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Abstract

Dimethylsulfoniopropionate (DMSP) is a key chemical in the global sulfur cycle and
the main source of dimethylsulfide (DMS), a global cooling gas. DMSP is hypothesized
to have several stress protection roles and is accumulated by a broad range of
organisms. Glycine betaine (GB), a nitrogenous chemical found in every domain of
life, has a similar role. Production of DMSP in cyanobacteria, an abundant phylum of
oxygenic photosynthetic prokaryotes found in nearly environment on Earth, has only
been investigated in a few species and the enzymes involved in its production have
not been identified. In contrast, GB synthesis in cyanobacteria has been more
thoroughly investigated and the proteins involved in this process have been
elucidated. In this study, we identified a novel MTHB SAM-dependent
methyltransferase, termed DsyC, which is found in many cyanobacteria including
Prochlorococcus spp., Synechococcus spp. and Trichodesmium erythraeum IMS101.
Interestingly, this protein also methylates intermediates of the GB methylation pathway
and HB methylation pathway, demonstrating its role as a multifunctional DMSP-linked
methyltransferase. Axenic Synechococcus spp and Prochlorococcus spp. were shown
to produce DMSP but there was no relationship between DMSP and GB production
under nitrogen limitation. This suggests that marine cyanobacterial DMSP production
could be a major contributor to the global pool. Additionally, DMSP production was
seen in species not containing DsyC, suggesting that other uncharacterised
methyltransferases may catalyse this reaction. Investigation of an intertidal microbial
mat demonstrated the presence of DsyC containing species, including cyanobacteria
such as Coleofasciculus chthonoplastes and Lyngbya aestuarii. Together with algae
containing another novel MTHB SAM-dependent methyltransferase, DSYU, this
environment had between 400 — 700 uM DMSP g-' sediment. Given the abundance of
global saltmarshes, many dominated by cyanobacteria and algae, this suggests that
these ecosystems could also be major contributors to DMSP production Together,
these results demonstrate the importance of DsyC in DMSP synthesis, the role
cyanobacteria play in global production of DMSP and in modulating the Earth’s

climate.
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Chapter 1 - Introduction

1.1 Role of Osmolytes

Water is regarded as being one of, if not the most, important molecule to life. However,
water is not a consistent environment and an organism’s ability to cope with changes
to its external or internal water environment is crucial to its survival (1). Life adapts to

these changing conditions by employing the use of osmolytes.

Osmolytes are small, organic molecules which are found almost universally in cells
and play a critical role in maintaining cellular osmotic balance. Sometimes called
osmoprotectants, these solutes carry no net physiological pH charge by having both
a positive and negative charge and are non-toxic at high concentrations (2).
Osmoprotectants raise the osmotic pressure in the cytoplasm and at the same time,
stabilise proteins and membranes under unfavourable temperature or salinity

conditions (2).

Synthesis of organic osmolytes convergently evolved among bacteria, plants, and
animals (3). Osmolytes come in many forms, such as polyhydric alcohols, free amino
acids and their derivatives, and combinations of methylamines (3). Osmolytes are
compatible solutes since they do not interfere with cellular macromolecules and have
broad interchangeability with one another (1). In addition to their roles in protecting
against hyperosmotic or hypoosmotic stress, osmoprotectants have other unique
protective properties such as antioxidant activity, providing redox balance, and
detoxifying sulfides (1). Furthermore, osmolytes stabilise macromolecules and
counteract perturbants in non-interchangeable ways by aiding protein folding and
helping ligand binding (1). Their other protective roles include combatting hydrostatic
pressure in deep sea organisms, stabilising membranes at freezing temperatures and

protecting proteins from denaturation due to high temperatures (1).

The concentration of osmoprotectants typically increases during periods of stress (2),
since they counteract negative environmental effects. For example, under osmotic
stress the cell is influenced by impermeable solute concentrations that affect the

equilibrium of the solution within the cell, which means water can move into and out of
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the cell through the lipid bilayer or aquaporin channels to achieve equilibrium. The
induced water flow across the membrane alters cellular volume which results in
cellular responses to maintain homeostasis of the cells water content. When the solute
concentration inside the cell is higher than outside this results in water molecules
flowing inwards which causes the cell to swell and increases turgor pressure (Fig.
1.1C). On the other hand, when the solute concentration is higher outside of the cell

then water will migrate outwards which shrinks and shocks the cell (4) (Fig. 1.1B).
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Fig. 1.1 Schematic displaying osmotic shock on cells experiencing solute imbalance.
A) Cell in equilibrium when the internal solute concentration matches the external solute
concentration. B) Water leaves the cell when the external solute concentration is greater than
the internal solute concentration, thus shrinking the cell. C) Water enters the cell when the
external solute concentration is less than the internal solute concentration, thus expanding the

cell.

