OD of the cultures was measured and
readjusted to an OD of 0.1 at 595 nm. A 100-fold dilution was then carried out
thus giving an inoculum concentration of approximately 1 X 102 bacteria mL-1.
The cultures were then grown in 16h light 8 h dark cycles. Cells were harvested
at an OD between 0.3 and 0.5 at a wavelength of 595 nm.
Co-cultures were set up using individual pre-cultures of the algae and bacteria
prepared as above. The precultures were grown for 21 days and combined into
50 mL flasks. After two subcultures, a stable co-culture was inoculated into fresh
TP+ at an initial concentration of 50 000 algal cells mL-1. The flasks were grown
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in 16h light, 8 h dark conditions with shaking, and cells were harvested after 8
days.
All cultures were harvested by centrifuging cells at room temperature at 5300 rpm
for 10 minutes. The supernatant was discarded, and the cells pellets snap frozen
in liquid nitrogen. Cell pellets were then stored at -80 °C until RNA was extracted.
4.2.2 RNA extraction
RNA extraction from the cultures was performed by Vaibhav Bhardwaj and
Katherine

Helliwell

using

Bioline

(http://www.bioline.com/uk/isolate-ii-rna-mini-kit.html).

RNA
The

Easy

Kit

manufacturer’s

protocol was followed with additional steps of pre-treating cells with lysozyme to
break down bacteria cell walls. RNA quality was assessed using a nano-drop and
bioanalyser.
4.2.3 RNA preparation and Sequencing
Preparation and sequencing of the RNA samples was performed by Cambridge
Genomic Services, in the Department of Pathology, University of Cambridge by
Dr Edward Farnell. The samples were prepared using the InDA-Cr RNA removal
kit from NuGen (http://www.nugen.com/products/rna-seq), which serves to
deplete rRNA sequences. The kit was custom-made to remove rRNA from M. loti
and C. reinhardtii (as no sequences were available for L. rostrata rRNA).
Sequencing of the samples was performed using Illumina NextSeq on High
output mode. Sequencing was set to generate 75 bp pair-end reads.
4.2.4 Read filtering and QC
The raw reads from all 12 samples (Table 4.1) were subjected to filtering steps
to establish a high-quality dataset for assembly.
The four co-culture samples were subjected to a filtering step, where all reads
from each sample were aligned to the M. loti transcriptome using Bowtie2 on the
‘sensitive’ setting. This enabled separation of reads from M. loti and L. rostrata.
The M. loti transcriptome was obtained from the Ensembl database (Kopylova et
al, 2012).
The rRNA derived reads were then removed using SortMeRNA (Kopylova et al,
2012). Using this software all reads from the samples were aligned to the
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databases SILVA (Quast et al, 2013) and rfam (Nawrocki et al, 2015), which
contain both eukaryotic and prokaryotic rRNA sequences. SortMeRNA uses the
BLAST algorithm to find and align reads to the rRNA databases and matching
reads (using default e-value cutoff of 1) were removed from the dataset used for
subsequent analysis.
Next, low quality reads, unpaired reads and Illumina adapter sequences were
removed using Trimmomatic (Bolger et al, 2014). Trimmomatic was set up to
remove reads with low quality in the first two and last two bases, as well as reads
below 25 bp. These settings were based on recommendations by MacManes
(2015). Using Trimmomatic, unpaired reads were identified and removed from
the dataset.
The quality of the final set of reads was assessed using FastQC with default
settings (Andrews, 2016)
4.2.5 De novo transcriptome assembly for L. rostrata
The assembly process was performed based on advice from Chris Boursnell,
Department of Plant Science, University of Cambridge.
The de novo assembly was based on filtered reads from both the axenic L.
rostrata cultures and the co-cultures. Three different assemblies were created
using the assemblers, IDBA-tran (Peng et al, 2013), Trinity (Haas et al, 2013) and
SOAPdenovo-Trans (Xie et al, 2014). IDBA was used with the settings: minimum
K-mer length 21, max K-mer length 69 and a 0.98 similarity cut-off. Trinity was
run with default settings. SOAPdenovo-Trans was used with default settings and
a K-mer length of 3. The quality of each assembly was analysed using Transrate
(Smith-Unna et al, 2016) using default settings. A merged assembly was created
using Transfuse (Boursnell, 2016) using default settings. The final assembly was
based on Transrate to identify the subset of contigs from the three different
assemblies that gave the best Transrate score.
4.2.6 Quantification

of

contigs

expression

and

identification

of

differentially expressed contigs
Reads from the axenic L. rostrata samples and the co-culture samples were
mapped to the final assembly using the short read mapper Bowtie 2 (Langmead
& Salzberg, 2012). Bowtie 2 was run on ‘sensitive’ mode. The mapped reads
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were quantified to get the number of reads mapping to each of the contigs in the
final assembly. This was done using RSEM (Li & Dewey, 2011) with default
settings. Statistical analysis of the read counts was done using DeSeq2 (Love et
al, 2014) using default settings. A P-value adjusted for multiple testing was used
to identify differentially expressed contigs and a cutoff of Padjusted < 0.05 was used.
4.2.7 Annotation of the de novo assembly
Annotation of the assembly was done based on homology between the
constructed contigs and annotated sequences from public databases. The
sequence aligner Diamond (Buchfink et al, 2015) was used to identify the closest
protein homolog in NCBI NR (NCBI Resource Coordinators, 2016) for each
contig. Diamond uses an optimised version of BLASTX (Altschul et al, 1997) to
identify similarities between contigs and protein sequences. Diamond was run
using an e-value threshold of <10-5 and “sensitive” setting. The contigs were also
compared to the annotated transcriptome of C. reinhardtii using CRB-BLAST
(Aubry et al, 2014) and the same settings as described above. The C. reinhardtii
transcriptome sequences and annotation was obtained from Ensembl Plants
(Bolser et al, 2017). In addition, translated versions of the contigs were analysed
for the presence of conserved proteins domains. Blast2GO (Götz et al, 2008) was
used to run InterProScan (Mitchell et al, 2015), which searched for domains in
the databases Interpro, Pfam and TIGRFAM (Haft et al, 2013). InterProScan was
run with default settings. Based on the results from Diamond/BlastX, GO-terms
(Ashburner et al, 2000) were added to each contig where possible. This was done
using Blast2GO and the mappings provided by The Gene Ontology Consortium
(2015). Based on the identified homologs for each contig, the corresponding
organism for each homolog was found. This was done by combining the results
from Diamond/BLASTX results and mappings from NCBI Taxonomy (NCBI
Resource Coordinators, 2016).

4.1 Results
In the sections below, I will both describe the results from the RNA extraction,
sequencing process, de novo assembly process, annotation process and the
biological findings.
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4.1.1 RNA quality from extraction
RNA was extracted from four replicates of axenic L. rostrata cultures, axenic M.
loti cultures and co-cultures of the two organisms. Table 4.1 shows the total RNA
extracted from each culture as well as the ratios of A260/A280, A260/A230 and
RNA integrity number (RIN). The A260/A280 ratio is used to indicate
contamination from proteins, while the A260/A230 ratio is used to control for
polysaccharide contamination (Asif et al, 2000). Generally, samples should have
values of 1.8 or higher in order to be considered contamination free (Asif et al,
2000; Baelde et al, 2001). L. rostrata and co-culture samples were well above
this recommended threshold, but the M. loti samples were only slightly above the
threshold. Another measurement used to quantify the samples quality is the RIN.
The RIN is used to identify degraded RNA samples and it is calculated based on
microcapillary electrophoretic RNA separation and an algorithmic approach to do
so (Schroeder et al, 2006). The RIN is given as a number between 1 (completely
degraded) and 10 (completely intact) and typically a minimum of 8 is required for
RNA-seq protocols (Van Verk et al, 2013). Both the M. loti and L. rostrata samples
were above this threshold, but the co-cultures samples appeared to have been
partly degraded.

Table 4.1– Quality control of RNA extraction from the 12 samples used. For sample is
listed the amount of RNA, the ratio of UV absorbance at various wavelengths and RNA
integrity number (RIN).
Sample name

Total RNA [ng]

A260/A280

A260/A230

RIN

Co-culture #1

3991.2

2.19

2.16

7

Co-culture #2

3704.4

2.19

2.33

5.9

Co-culture #3

3934.8

2.18

2.27

6.2

Co-culture #4

4186.8

2.19

2.4

5.3

L. ros. axenic #1

6622.8

2.23

2.22

8.2

L. ros. axenic #2

4075.2

2.19

2.36

8.7

L. ros. axenic #3

6795.6

2.21

2.15

8.7

L. ros. axenic #4

2919.6

2.21

2.45

8.3

M. loti axenic #1

1534.8

1.85

2.18

8.4

M. loti axenic #2

942

1.81

2.27

9.7

M. loti axenic #3

916.8

1.84

2.03

10

M. loti axenic #4

1030.8

1.84

2.05

9.5
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4.1.2 Quality of raw sequence data
Notwithstanding the quality measures of the RNA samples, all 12 were
sequenced using Illumina NextSeq with 75 bp read length at the Cambridge
Genomic Services, Dept. Pathology, University of Cambridge. The number of
reads returned from each sample is listed in Table 4.2, and on average each
sequence dataset contained 22.7 million reads and 1.70 billion nucleotides.
For each sample, a quality report of the sequence output was created using
FASTQC (Andrews, 2016). While the reports contain multiple outputs, only the
quality scores of the base calling is shown in Figure 4.1 and for just one sample
from each of the three experimental setups. The full reports are available on
request due to their large size. The quality graphs from the other samples are
similar to the ones shown here. In collaboration with Dr Krys Kelly, Dept. of Plant
Science, University of Cambridge, the reports from FASTQC were interpreted,
and the sequencing data was found to be without any issues and of sufficient
quality.
Table 4.2– Number of raw reads from each sample from the RNA sequencing step
Sample name

Number of raw reads

Co-culture #1

19,115,639

Co-culture #2

23,984,157

Co-culture #3

25,252,132

Co-culture #4

23,893,172

L. ros. axenic #1

22,486,581

L. ros. axenic #2

18,826,928

L. ros. axenic #3

20,730,016

L. ros. axenic #4

19,671,265

M. loti axenic #1

22,687,148

M. loti axenic #2

25,059,376

M. loti axenic #3

26,746,657

M. loti axenic #4

24,458,223
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Co-culture
#1

L. ros #1

M. loti #1

Figure 4.1 – Average quality score for base calling on each position across the 75 bp length reads from the RNA-seq
dataset. The quality scores were calculated using FASTQC (Andrews, 2016)
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4.1.3 Read filtering and sorting
4.1.3.1 Sorting reads from co-cultures
In order to process the reads from co-cultures, reads from M. loti were separated
from the rest of the reads. This was done by aligning the raw sequence reads
from the four co-culture samples to a reference transcriptome for M. loti with the
results shown in Table 4.3. The sorting revealed that just 0.06% of the reads from
the co-culture samples could be aligned to the M. loti transcriptome. This small
number of reads did not allow further analysis of the M. loti transcriptome and the
rest of the study is therefore focused on the L. rostrata transcriptome.
Table 4.3 – Total number of reads from each co-culture sample and the number of reads aligning to the M. loti
transcriptome from those samples. The average M. loti fraction of reads is 0.06% across the samples.
Sample

Total reads

Reads from M. loti

Co-culture #1

19,115,639

13,189

Co-culture #2

23,984,157

12,167

Co-culture #3

25,252,132

15,819

Co-culture #4

23,893,172

14,135

4.1.3.2 rRNA depletion
As up to 90% of RNA in a cell is rRNA, separating rRNA from mRNAs is essential
when attempting when studying gene expression (Kopylova et al, 2012). As
mentioned in the methods section, a custom rRNA removal kit was applied prior
to sequencing. While this improves the rRNA to mRNA ratio, a computational
filtering of the sequenced reads can reduce the rRNA level further. The
computational tool SortMeRNA (Kopylova et al, 2012) was used to compare the
sequenced reads to rRNA sequences from SILVA (Quast et al, 2013) and rfam
(Nawrocki et al, 2015) and remove rRNA reads (Results in Table 4.4). The results
showed that each sample contained 80.3% rRNA reads on average, which is
comparable to other studies. For example, in a study of the brown alga
Ectocarpus siliculosus 94% of all reads from the RNA-seq were found to be rRNA
(Saint-Marcoux et al, 2015), whilst for a newly discovered Chlorella species, the
rRNA fraction was found to be between 60-89% of the sequenced reads
(Mansfeldt et al, 2016).
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Table 4.4 – Reads from each sample after in silico removal of rRNA and Trimmomatic filtering. The removal of rRNA
sequences was after aligning reads to databases of rRNA sequences. The Trimmomatic filtering step removed low
quality reads and adapter sequences.
Sample
Initial reads After rRNA removal After Trimmomatic filtering
3,718,777
L. ros. axenic #1 22,486,581 4,092,435
L. ros. axenic #2 18,826,928 2,791,225
2,553,228
3,268,737
L. ros. axenic #3 20,730,016 3,636,041
2,541,483
L. ros. axenic #4 19,671,265 2,793,438
Co-culture #1
19,102,450 4,419,068
3,984,912
Co-culture #2
23,971,990 5,724,279
5,246,087
25,236,313 5,879,262
5,377,162
Co-culture #3
Co-culture #4
23,879,037 5,463,412
4,994,673