To acquire osmolytes, the organism must either transport the osmolyte into their
cytoplasm via transmembrane importers or synthesise the solutes via internal

metabolic processes (5). Typically, lower salt tolerant species tend to use
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disaccharides as organic osmolytes. Conversely, halophilic, and halotolerant species

generally use sugar polyols and nitrogen containing solutes (6).

1.2 Dimethylsulfioniopropionate

Dimethylsulfioniopropionate (DMSP) is one of Earth’s most abundant organosulfur
molecules. It functions as a signalling molecule, a key nutrient for marine
microorganisms and is a major precursor to the environmentally important gas
dimethylsulfide (DMS) (7). Furthermore, DMSP is a zwitterionic compound, having a
positive and negative charge. This unique chemical composition allows DMSP to
function as a compatible solute, thus helping organisms maintain their internal water

balance under a variety of environmental conditions (7).

DMSP is predominantly produced by marine organisms, and partially by some
terrestrial organisms (8). These include phytoplankton (9), macroalgae (10), bacteria
(11), plants (12) and some animals (13). The internal concentration of DMSP and rates
of production vary wildly between organisms, and for a long period it was believed that
eukaryotic algae were the main producers. However, in recent years studies have
demonstrated that heterotrophic marine bacteria are significant contributors to global
DMSP output, with the combined production from eukaryotes and prokaryotes totalling

around two Pg of DMSP per year (14).

Since DMSP is a zwitterion, it can only be released into the environment through
damaged membranes or via active transport utilising transmembrane proteins (15).
Therefore, DMSP can only enter the environment through exudation, grazing or cell
lysis (15). The alternative is for DMSP to be degraded into DMS by DMSP lyases,
which convert DMSP into DMS and acrylate through cleavage of the N-terminus
methyl group (16) or via demethylation to methanethiol (MeSH) by the DmdA enzyme
(16).

DMSP released into the environment is readily taken up by chemoheterotrophic
bacteria (8). Some of these bacteria degrade DMSP through to DMS and acrylate,
using acrylate as a carbon source funnelled into the TCA cycle (17). However, DMSP

turnover exceeds DMS production (8) as the majority of DMSP is demethylated into 3-

19



methiolpropionate (MMPA), which is further demethylated into 3-mercaptopropionate,
releasing MeSH (8).

DMSP has numerous potential physiological roles in organisms which accumulate it
under different environment conditions (18). The roles may vary between species,
possibly due to where DMSP localises within the cell (19), (20). Some suggested roles
include: osmoprotection (21), sulfur and carbon storage (21), herbivore deterrence
(22), antioxidation (23), hydrostatic pressure protection (24) or as an intermediate in

toxin production (25).

1.2.1 Biosynthesis of DMSP

In the marine environment, around two Pg of DMSP is synthesised annually (8),
constituting approximately 10% of all fixed carbon (26). Despite some producers being
found in terrestrial environments, DMSP is likely more abundant in the marine
environment due to the higher concentration of sulfates (21). Major contributors
include microalgae such as coccolithophores, dinoflagellates and diatoms (27,28), the
macroalgae polysiphonia (29), corals like Acropora sp. (13), coastal angiosperms such
as Spartina (30) and Wollastonia (12), heterotrophic bacteria such as Labrenzia
aggregata (11) and non-marine higher plants such as sugarcane (31). Particulate
levels of DMSP in marine surface water can range widely from nanomolar to
micromolar concentrations, with higher concentrations observed during phytoplankton
blooms (32).

There are three distinct and unique pathways in which DMSP can be synthesised de
novo from methionine (32). The decarboxylation pathway (Fig. 1.2A) was discovered
in the dinoflagellate, Crypthecodinium cohnii (33), the transamination pathway (Fig.
1.2B) is found in some marine bacteria and algae (11,28) and finally the methylation

pathway (Fig. 1.2C) is favoured by angiosperms and bacteria (18,34).

The methylation pathway was the first DMSP synthesis pathway to be elucidated (12)
and has four steps. The initial step involves methylation of methionine to S-methyl-
methionine (SMM) via MmtN (34) or MMT (35), which are characterised Met S-

methyltransferase enzymes from bacteria and plants, respectively. SMM is then
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decarboxylated to DMSP-amine and this is then oxidised to DMSP-aldehyde before
final dehydrogenation to DMSP (34).

The transamination pathway was identified in Ulva intestinalis (36) and contains the
first DMSP synthesis enzyme to be characterised, a methylthiohydroxybutryate
(MTHB) methyltransferase termed DSYB. The first step of this pathway is the
transamination of methionine to 4-methylthio-2-oxobutyrate (MTOB), which is then
reduced to MTHB via a NADPH-linked reductase. MTHB is then methylated to 4-
dimethylsulfonio-2-hydroxybutyrate (DMSHB) via methyltransferases such as DsyB or
DSYB, and finally DMSHB is decarboxylated to DMSP by a DMSHB carboxylase
(11,28).