4.1.4 Quality filtering and trimming of adaptors
While the quality of the base calling in the reads from the sequencing process in
this study was high, it is still recommended to remove reads where the base
calling is of low quality, the reason being that errors in base calling can affect the
mapping and assembly processes (Conesa et al, 2016). Adaptor sequences from
the experimental steps of the process can also cause unwanted disturbances and
should therefore also be removed. Using the software Trimmomatic (Bolger et al,
2014), low quality reads and adaptors were removed from pools of reads from all
samples. The result of this process is shown in Table 4.4. On average 9.9% of
the reads from each sample were removed in this filtering step, which is on par
with other recent RNA-seq studies. In a transcriptomics study of the alga Euglena
gracilis, this filtering step removed 8.3% of the raw reads (Yoshida et al, 2016),
whilst 16.0% of raw reads were removed in a study of the fruit Garcinia
mangostana (Matra et al, 2016).
4.1.5 De novo assembly of L. rostrata transcriptome
As no transcriptome or genome exists for L. rostrata, one of the first objectives
was to build an assembly representing the transcriptome from the cleaned
sequence reads. To achieve the best possible assembly, three different tools for
de novo transcriptome assembly were utilised and the resulting assemblies were
combined. Using the assemblers, IDBA-tran (Peng et al, 2013), Trinity (Haas et
al, 2013) and SOAPdenovo-Trans (Xie et al, 2014), three different assemblies
were created, each with a different number of contigs (Table 4.5). Using the
software Transrate (Smith-Unna et al, 2016), the quality of each contig in each
assembly was assessed based on mapping the reads to back to the contigs. For
each assembly, an aggregated score based on the quality of the contigs was also
calculated (Table 4.5). The tool Transfuse (Boursnell, 2016) was used to merge
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the three assemblies, which resulted in a Transrate score of 0.540. In order to
provide context for the scores, Smith-Unna et al (2016) analysed 155 published
transcriptomes and found that 50% of the studies had a Transrate score above
0.22. The final step in the filtering process was removal of low-expressed contigs,
as performing a differential expression analysis using these will not produce high
confidence results (Vijay et al, 2013). First, expression of each contig was
quantified by mapping the cleaned reads to the contigs using Bowtie2 (Langmead
& Salzberg, 2012) and quantification of read counts was done using RSEM (Li &
Dewey, 2011). The transcriptome assembly was then filtered using threshold of
>1 TPM for each transcript. The final assembly had 134,682 contigs, a Transrate
score of 0.548 and a length distribution as shown in Figure 4.2a.
Table 4.5 – Size and quality of the three assemblies made, the merged assembly and the final assembly. The final
assembly is based on a subset of the merged assembly, selected based on Transrate scores.
Assembly

No. of contigs

Transrate scores

IDBA-tran

148,995

0.371

Trinity

175,234

0.178

SOAPdenovo-Trans

196,871

0.221

Merged assembly

199,550

0.540

Final assembly

134,682

0.548
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Figure 4.2a) Histogram of the length of the contigs in the final assembly for L. rostrata. Figure 4.2b) Histogram of
transcript length in V. carteri (purple) and C. reinhardtii (orange). The majority of transcripts in the V. carteri and C.
reinhardtii transcriptomes are longer than 1500 nt, while the opposite is true for the assembly for L. rostrate.

To provide context for the distribution of contig sizes, I extracted the
transcriptome for V. carteri and C. reinhardtii from ENSEMBL (Bolser et al, 2017)
and plotted the distribution in Figure 4.2b. When comparing the distributions, it
was found that 59.3% of the L. rostrata contigs were <500 nt and 7.6% were
>2000 nt, compared to 12.4% and 43.5% for C. reinhardtii transcripts. This could
mean that some of the transcripts from the L. rostrata cultures have been split
into multiple contigs. This seems even more likely considering that the L. rostrata
assembly has ~10x more contigs than the number of C. reinhardtii and V. carteri
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transcripts. While this is suboptimal, it is also to be expected when building a de
novo assembly and it is similar to what has been found in other studies of algae
without a sequenced genome (O’Neill et al, 2015; Yoshida et al, 2016).

4.1.6 Annotation
Annotation of the 134,682 contigs in the final assembly was carried out using
sequence similarity between the contigs and annotated sequences from public
databases. The software tool DIAMOND (Buchfink et al, 2015) enables the
BLASTX search algorithm to be applied on larger datasets such as this by
speeding up the process >1000x while maintaining a similar sensitivity. This
allows a complete homology search to be completed in hours rather than months.
For 35,633 contigs (~26%) at least one match was found in the NCBI NR
database. Using BLAST2GO (Götz et al, 2008) Gene Ontology (GO) terms were
assigned to the contigs where possible. Based on the identified homologs from
NCBI NR, KEGG terms (Kanehisa et al, 2014) were assigned to contigs using
MEGAN (Huson et al, 2016). Using CRB-BLAST, the closest reciprocal matches
between each contig and the C. reinhardtii transcriptome were identified. The
number of contigs annotated using each method as well as examples of
annotation is shown in Table 4.6. Two important caveats to note are that 1) each
contig can potentially have two different annotations due to the differences
between the methods and 2) multiple contigs can have the same annotation.
Splice variants and false variants caused by the assembly process are some of
the reasons for multiple contigs ending up with the same annotation. Both issues
are to be expected in de novo assembly projects (Ono et al, 2015).
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Table 4.6 – Overview of annotation results. Annotations of contigs were made using DIAMOND to identify related
sequences from NCBI NR. From the NCBI NR results, GO and KEGG categories were assigned. CRB-BLAST was
used to identify homologs from the C. reinhardtii transcriptome. Examples are provided in the second part of the
table.
Database
Number of contigs annotated

Contig
contig15697.1

contig3789.1

contig21177.1

GO

16,206

KEGG

7,998

C. reinhardtii transcriptome

15,603

KEGG Annotation
K00012 UDPglucose 6dehydrogenase
[EC:1.1.1.22]

GO annotation
UDP-glucose 6dehydrogenase,
eukaryotic type

C. reinhardtii homolog

K01581 ornithine
decarboxylase
[EC:4.1.1.17]

Ornithine
decarboxylase

tr|A8J7E8|A8J7E8_CHLRE|Ornithine
decarboxylase 1

K01738 cysteine
synthase A
[EC:2.5.1.47]