The first step involves decarboxylation of methionine to methylthiopropylamine
(MTPA) via methionine decarboxylase. MTPA is then deaminated and oxidised to
methylmercaptopropionic acid (MMPA) before demethylation to DMSP (33). However,
the other reactions in this pathway have not been identified, nor have the enzymes

catalysing the remaining steps.

All pathways involve a crucial step of methylation by S-methyltransferases which is
the committing and often rate limiting step of the pathway (11). These S-
methyltransferases are often used as robust reporters of DMSP synthesis (35). Other
steps in the pathway are not unique to DMSP production. For example, mobilisation
of the dsyB gene into the heterologous host Rhizobium luguminosarum was enough

to constitute DMSP biosynthesis activity in a non-DMSP producer (11).
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Fig. 1.2 The three pathways of DMSP synthesis from methionine. A) In the
decarboxylation pathway, methionine is decarboxylated into MTPA which is transformed into
MMPA and finally DMSP via an unknown mechanism. B) in the transamination pathway,
methionine is transaminated into MTOB which is reduced to MTHB, that is methylated to
DMSHB, which is decarboxylated to DMSP. C) In the methylation pathway, methionine is
methylated to SMM, which is decarboxylated to DMSP-amine, that is deaminated or
transaminated to DMSP-aldehyde, which is dehydrogenated to DMSP.

1.2.2 Catabolism of DMSP

The biogeochemical significance of DMSP was first suggested due to its role as a
major source of DMS production (17). DMS is abundant in all marine environments
and is the crucial sulfuric gas which completes the steady flow of sulfur between
marine and terrestrial environments, via its ascension into the atmosphere and
deposition via rainfall (8). DMS functions as the primary natural source of sulfur in the
atmosphere and is readily oxidised to sulfate, sulfur dioxide, methanesulphonic acid
and other products which act as cloud condensation nuclei (16). DMSP can also be
converted to methanethiol (MeSH), a more reactive volatile sulfur species, which
contributes little to the atmospheric flux of sulfur (37). The majority of DMSP is
metabolised to MeSH, with between 2-21% of DMSP being lysed to DMS (14).

Overall, there are three different fates for DMSP sulfur. First, the production of volatile
species and their ascension to the atmosphere. Second, the assimilation by
microorganisms. Last, oxidation followed by release or reassimilation (37). Of these,
a DMSP incubation experiment showed the largest proportion of DMSP sulfur was
incorporated into protein and dissolved non-volatile compounds, with the remainder
(~15%) being internalised but not further metabolised, owing to the physiological
benefits of obtaining DMSP (37).

Some DMSP producers cleave their own DMSP to DMS, but the majority of DMSP is
catabolised after it has entered the water column after viral lysis, zooplankton grazing
or senescence of algal cells (38). DMSP then becomes available for assimilation and
degradation by free living bacterioplankton or attached bacteria (38). DMSP is
catabolised via two pathways, the DMSP lyase pathway and the DMSP demethylation
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pathway. Species catabolise DMSP to yield either acrylate (lyase pathway) or MMPA
(demethylation pathway), which enter various metabolic pathways and provide a

source of energy to the organism (17).

The DMSP demethylation pathway (Fig. 1.3A) involves the sequential enzymatic
demethylation of DMSP to produce MeSH, formaldehyde and then ultimately formate
(16). Alphaproteobacteria, and those in the Roseobacter clade and SAR11, contain
enzymes which are specific and efficient at catalysing the demethylation pathway (7).
The key enzyme, DmdA, belongs to the glycine cleavage T-protein superfamily,
catalyses the committing and first demethylation step converting DMSP to 3-
methylthiopropionate (MMPA) (39). MMPA is then converted to MMPA-CoA by a
MMPA-CoA ligase, termed DmdB, and then to methylthioacrylyl-CoA (MTA-CoA) via
MMPA-CoA dehydrogenase, labelled DmdC. The final step is the hydration of MTA-
CoA by MTA-CoA hydratase, otherwise termed DmdD or an acrylate utilisation
hydratase, called AcuH (7).

DmdA is a narrowly distributed protein almost solely found in alphaproteobacteria,
whereas DmdB and DmdC is found in up to 60% of surface ocean bacteria, as well as
in terrestrial and other environments (37). Conversely, DmdD is absent from many
marine bacteria which exhibit demethylation pathway activity, but AcuH is found in a
wide range of microorganisms (7). It is worth noting that DmdD is much more efficient
at catalysing hydration of MTA-CoA than AcuH, which has an additional role in

metabolising acrylate derived from the lyase pathway (7).