Cysteine synthase
CysK

tr|A8ISA9|A8ISA9_CHLRE|Cysteine
synthase

tr|A8J914|A8J914_CHLRE|UDP-glucose
6-dehydrogenase

GO-terms can be used to give an overview of the types of contigs identified in the
dataset. 16,206 contigs had at least one GO term associated with them and
across all contigs 103,082 GO terms were identified. The identified GO-terms
were aggregated into groups based on the GO taxonomy and accumulated
counts for each group can be found in Figure 4.3. The figure provides an overview
of the assembly and shows that a broad range of predicted functions can be found
in the constructed assembly. GO-term mapping show that a large number of
contigs are classified as being involved catalytic and metabolic processes. A
smaller set of contigs were mapped to process related to cell reproduction,
transport, transcription regulation and cell death. These observations are to be
expected from a good representation of a transcriptome and increases
confidence in the assembly as a truthful representative of the actual L. rostrata
transcriptome.
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Figure 4.3 - Accumulated counts for each GO-term. Level 2 of the GO taxonomy was used and terms at lower levels
were summed to their Level 2 term. The counts are based on GO annotation of 16,206 contigs with a total of 103,082
GO terms.

4.1.7 Comparison with other organisms
There is no public genome of L. rostrata and this study is the first time the L.
rostrata transcriptome has been sequenced. This is therefore also the first study
of how L. rostrata is phylogenetically related to other sequenced or partly
sequenced organisms. The goal of this analysis was to identify species that are
closely related to L. rostrata using the constructed assembly for L. rostrata. The
final de novo assembly of 134,682 contigs was used and for each of the contigs,
the closest matching sequence from NCBI NR was identified using BLASTX. The
organism from which the matching sequence originated was identified using
NCBI Taxonomy. This was done for each contig and summed up across the
whole assembly. To reduce the noise created by errors in the assembly process,
the results were weighted using the read count for each contig. The results show
that the 85% of the mapped reads map to contigs that have a close homolog in
either C. reinhardtii, C. incerta or V. carteri, which are all part of the order
Chlamydomonadales (Volvocales) (Figure 4.4). While not surprising, this firmly
places L. rostrata among the green algae, but as V. carteri and C. reinhardtii stem
from two different families among the Chlamydomonadales the data do not
enable a more specific classification. Surprisingly, 2.29% of the reads comes
from contigs where the closest sequence match is from Klebsormidium flaccidum
from the Streptophyta phylum. The contigs that have the closest match in K.
flaccidum were inspected in closer detail to identify the types of genes that L.
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rostrata appears to share with K. flaccidum. However, based on the KEGG and
GO annotation of the contigs, no apparent pattern could be found.
Among the top ten species from the analysis are eight algae, but also two nonalgal species. Sandaracinus amylolyticus is a delta-proteobacteria from the
Myxococcales order and 0.61% of the reads from the experiment map to contigs
with a high similarity to transcripts from this bacterium. Octopus bimaculoides is
also known as a California two-spot octopus and 0.54% of the reads map to
contigs related to this organism. In the case of both of these organisms no further
investigation of these contigs was performed in this study.

7.12%

2.29%

Chlamydomonas reinhardtii
7.14%

Volvox carteri f. nagariensis
Chlamydomonas incerta
43.38%

Klebsormidium flaccidum
Monoraphidium neglectum
Coccomyxa subellipsoidea C-169
Sandaracinus amylolyticus
Octopus bimaculoides
Gonium pectorale
Amphimedon queenslandica
Other

35.85%

Figure 4.4 – Fraction of the reads assigned to each species. Each read was assigned to a species with a public
genome based on homology using BLASTX. The figure shows that 43.38% of the reads from the experiment map to
sequences with a close homolog in C. reinhardtii.

4.1.8 Differentially expressed contigs
Using the number of reads mapping to each contig and the software DeSeq2
(Love et al, 2014), 577 contigs were identified as having a statistically significant
(padj < 0.05) differential expression between the axenic L. rostrata and co-culture
samples. Of the 577 contigs, 368 were expressed more (up-regulated) in cocultures compared to the axenic cultures, while 209 were expressed at lower
levels (down-regulated) in the axenic cultures compared with co-cultures. For the
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down-regulated contigs it was possible to assign GO-terms to 43 of them and for
the up-regulated contigs GO-terms were assigned to 130. A summary of the GOterms assigned to the differentially expressed contigs can be found in Figure 5. It
should be noted that for most categories such as “nucleotide binding”,
“transferase activity” and “nitrogen compound metabolic process” there are
several contigs that are up-regulated and several contigs that are downregulated.

108

0

membrane-bounded organelle
membrane
macromolecule metabolic process
nucleotide binding
transferase activity
nitrogen compound metabolic…
hydrolase activity
response to stress
protein binding
multicellular organismal…
nucleic acid binding
cell communication
establishment of localization
transport
catabolic process
response to abiotic stimulus
cellular developmental process
regulation of biological process
regulation of cellular process
response to endogenous stimulus
non-membrane-bounded…
response to external stimulus
signal transducer activity
ribonucleoprotein complex
anatomical structure development
anatomical structure…
behavior
cell cycle
cell death
extracellular region part
extracellular space
regulation of biological quality
transcription factor activity
cell growth
cellular homeostasis
chromatin binding
intracellular organelle part
lipid binding
organelle lumen
organelle part
post-embryonic development
response to biotic stimulus
translation factor activity, nucleic…

0

intracellular organelle
macromolecule metabolic process
transferase activity
nucleotide binding
biosynthetic process
hydrolase activity
membrane-bounded organelle
protein binding
nitrogen compound metabolic…
non-membrane-bounded organelle
nucleic acid binding
response to stress
establishment of localization
multicellular organismal…
ribonucleoprotein complex
transport
anatomical structure development
anatomical structure…
catabolic process
cell communication
cell death
cell death
cellular developmental process
regulation of biological process
regulation of cellular process
response to abiotic stimulus
response to endogenous stimulus
signal transducer activity
behavior
cell cycle
cell growth
cellular homeostasis
chromatin binding
embryonic development
extracellular region part
extracellular space
intracellular organelle part
lipid binding
organelle lumen
organelle part
post-embryonic development
regulation of biological quality
response to biotic stimulus
response to external stimulus
translation factor activity, nucleic…

45

40

35

30

25

20

15

10

5

12

10

8

6

4

2

Figure 4.5– Summary of the GO-terms (Level 3) for the differentially expressed contigs. Categories for contigs upregulated contigs in co-cultures are shown in blue and down-regulated contigs are shown in red. A single contig can
have multiple GO-terms attached to it.

4.1.8.1 Increased expression of transporter for plant hormone indole-3-

acetic acid

Analysis of the different classes of differentially expressed genes and the

significance for the behaviour of L. rostrata in co-culture is ongoing in our

laboratory. I focused on two differentially expressed genes that can be related to

other studies in the literature. Contig7872.4 appears to be expressed twice as
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high in co-cultures (Padjusted = 0.01) as in axenic L. rostrata cultures. The
homology search carried out to identify the function of the related enzyme
showed that the contig has a very high similarity to an MDR-like ABC transporter
from C. reinhardtii and the ABCB4 transporter from A. thaliana. The ABCB4
transporter has been showed to be a transporter for uptake of the plant hormone
indole-3-acetic acid (IAA), which is a type of auxin (Santelia et al, 2005; Terasaka
et al, 2005). IAA is known to regulate growth in plants and has been shown to
stimulate growth of the marine algae P. multiseries (Amin et al, 2015). The
hormone has been shown to be produced by multiple alpha-proteobacteria and
in particular rhizobia have been associated with synthesis of this molecule
(Theunis et al, 2004; Jones et al, 2007), although IAA has not been found to have
any metabolic function in bacteria (Lau et al, 2009). Based on a lookup in KEGG,
M. loti appears to have the required genes encoding the enzymes for IAA
synthesis (mlr0712, mll3668 and mll2219) using the tryptophan dependent IPA
pathway (Kanehisa et al, 2014). Further to this, there is experimental evidence
that show that the related species Mesorhizobium ciceri, Sinorhizobium meliloti
and Rhizobium sp. NGR234 can produce IAA (Ahmad et al, 2008; Duca et al,
2014). In a study of a co-culture of the diatom P. multiseries and the alphaproteobacterium Sulfitobacter SA11, it was found that the bacterium increased
expression of IAA synthesis related genes by 2 to 4-fold when it was co-cultured
with the diatom.
4.1.8.2 Increased expression of the kinase SNRK2.1 in co-cultures
Contig7908.1 has a 15-fold increase in expression in co-cultures compared with
mono-cultures (padj = 5.3*10-8). Based on the homology analysis, the contig
appears to represent the gene encoding a SNRK2.1 enzyme. SNRK2 is a family
of serine/threonine kinases related to abiotic stress and in algae SNRK2.1 in
particular has been associated with sulphur deprivation (Gonzalez-Ballester et al,
2008; González-Ballester et al, 2010; Kulik et al, 2011). Under sulphur replete
conditions SNRK2.1 is inhibited by SNRK2.2, but under sulphur deplete
conditions SNRK2.1 activates genes that enable the cell to adapt to the new
condition (González-Ballester et al, 2010). In a set of transcriptomics experiments
with a C. reinhardtii DSNRK2.1 mutant it was shown that under sulphur deplete
conditions cell viability was greatly reduced (González-Ballester et al, 2010).
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From the transcript data it was found that absence of the SNRK2.1 reduces the
expression of methionine synthase (METH), biotin synthesis transcripts (BIOB1
and BIOB2) and thiamine synthesis transcripts (THI4 and THIC) in sulphur
deplete conditions. Other aspects of metabolism that appear to be affected by
SNRK2.1 include photosynthesis and amino acid synthesis. It is not currently
understood what physiological effects an increase in SRNK2.1 expression will
cause in an alga.

4.2 Discussion
4.2.1 Transcriptome analysis of a culture of algae and bacteria
From the initial cultures of L. rostrata, it was possible to conduct a set of
experiments and data processing steps that have led to the first representative
transcriptome for this alga. In the experimental steps of the process, suitable
protocols for RNA-extraction were identified and developed as needed by
collaborators Katherine Helliwell and Vaibhav Bhardwaj. When trying to compare
to cultures grown under two different conditions (axenic vs. co-culture) it was
critical to evaluate and select conditions that allowed comparison of the two
samples. The experimental conditions under which the cultures were grown could
have a significant impact on the amount of RNA extracted. As growth rates differ
under the two conditions, it was important to select time points where the cultures
were in a similar state (exponential, steady state, or decline).
In the quality control of the RNA extracted from the 12 cultures, the co-culture
samples appeared to have some level of degradation based on the RIN (between
5.3 and 7). A decision was made to proceed with these samples despite these
values being below ideal level for an RNA-seq experiment. The samples in
question contained chloroplast, mitochondrial, eukaryotic and prokaryotic RNA
and it is possible that influences the calculation of the RINs. To my knowledge,
no other study of co-cultures of an alga and a bacterium have reported RINs, and
it is still uncertain if this is a good measurement for co-cultures.
Post sequencing, the reads from co-cultures were aligned to the M. loti
transcriptome to identify the fraction of M. loti transcripts. Disappointingly, the M.
loti transcripts made up less than 0.1% of the total reads and there were not
enough reads to do a transcriptome analysis of M. loti from the co-culture
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samples. Although data were available for the M. loti transcriptome from the
axenic M. loti cultures, analysis was postponed as there was no other conditions
to compare it with. In this experiment, we had aimed to get sequence for both
organisms from one set of co-culture samples. For future efforts in sequencing
algae and bacteria co-cultures, it would be advisable to carefully investigate the
ratio of algae to bacteria RNA in the samples prior to sequencing. This could be
done by calculating the RNA per cell for both the algae and the bacteria and then
correlate that with the cell counts for the co-cultures to calculate the ratio of total
RNA. In cases where it is deemed unfeasible to get sequencing material for both
organisms from a single sample, one possibility would be to extract eukaryotic
and bacterial mRNA from separate samples of the co-culture and sequence them
individually. Eukaryotic mRNA could be extracted using a simply Poly-A kit, to
capture RNAs with a polyadenylated tail. For extraction of bacterial mRNA, the
process will likely include removal of poly-A sequences, prokaryotic rRNA and
eukaryotic rRNA (Kumar et al, 2016). Another approach to solving this issue could
be to use a filtering step of the co-cultures to separate bacteria from algae. This
has successfully been done using a 5 µm filter (Eigemann et al, 2013). In the
proteomics study, that I co-authored, where the same model system was studied,
we encountered a similar problem: it was not possible to identify proteins
originating from M. loti from the co-culture samples. The lack of reads mapping
to M. loti is therefore unlikely to be due to errors in the approach used, but rather
due to a very high L. rostrata:M. loti RNA ratio.
Creating a de novo assembly of a transcriptome from individual reads is not a
trivial task, and care should go into the choice of method. Currently, there is not
a single method that can claim to be superior, and multiple methods of assembly,
and permutations to these, exist. A central challenge in creating a good
representation of the transcriptome from short reads is that it is not possible to
determine