The DMSP lyase pathway (Fig 1.3B) involves the enzymatic cleavage of DMSP by
lyases, which yields DMS and acrylate (17). There is a high abundance of biodiversity
in bacterial DMSP lyases, called ‘Ddd’ enzymes, which belong to three known protein
superfamilies: the cupin superfamily, the M24B metallopeptidase family and the class
lIl CoA transferase family (14). However, there is only one known eukaryotic DMSP
lyase, Alma1, which has little similarity to the bacterial DMSP lyases and is a member
of the aspartate racemase superfamily (14). Multiple studies have demonstrated the
significant contribution individual marine phytoplankton and phytoplankton blooms,

make to DMSP lyase activity after the lyases were initially discovered in E. huxleyi (8).
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Many bacterial DMSP lyases have been discovered and all catalyse the same reaction
to produce DMS and acrylate, except for DddD which produces 3-hydroxybutyrate
(17,40). The similarities in function are surprising since the enzymes differ drastically
in size and sequence. Of the lyase enzymes, the most abundant are DddP and DddD,
with DddW, DddQ and DddL being less common. In contrast, DddY, DddK and Alma1
are not abundant in marine microorganisms (7). The formation of DMS and acrylate
from DMSP is due to a B-elimination reaction. However, the lyases developed different
catalytic mechanisms catalysing this reaction (7). For example, DddP implements an
ion shift, where a moveable Fe binds to the carboxyl group of DMSP and anchors it
into the active site. Here, two conserved residues, tryptophan and tyrosine bind to the
sulfur in DMSP. This allows for the abstraction of a proton by aspartate from the alpha
carbon of the DMSP carboxyl group, thus cleaving the carbon-sulfur bond and forming
a double bond between the alpha and beta carbons of DMSP to produce acrylate (41).
Another example is DAdQ which binds DMSP to its metal cofactor, causing an oxygen
on the conserved tyrosine residue to interact with the alpha carbon of DMSP. The
resultant conformational change enables the abstraction of the proton from the DMSP

carboxyl group by the oxygen atom of tyrosine (42).

The enzymes involved in the demethylation and cleavage pathways are hypothesised
to be adapted versions of enzymes that were already contained within bacterial
genomes which evolved in response to the availability of DMSP as a substrate (37).
Enzymes involved within the demethylation pathway likely evolved from enzymes

involved in fatty acid $-oxidation (43).
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Fig. 1.3 The two pathways of DMSP catabolism. A) In the demethylation pathway, DMSP
is demethylated to MMPA which is then ligated to Coenzyme-A to form MMPA-CoA, which in
turn is dehydrogenated to MTA-CoA. Finally, MTA-CoA is hydrated through to MeSH,
acetaldehyde, HSCoA and CO.. B) In the lyase pathway, DMSP is lysed to acrylic acid and

DMS in a one-step cleavage reaction.

1.2.3 Transport of DMSP

Many organisms have efficient ways of assimilating DMSP from the environment via
active transport for storage or downstream metabolism (44). Furthermore, it is
energetically favourable for a microorganism to take up a compatible solute, such as

DMSP, over synthesis de novo (45).

DMSP uptake has been demonstrated in phytoplankton using double labelled 3C2?He-
DMSP (46). Similar uptake has been observed in Roseobacter and SAR11 clade
bacteria (47), cyanobacteria including Synechococcus and Prochlorococcus (48,49),
bacilli like Bacillus subtillis (50), enterobacteria such as E. coli (51), Rhizobia (Ensifer
meliloti) (52) and pseudonomads like Pseudomonas doudoroffii (53). Most
microorganisms assimilate DMSP in addition to other sulfur sources, but in the case

of SAR11 bacteria they depend on DMSP uptake for sulfur acquisition (54).

DMSP is transported via two different families of transporters, the betaine-choline-
carotine-transporter (BCCT) family and the ATP binding cassette (ABC) family. The
enzymology and mechanisms of action for these two systems are fundamentally
different (54).

BCCTs are ubiquitous in many organisms and were first identified as glycine betaine
transporters, hence their name. However, it was recently discovered that BCCTs could
also transport DMSP due to the structural similarity between the two osmolytes (54).
BCCT protein sequences are diverse and the proteins have various names, for
example BetP in Corynebacterium glutamicum (54), OpuD in B. subtillis and BetU in
E. coli (55). Structures of BCCT’s show they are asymmetric homotrimers with a
terminal domain which protrudes into the cytoplasm, where the primary binding motifs
are composed of aromatic residues that are involved in cation-tr-interactions (56). In

terms of genomic location, the genes encoding subunits in the BCCT system in the
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marine bacterium Marinomonas MWYL1, termed DddT, is encoded within the
dddTBCR operon and is located next to a dddD DMSP lyase (54). Homologs have
been found in Sagittula stellata E37 and Halomonas HTNK1. In Halomonas HTNK1
the dddT gene is clustered next to genes encoding for DMSP degradation proteins
(40).

DMSP importing ABC transporters are found in many organisms. Similar to BCCTs,
they do not have a unified nomenclature, with E. coli ABC transporter components
called ProV, ProWw and ProX whereas in B. subtillis the components are named
OpuAA, OpuAB and OpuAC (54). These three components form two subunits and are
found in all ABC importers and include a transmembrane protein (TMP), a nucleotide
binding protein (NBP) and a substrate binding protein (SBP) (57). Two components
form a heterotrimeric structure of two TMPs and two NBPs, and the SBP captures and
delivers transported molecules to this structure (58,59). Afterwards, ATP binds to the
NBP and hydrolyses to ADP and inorganic phosphate which releases the energy
required for a conformational change to channel the substrate through the membrane
(58). Like BCCT, genes encoding for ABC subunits have been found near genes
encoding for DMSP lyases. For example, in Burkholderia ambifaria AMMD, Rhizobium
sp. NGR234, Hoeflea phototrophica DFL-43 and Rhodobacterales bacterium KLH11,
the dddD gene is found next to ABC subunit genes, which suggests the involvement
of the ABC transporter in DMSP uptake (60).

1.3 Glycine Betaine

Glycine betaine (GB), much like DMSP, is a compatible osmolyte which is acquired by
organisms to protect against abiotic stress (61). For example, in plants GB is
accumulated in the chloroplast, where it safeguards photosystem |l effectiveness
under stressful conditions like high salinity or oxidative stress by reducing membrane
permeability, lipid peroxidation and hydrogen peroxide concentrations (61).
Structurally, GB is a zwitterionic, quaternary ammonium containing osmolyte with five
carbons. It has a positively charged nitrogen atom which is bound to three methyl
groups. This methylated structure means GB has the typical properties of many other

organic osmolytes (62).
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GB is found in nearly every domain of life. Since the initial identification of its utilisation
in Halorhodospira halochloris (63) biosynthesis of GB has been discovered in many
other organisms. Most halophilic and halotolerant bacteria can synthesise and utilize
betaine as an effective osmolyte. This includes cyanobacteria and sulfur bacteria living
in hyperosmotic environments (64) and some heterotrophic bacteria such as E. coli,
B. subtillis and Arthrobacter globiformis (65,66). Most heterotrophic bacteria cannot
synthesise GB but have effective GB importers to internalise environmental betaine to

counter osmotic stress(67).

Some archaea can import and accumulate GB, predominantly methanogenic species
(68). However, there are only a few archaea, which live in hyperosmotic areas, that
can synthesise GB. The pathway for this production, along with the enzymes involved
was elucidated in the halophilic archaeon, Halorubrum sp. 2020YC2, and differs from

the biosynthetic pathways in bacteria (69).

GB synthesis pathways have also been found in some Fungi, notably Aspergillus
fumigatus, where GB was not involved in stress protection but was used as a metabolic

intermediate in the catabolism of choline and as a nutrient source (70).

1.3.1 Biosynthesis of GB

There are two pathways for GB biosynthesis, the choline oxidation pathway and the
glycine methylation pathway. Unlike DMSP, GB can be synthesised from two different
precursor molecules, the quaternary ammonium cation choline or the amino acid
glycine (62). Animals, plants and microorganisms all utilise the choline oxidation
pathway, while some microorganisms synthesise GB via the glycine methylation
pathway (62).

The first GB synthesis pathway identified was the glycine methylation pathway (Fig.
1.4A), named after the first step of the pathway involving methylation of glycine. Every
step in this pathway is a methylation step, utilising the methyl donor S-adenosyl
methionine (SAM). Glycine is methylated through to sarcosine, which is methylated to
dimethylglycine and finally methylated to GB (71). This pathway has been
characterised in the archaebacterium Methanohalophilus portucalensis, the
cyanobacteria Aphanothece halophytica and Synechococcus sp. WH8102, the sulfur
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bacterium Ectothiorhodopspira halochloris and the halophiles H. halochloris and
Actinopolyspora halophile (72—74). Three enzymes are involved in this pathway, a
glycine-sarcosine methyltransferase (GSMT), a sarcosine dimethylglycine
methyltransferase (SDMT) and a dimethylglycine methyltransferase (DMT), all of
which have been isolated and characterised from all of the aforementioned

microorganisms (73,74).

The two-step choline oxidation pathway (Fig. 1.4B) uses a diverse range of enzymes.
In E. coli, a choline dehydrogenase (CHD) utilises oxygen as an electron acceptor to
catalyse both oxidation steps (75). In B. subtilis, this first step is catalysed by a NAD
dependent type lll alcohol dehydrogenase (GbsB) (65). Lastly, in A. fumigatus a
choline oxidase (ChoAp) catalyses this first step and uses oxygen as the electron

acceptor (70).

The enzyme involved in the second part of the pathway, a NAD(P)*-dependent betaine
aldehyde dehydrogenase (BADH), is widely conserved in bacteria and fungi. BADH
oxidises betaine aldehyde to GB and uses NADP™* as the electron acceptor (65,70,75).
There is evidence in A. globiformis of a single enzyme which can catalyse both steps
of this pathway using molecular oxygen as the oxygen acceptor, resulting in production

of hydrogen peroxide Fig. 1.4C (66).