exactly

how accurately

the assembly

matches

the actual

transcriptome.
The 134,682 contigs in the final assembly from L. rostrata is ~10x higher than the
number of transcripts in the C. reinhardtii transcriptome. While this can appear
surprising, it is on par with other comparable studies. In a transcriptomics study
of the green algae Euglena gracilis, the de novo assembly contained 113,295
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contigs (Yoshida et al, 2016) and in another study of E. gracilis published only a
few months prior the assembly was made up of 233,748 contigs. To reduce the
number of contigs derived from the assembly process to a level that resembles
the actual transcriptome, researchers sometimes resort to filtering of the contigs.
In a study of the alga Dunaliella salina, an assembly with 43,236 contigs was
created, but this number was only achieved after removing contigs shorter than
300 base pairs and contigs with fewer than 40 reads per contig (Fang et al, 2017).
Similarly, in a study of the green alga Tetraselmis sp. KCTC12432BP the initial
assembly of 425,485 contigs was reduced to 26,245 contigs by filtering out those
without a homolog in NR protein database (Shin et al, 2016). While these filtering
tactics are practical and effective at reducing the number of contigs, the
thresholds used to do the filtering are often arbitrary and rely on intuition rather
than any reproducible method. Methods using a formal approach to reduce the
number of contigs from de novo assembly have been developed but are still
novel. De novo RNA-Seq Assembly Pipeline (DRAP) is a data pipeline project
that aims to increase the compactness and correctness of assemblies from Trinity
and Oases (Cabau et al, 2017). The assemblies are compacted by extracting the
longest and most covered contig from sets of highly similar contigs, using CDHIT-EST to merge similar contigs, and Transrate (Smith-Unna et al, 2016) to
remove contigs deemed to be of low quality. While this processing pipeline also
relies on thresholds, the authors have demonstrated that they are able to reduce
the number of contigs in several assemblies without reducing the completeness
of the assembly.
For annotation of de novo assemblies again there is no single method or pipeline
that have proven to perform best in all cases. Due to the number of contigs in
assemblies typically being in the tens of thousands or greater, manual
comparisons between the sequences from the assembly and sequences from
some annotated source is not feasible. Instead most researchers rely on an
automated approach to generate annotations. Currently, most research projects
use some version of the BLAST algorithm to identify sequences with a high
degree of similarity to the contigs in question and then transfer the annotations.
The source of the annotated sequences varies, but are generally combinations
of NCBI NR, UniProt/SwissProt and transcriptomes from model organisms such
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as A. thaliana. Domain identification tools such as InterProScan (Jones et al,
2014) are used to search protein domain databases such as Pfam. In addition to
these, KEGG and GO annotations are often added on the basis of the results
from BLAST based annotation using the mapping system provided by their host
organisations. While semi-automated, the methods above still require the user to
be familiar with a command-line Unix environment, so software packages to
automate this process have been developed. Tools such as Blast2GO (Götz et
al, 2008) gives users a graphical interface that allows them to carry out some
forms of annotation. Other tools that have aimed to simplify the annotation
process are AfterParty (Jones & Blaxter, 2013), Annot8r (Schmid & Blaxter, 2008)
and Trinotate (https://trinotate.github.io/). In this study, 24,102 total contigs from
the L. rostrata assembly were given some level of annotation. Compared to the
number in the assembly (134,682 contigs), this might appear underwhelming.
However, while it might be possible to apply more tools to generate more
annotations, the current status is on par with recent and similar studies such as
the previously mentioned study of E. gracilis, where 12,020 out of 233,748
contigs were annotated with a GO-term (O’Neill et al, 2015).