Glycine Sarcosine Dimethylglycine Glycine Betaine
CHs
AdoMet  AdoHcy | AdoMet AdoHcy CH3 AdoMet  AdoHcy 0 CH3 _HC
HDJ\/NHQ \_/ HO*/NH _’ HOJl\/ - ¥> J\/ ~
GSMT GSMT / SDMT H:C  spMmT HiC
Choline Betaine aldehyde Glycine Betaine
CH3; CH4 CHs
0z 2H:0 NAD*  NADH 0 H
/vr‘!/HSC \j > Nr\!/Hac > |< EC
~ v ~ > O H;C
HO HaC BetA © H:C BetB ’
Choline Glycine Betaine
N‘/HEC \/ > —
HO " N hc cHO o \Hac

28



Fig. 1.4 The three pathways of glycine betaine synthesis. A) The glycine methylation
pathway involves the stepwise methylation of glycine to sarcosine and then dimethylglycine
before final methylation to glycine betaine. B) The choline oxidation pathway, whereby choline
is oxidised to betaine aldehyde, which is reduced to glycine betaine. C) The one-step choline
oxidation pathway, whereby choline is oxidised to glycine betaine in a one-step reaction in

Arthrobacter globiformis.

1.3.2 Catabolism of GB

Many microbes can utilise GB as a sole carbon, nitrogen and energy source (76-78).
Free GB is internalised by microbes after release by plant roots (79), microbes (80) or
decaying plant and animal matter (81,82). The catabolism of GB allows organisms to
obtain glycine, choline and methionine. One key product from GB catabolism is
methane, which is a potent greenhouse gas. GB catabolism is estimated to account
for upwards of 90% of coastal methane emissions (83). Therefore, understanding what
contributes to the breakdown of GB is of key importance. There are multiple pathways
by which GB can be broken down and its products utilised, which are split into

anaerobic and aerobic reactions.

The GB demethylation pathway is the best understood. This involves the sequential,
aerobic breakdown of GB to dimethylglycine, through to sarcosine and finally glycine
via successive methyl transfer steps (84). This pathway has been studied in
Sinorhizobium (77), Corynebacterium (85) and Arthrobacter (86) species. Various
enzymes have been identified within this pathway. In Rhizobium meliloti, the
conversion of GB to dimethylglycine is catalysed by betaine homocysteine
methyltransferase (77). Dimethylglycine is demethylated to sarcosine via a
dimethylglycine oxidase in A. globiformis (86). In A. globiformis and Corynebacterium
sp. U-96, sarcosine is demethylated to glycine by a heterotetrameric sarcosine
oxidase (85,86). The first complete pathway of GB demethylation was characterised
in Pseudomonas aeruginosa. A GB demethylase, dimethylglycine demethylase and
sarcosine demethylase, the last encoded by soxBDAG, was elucidated alongside the

first bacterial transcriptional regulator of GB catabolism (84).

The other GB catabolism pathway is an anaerobic Stickland-type reaction which yields

trimethylamine and acetate and was identified in Clostridium sporogenes (87).
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Afterwards, trimethylamine is degraded to methane (87). Some marine bacteria in
anoxic coastal sediments catabolise GB using this pathway although the abundance
of the genes of this pathway in microbial datasets was relatively low (88). Recently, a
widespread and previously uncultivated bacterial family Candidatus Betainaceae’was
discovered and is prevalent in many hypoxic environments, including saltmarshes
(89). This new family of bacteria may have a key role in methanogenesis from hypoxic

coastal sediments (89).

1.3.3 Transport of GB

Most sequenced bacteria contain genes putatively encoding the transport machinery
necessary to import GB, which are more prevalent than those encoding enzymes
required to synthesize GB. Like DMSP, synthesis of GB is energetically expensive
(88), providing an evolutionary incentive for organisms to import it. Like other
osmolytes, GB must be actively transported into the cell, often against the
concentration gradient (90). There are two families of GB transporters, the ATP-
Binding Cassette (ABC) transporters and Betaine-Choline-Carnitine transporters
(BCCT), which are often the same transporters for DMSP(44), and their function and
mechanism of action was discussed earlier in Section 1.2.3. The majority of bacteria
possess a variety of both ABC and BCCT systems to import GB although some
species such as Corynebacterium glutamicum only contain the BCCT system (91).
Following transport, GB is either used for its osmoprotective and stress protection

properties or it is catabolised as an energy source (77).

GB transport has been thoroughly investigated In P. aeruginosa, where extracellular
GB is detected through an Ara-C family transcriptional activator which leads to
upregulation of genes encoding GB transport and catabolism proteins (92). Transport
of GB is not only associated with osmoprotection but also with stress protection. For
example, in E. coli, B. subtilis, Listeria monocytogenes and Virgibacillus
pantothenticus, there is an increase in expression of genes encoding BCCT proteins

under raised and lowered temperatures (44).

1.4 Cyanobacteria
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Cyanobacteria, sometimes referred to as blue-green algae, are oxygenic
photosynthetic bacteria which are found globally in most ecosystems (93). There are
around 150 genera of cyanobacteria containing over 2000 species (94). They form a
monophyletic group within bacteria, and they do not branch deeply within the bacterial
domain, thus they may have been one of the last major groups to diverge within
bacteria (95). Cyanobacteria originated around 2.6 billion years ago (96) and were
critical to the evolution of life on Earth by oxygenating the planet’s atmosphere in the
Great Oxygenation Event (97). Cyanobacteria can grow and reproduce in some
extreme environments such as Antarctic lakes, hot springs, alkaline soda lakes, brine
pools, deserts and polar regions (98). When excess organic matter such as nitrogen
and phosphorous enrich water, cyanobacteria will form blooms often leading to
eutrophication (98). Typically, cyanobacterial classification has relied on morphological
details such as, size, shape, arrangement, cell division, nitrogen fixation and gas
vacuoles (99). However, advances in sequencing technology meant cyanobacteria are
now classified based on conserved genes like the nitrogenase encoding nifD, RNAse

P encoding rnpB and a photosystem |l protein encoding psbA (99).

Plant and algal chloroplasts are believed to have been derived from cyanobacteria
and many key processes are conserved throughout the photosynthetic lineage
(100,101). Due to the large numbers of cyanobacteria globally, and in the oceans, they
are responsible for around 25% of net global carbon productivity and 50% of net
marine carbon productivity (102). In addition to being prolific carbon fixers, many
cyanobacteria also fix atmospheric nitrogen. After carbon, nitrogen is the second most
important element for living organisms, contributing up to 10% of dry mass (103).
Cyanobacteria can take up and utilise many nitrogen-based molecules, such as
ammonium (104), nitrate or nitrite, urea and amino acids (103). However, these
molecules can be limited in the environment, especially in the open oceans, where the

ability of cyanobacteria to fix nitrogen is crucial.

Cyanobacteria can form dense blooms that are defined as a marked discolouration of
the water (105). Common bloom forming genera include Aphanizomenon,
Trichodesmium, Nodularia, Microcystis, Cylindrospermopsis, Planktothrix and
Dolichospermum (105). When cyanobacteria bloom, they cause a drastic deterioration

of the water quality. This increases water turbidity, smother submerged vegetation
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(106), induce hypoxia and anoxia (107) and may result in release of cyanotoxins which

are harmful to aquatic life and humans (108).

1.4.1 Marine cyanobacteria

Marine cyanobacteria evolved around 2000 Mya and coincided with the development
of polysaccharide sheaths in some species (109). This contributed to a second and
higher increase in oxygen levels known as the Neoproterozoic Oxygenation Event
(NOE), which occurred 800 to 500 Mya (110). Lineages to evolve at the end of the pre-
Cambrian include Trichodesmium and Nodularia, Crocosphaera and relatives, and
unicellular nitrogen fixers (109). These genera evolved from different sources, for
example, Trichodesmium evolved out of benthic mats. Nodularia, single celled
nitrogen fixers, Synechococcus and Prochlorococcus evolved from freshwater species
(109). The species that evolved from freshwater ancestors adapted to marine
environments by acquiring the genes to encode for proteins that synthesise compatible

solutes such as glucosylglycerol (GG), glucosylglycerate (GGA) and GB (109).

In marine environments cyanobacteria are abundant, most notably in oligotrophic
subtropical and tropical oceans (97), where picophytoplankton such as
Synechococcus and Prochlorococcus dominate. These are probably the most
abundant microorganisms in oceans globally with total cell numbers of around 7.0
0.3 x 10%and 2.9 + 0.1 x 10%, respectively (102). However, despite this abundance,
only a few cyanobacterial lineages evolved to colonise the open oceans such as
Crocosphaera and relatives, Candidatus Atelocyanobacterium thalassa (UCYN-A),

Trichodesmium, Synechococcus and Prochlorococcus (109).

Some cyanobacteria are diazotrophs and are the main source of fixed nitrogen in the
oceans (103). As part of this interaction, they supply fixed nitrogen to other
photoautotrophic microbes which is crucial because marine primary production is
limited by nitrogen in ~75 % of surface waters (111). Therefore, diazotrophic
cyanobacteria exert control over primary productivity and the export of organic carbon
to the deep ocean (112), including in tropical and subtropical oceans (113). In these
environments, known open ocean nitrogen fixing cyanobacteria are placed into three
groups: i) filamentous non-heterocystous forming (Trichodesmium), ii) filamentous

heterocyst forming symbionts with unicellular eukaryotic algae (Richelia and
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Calothrix), iii) unicellular cyanobacteria (Crocosphaera and Cyanothece) (112).
Trichodesmium are the dominant Nz fixing organism, forming aggregates called ‘puffs’
which collate into vast blooms (103). Trichodesmium dominate the water column by
controlling their buoyancy through generating gas vesicles, an attribute lacking in most
other N2 fixing cyanobacteria (112). However, in some cases, unicellular diazotrophic

cyanobacteria can outnumber Trichodesmium (112).