4.2.2 Differentially expressed contigs and further experiments
As presented in the results section, a set of contigs with differential expression
was identified from the transcriptomics experiment. In the results section I
presented two examples of contigs that are potentially contributing to mutualistic
interaction observed between L. rostrata and M. loti
To my knowledge, this study is the first time an IAA transporter in an alga has
been observed to be expressed at higher levels in the presence of a bacterium.
IAA has long been known to be central to plant development, where it acts as a
hormone and is involved in central processes such as shoot elongation and root
development (Leyser, 2010). IAA is known to be produced by several types of
soil bacteria known to be associated with plant roots such as species of
Pseudomonas, Rhizobium, Azospirillum, Enterobacter, Azotobacter, Klebsiella,
Alcaligenes, Pantoea and Streptomyces. IAA synthesis is also found in plants
and fungi (Duca et al, 2014). The next step from this point would be to set up a
set of experiments to verify and this observation. One way of verifying the
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observation is to set up a set of axenic- and co-cultures of L. rostrata and M. loti
and then carry out a qPCR experiment targeting the putative IAA transporter to
verify that expression is indeed increase when the bacteria is present. It would
also to be central to verify the function of enzyme corresponding to Contig7872.4.
L. rostrata is currently not suited for genetic modifications, such as expression of
transgenes or knockout experiments. To address this, C. reinhardtii potentially
could be used as the C. reinhardtii gene CHLREDRAFT_138672 is highly similar
to Contig7872.4 (75% identity based on a nucleotide alignment) and thus likely
to be an IAA transporter. While Amin et al (2015) demonstrated that IAA could
enhance the growth rate of P. multiseries, the effects of IAA and auxins in general
are still poorly understood in algae. Amin et al (2015) hypothesized that IAA is
one among many molecules that are used by algae and bacteria to reinforce
mutualistic behaviour. Based on the assumption that the IAA transporter is in fact
up-regulated in co-cultures and that IAA is central to the observed mutualism, it
would be interesting to study the effect on co-cultures using C. reinhardtii DmetE
mutant (Helliwell et al, 2014a). Using this strain with the IAA transporter being
knocked down using miRNA (Molnar et al, 2009) could be used to test if IAA
uptake is central to the stability of the mutualistic interaction.
The other highlighted contig with up-regulated expression in co-cultures is
Contig7908.1, which is a putative kinase called SNRK2.1. This kinase is thought
to influence the expression of a wide array of genes in algae and experiments
have been undertaken to demonstrate the effect of absence of SNRK2.1
(González-Ballester et al, 2010). The next step forward from this initial
observation is to confirm that Contig7908.1 corresponds to SNRK2.1 in L.
rostrata and that the gene is indeed expressed at different levels between cocultures and axenic cultures. Following on from that it would interesting to
investigate if L. rostrata or an equivalent alga with a D SNRK2.1 mutation would
be able to form a mutualistic interaction with M. loti.
Further analysis that would provide validation and context for this study is a
detailed comparison of the data from the mentioned proteomics study of M. loti
and L. rostrata (Helliwell et al, 2017, accepted for publication). In this study 588
algal proteins were identified with 153 of them being differentially expressed.
From this it was identified that two of the main areas of metabolism in the algae
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that appear to be affected in co-cultures are photosynthesis and amino acid
metabolism. Interestingly, these areas have been shown to change expression
of transcripts in a C. reinhardtii DSNRK2.1 strain (González-Ballester et al, 2010).
An exhaustive understanding of the mechanisms underpinning the mutualistic
interaction between L. rostrata and M. loti has yet to be achieved. However,
through the experiments conducted in this study I have created a new resource
for identifying candidate genes central to the co-cultures between alga and
bacteria. From the list of differentially expressed contigs, two in particular were
identified and further experiments should be undertaken to confirm the
hypotheses generated from this study. Further investigation of the differentially
expressed contigs will reveal more clues as to which genes are underpinning the
observed interactions between algae and bacteria.
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5 Discussion and
conclusion
5.1 Overview
Algae are responsible for as much as half of the primary production on the planet
(Whitman et al, 1998; Field et al, 1998; Amin et al, 2015). In oceans, algae are
surrounded by a phycosphere containing secreted materials as well as
associated bacteria, and the interaction between algae and bacteria in the
nutrient replete oceans can greatly affect the growth and productivity of the algae
(Bell & Mitchell, 1972). In this thesis, I have demonstrated how methods from
computational biology can be applied to study and illuminate interactions
between algae and bacteria. In each of the three results chapters, a specific set
of methods was applied with the aim of uncovering metabolic and genetic aspects
central to algae-bacteria mutualism. The studies are based on the model system
of the green freshwater alga L. rostrata and the soil alpha-proteobacterium M. loti
(Kazamia et al, 2012b; Grant et al, 2014)
In the Chapter 2, I applied metabolic modelling and flux balance analysis with the
aim of studying the metabolism of M. loti. The goal of this study was to explore
the potential of metabolic modelling as a framework for studying algae-bacterial
interactions and the M. loti – L. rostrata model system. A model for simulating the
metabolism of M. loti was developed and used to study M. loti’s ability to grow on
various substrates. I attempted to use the method to identify substrates that could
be supplied by L. rostrata to M. loti when the two organisms are co-cultured.
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Ultimately, I was successful in developing a model for simulation of M. loti growth
and this model could be used to study the effects of genetic insertions and
deletions in M. loti. While I identified 16 candidate substrates from the flux
balance analysis, I was not able to experimentally verify that these were supplied
by the algal partner in co-cultures.
As described in the introduction, it has been estimated that approximately half of
eukaryotic algae are dependent on exogenous B12 (Croft et al, 2005). Bacteria
are the only group of organisms that are known to synthesise B12, and the genes
related to the synthesis pathway have been isolated and characterised in multiple
bacterial species (Warren et al, 2002). I therefore set out to identify how common
the presence of this pathway is, and which phylogenetic groups of eubacteria are
capable of B12 synthesis. The motivation for this study was initially to identify
bacteria capable of supplying vitamin B12 to algae, but as the study progressed
it was expanded in scope. In addition to the original aim, I studied how common
enzymes requiring B12 as a cofactor are in more than 8000 eubacterial species.
Among the key findings was that approximately one third of bacteria are capable
of B12 synthesis and that this trait is very common in some phylogenetic groups,
but very rare in others. I also found that about half of B12-synthesisers are
capable of making the lower axial ligand DMB, and therefore cobalamin, and that
this is produced by the gene-product of the bluB gene in 97% of the cases. By
incorporating environmental data about species, I demonstrated that B12
synthesis is found in approximately half of the species in any given environment,
except for the rhizoplane, where 80% of the species can produce B12.
In the third research chapter I have described a transcriptomics study of L.
rostrata. In the study, the gene expression of the alga when grown in axenic
conditions and in co-culture with M. loti was compared. In this study, the first large
scale transcriptome representative for the alga L. rostrata was created based on
assembly of short reads from an RNA-seq process. The transcriptome for L.
rostrata will enable rapid hypothesis test related to the model system of M. loti
and L. rostrata. It will be possible to identify the presence of specific genes of
interest by performing a simple homology search and primer design for qPCR
can take advantage of the available transcriptome (Mořkovský et al, 2015). The
other main outcome from this study was the identification of 577 contigs
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potentially representing genes that are differentially expressed between the two
conditions. From this set of genes, two genes of high interest were identified. The
transport enzyme for uptake of the plant hormone auxin was upregulated and the
kinase SNRK2.1, which is related to abiotic stress in plants. The remaining
contigs still require further analysis and could lead to identification of more
mechanisms related to algae-bacterial mutualism.

5.2 Complexity of algal-bacterial interactions
A topic that was encountered multiple times throughout my thesis was the
complexity of algal-bacterial interactions. It is possible to identify a metabolite that
is being exchanged between a specific alga and a bacterium but based on this
and previous studies it appears unlikely that only a single or a few metabolites
are involved in the interaction. In the case of the M. loti and L. rostrata system
the observation of increased expression of the auxin uptake transporter (Chapter
4) requires us to consider that more metabolites might be exchanged than the
ones initially identified. The model system was developed in a laboratory setting
and the two species have not evolved together, since they do not inhabit similar
environments: L. rostrata is a freshwater alga, and M. loti lives in soil (Kazamia
et al, 2012b). In our research group we have generated a B12-dependent C.
reinhardtii, a species that lives in soil and therefore might encounter M. loti more
frequently (Helliwell et al, 2014a). Nevertheless, the L. rostrata/M. loti co-culture
is extremely stable (Kazamia et al, 2012b) and exhibits strict regulation (Grant et
al, 2014), so they could still have a complex exchange of metabolites. As
described in the literature review in Chapter 1 several examples of a simple
community of one alga and one bacterium have been shown to exchange multiple
metabolites (Bertrand et al, 2015; Amin et al, 2015). The exchanged molecules
can also be from within the same class of metabolites such as the two-way
exchange of B-vitamins from the study by Cooper et al (manuscript in
preparation), which was discussed in Chapter 4. Based on findings from previous
studies and from the research presented in this thesis, it appears we are currently
only seeing the tip of the iceberg in terms of algae-bacterial metabolite
exchanges. Through combinations of genomic, transcriptomic and metabolomics
studies more exchanged metabolites are likely to revealed and thus add
complexity. So, although modelling efforts, such as the one attempted in this
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study, will go some way to capture and simulate the behaviour of these
communities, they are unlikely to be accurate reflections until these exchanges
are better understood.

5.3 Future studies of algae-bacteria interactions
5.3.1 Using experimental data to validate computational studies
Throughout this thesis, I have aimed to combine experimental and computational
data. In experiments, such as qPCR, metabolite measurements and physiological
studies it is possible to study a single system or single gene with a high degree
of detail. It is also possible to get a sense of reproducibility and variation in the
studied system. In computational studies, it is possible to scale in number of
studies performed, but it often requires use of a proxy for the hypothesis being
tested. An example from this thesis is the presence of genes for B12 synthesis
enzymes as a proxy for the ability to carry out B12 synthesis. Using a proxy for
the hypothesis testing is sensible when the required data is not available, but it is
critical to remind oneself that this is an assumption. It is not a certainty that a
bacterium possessing all the required genes for B12 synthesis pathway actually
produces B12, even leaving to one side that homologues identified by BLAST are
only candidates. It is therefore both sensible and advisable to find a way to
confirm this assumption. In the study of B12 synthesis, I did this by searching
through the literature for experimental evidence of bacteria producing B12 and
then correlating the findings with the computational predictions. By combining
experimental and computational data, it is possible to scale up studies from a
handful of species to all sequenced species, while maintaining a high degree of
trust in the results. While this concept is not new, there is still a lot of
computational research being done with limited experimental evidence to validate
the method, despite the data being available (Zhang et al, 2009; Degnan et al,
2014a; Peng et al, 2016).
In this thesis, I have demonstrated how a complex pathway and more than 50
genes can be studied simultaneously in more than 8000 bacterial species. By
building on the computational framework built here, it will be possible to modify
the study to focus on other metabolites and pathways. For a new study, one
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would simply have to identify genes related to a pathway or process of interest
and collect experimental data that can be used to validate the computationally
derived phenotypes. An example of this could be genes related to biotin synthesis
and experimental data on biotin synthesis for selected bacteria, or genetic and
experimental information about transporters for uptake of an external nutrient.
5.3.2 Auxin and B-vitamins in the context of algae-bacteria interactions
Previous studies have reported that bacteria supply algae with the growth
enhancing hormone IAA (an auxin) in ocean communities (Martone et al, 2009;
Amin et al, 2015). The increased expression of the auxin uptake transporter in L.
rostrata suggests that this might also occur in fresh water algae (Chapter 5). IAA
synthesis has been studied and described in certain bacteria such as those found
in the rhizosphere and the genes encoding the relevant enzymes have been
sequenced and characterised. However, it has not been studied how common
auxin synthesis is among all bacteria. It would therefore be interesting to
undertake a study of IAA synthesis in bacteria using the method and framework
developed in chapter 3. This would involve collecting experimental data from
published studies on bacteria capable of IAA synthesis as well as gathering
representative gene sequences for the relevant enzymes. One aim of such a
study would be to test the hypothesis that IAA produced by bacteria is commonly
used as a signal molecule in algae-bacterial interactions. This could be done by
quantifying the frequency of IAA synthesis among the bacteria commonly
associated with algae and comparing it with the frequency among all bacteria.
IAA synthesis has been demonstrated among alpha-, beta- and gammaproteobacteria (Duca et al, 2014; De-Bashan et al, 2008). However, it is not
known in which phylogenetic groups this trait is common in and which groups it
is rare. Using the approach described in chapter 3 it will be possible to test if this
trait is limited to proteobacteria or if it is present across all phyla.
In chapter 3 it is described how a bilateral exchange of B-vitamins is potentially
occurring in natural environments. In an unpublished study by Cooper et al (in
preparation), it was demonstrated that the marine algae Ostreococcus tauri and
the alpha-proteobacteria Dinoroseobacter shibae can form a mutualistic
community. In this interaction, O. tauri provides niacin, biotin and PABA to the
bacteria, while D. shibae provides B12. In chapter 3, it was demonstrated how bi121

directional exchange of B-vitamins might be occurring in other pairs of algae and
bacteria as well. As the synthesis pathways for niacin, biotin and PABA have
been well characterized, it is possible to expand the framework developed to
identify bacteria lacking this synthesis pathways. Just as for the proposed auxin
study, this expansion should also combine experimental data with the
computational data. By finding niacin, biotin and PABA auxotrophs that are able
to produce B12, it might possible to find bacteria capable of forming mutualisms
with B12-auxotrophic algae.
5.3.3 Using comparative genomics to support synthetic ecology for
biotechnology purposes
There has long been an interest in using microalgae for biotechnology purposes
such as sustainable biofuel production (Greenwell et al, 2010; Daboussi et al,
2014). Using microalgae for production of low value compounds requires that the
process is scaled up from laboratory settings to industrial-sized photobioreactors.
One of the challenges in doing this is contamination of the axenic algae cultures
from invading bacteria (Grobbelaar, 2012). Creating communities of algae and
bacteria has been proposed as way forward to build cultures more resistant to
invading species (Kazamia et al, 2012a). Communities of algae and bacteria can
be extracted from nature, and attempts have been made to optimize these
naturally occurring communities for biotech applications. In a study, aiming to
develop an efficient lipid producing culture, a set of closed photobioreactors were
inoculated with samples taken from surface waters (Mooij et al, 2013, 2015). To
select for high lipid producers, the authors implemented a culturing strategy
aimed at selecting for this trait. This involved controlling availability of nitrogen
and CO2 and lead to a 5x increase in lipid storage and as high as any reported
axenic culture study. Natural communities usually offer advantages such stability,
but as they are often complex in the terms of species, it is challenging to apply
molecular biology techniques such as gene knockouts or recombinant insertions
to these communities. Another approach to building communities is to construct
the communities in a laboratory setting from isolated microbial strains and study
the productivity of these communities. This last approach has been dubbed
synthetic ecology (Dunham, 2007; Kazamia et al, 2012a; Zomorrodi & Segrè,
2016). One of the challenges in synthetic ecology is to select the species for the
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community. The selection is likely to be based on a set of desired traits and is
thus limited to the species known to possess these traits. In the context of algaebacterial interactions, it could be desirable to use a B12-producing bacterium in
a co-culture with a B12-dependent alga. To expand the list of candidate species,
comparative genomics, as demonstrated in chapter 3 could be used to identify
bacteria with one or more desired traits. By expanding the group of species with
a set of desired traits, a researcher could select species for the community
construction based on a wider set of criteria. As an example, it is possible to
construct a list of all bacterial species capable of both auxin and B12 synthesis.
The species on such a list have the potential to form productive mutualisms with
B12-dependent algae.
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