There are three groups of unicellular cyanobacteria, UCYN-A, UCYN-B and UCYN-C,
which was discovered via phylogenetic analysis of the nifH nitrogenase encoding gene
(112). UCYN-A has a broader geographical range than Trichodesmium and contributes
to global N2 fixation in higher latitudes (114). Altogether, these unicellular diazotrophs
are ubiquitously distributed in the oceans and contribute significantly to marine N2
fixation (111). In conclusion, larger diazotrophs (>10 pm) dominate the tropical belt

whilst unicellular cyanobacterial diazotrophs are globally distributed (111).

1.4.2 Saltmarsh cyanobacteria

At a similar time to when marine bacteria begun colonising the open oceans, the
Earth’s environment were changing and factors such as the developing ozone layer
meant cyanobacteria could colonise shallow water ecosystems (99). An ancient
macrocyanobacterial clade evolved to establish thick, laminated mats and
stromatolites (109). To adapt to this new environment, benthic cyanobacteria evolved
traits such as the ability to create an extracellular sheath to protect from desiccation
(115) and ultraviolet radiation (116). In saltmarshes, cyanobacteria are typically most
abundant during the summer, but their presence in marshes from Southern California

have been recorded throughout the year (117).

Cyanobacterial dominated laminated mats are found in saltmarshes which harbour a
wide range of life, from heterotrophic bacteria through to higher plants and animals.
Microbial mats are typically composed of cyanobacteria, green algae, diatoms, purple
sulfur bacteria and green sulfur bacteria, as well as older decayed mat components
(118). The microbial mat stabilises and precipitates the salt marsh sediment and

microbial mat processes contribute significantly to the global sulfur cycle (118).
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Within the mat, unicellular and filamentous cyanobacteria occupy both aerobic and
anaerobic environments (119). The cyanobacterial types within these two groups
include coccoids (Chroococcus, Anacystis), colonial (Merismopedia), heterocystous
(Anabaena, Nostoc, Calothrix) and non-heterocystous (Oscillatoria, Lyngbya,
Microcoleus, Phormidium and Schizothrix) species (117). Here, cyanobacteria play a
key role in the microbial food web via their substantial contribution to net primary
productivity, including nitrogen fixation, nutrient cycling and ecosystem stabilising
(120). For example in a young salt marsh in Southern California, cyanobacteria
contributed anywhere from 17 — 100 % of net primary productivity of this salt marsh,

thereby supporting the local macrofauna (121).

Salt marsh cyanobacterial dominated biofilms must be able to tolerate repeated and
rapid fluctuations in temperature, light and salinity (122). These stresses are more
extreme the closer to the shore they are situated, due to the lower occurrences of tidal
cover. For instance, some areas may not receive tidal cover for 5 days around neap
tides and up to 21 days when coupled with low amplitude Spring tides (122). Therefore,
salinity ranges in upper saltmarsh areas can range from 16 to 210 PSU, whereas lower
saltmarsh areas range from 18 to 70 PSU and mudflats are 22 to 39 PSU (123).
Cyanobacteria adapt to this environment by migrating away from the surface (122),

producing UV blocking molecules and osmolytes (124).

1.4.3 Transport and synthesis of DMSP in cyanobacteria

Like many other marine organisms, cyanobacteria can import and utilise DMSP. Only
a few cyanobacterial species have been reported to produce DMSP (125,126) and
therefore it is suspected that most species import it. Genes encoding for DMSP and
GB transporter proteins are found in some low light adapted clade IV Prochlorococcus
(127) and in a range of Synechococcus. These genera import DMSP likely produced
by phytoplankton (49). Together, Prochlorococcus and Synechococcus contributed to
around 10-34% of total DMSP sulfur assimilation in the Mediterranean, Gulf of Mexico
and Sargossa sea (49). Of the cyanobacteria that import DMSP, only one strain
(Synechococcus KORDI-100) has been found to encode a putative but
uncharacterised DMSP lyase (128). In the Mediterranean, DMSP uptake by

Synechococcus is higher under solar radiation than in dark conditions, in direct

34



contrast to free-living heterotrophic bacteria in which DMSP import is inhibited under
sunlight (129). Cyanobacterial import of DMSP during daylight may be related to the

potential role of DMSP as an antioxidant.

Few studies have investigated DMSP production and regulation in cyanobacteria.
Trichodesmium erythraeum IMS101 (IMS101) cultured under iron-depleted conditions
exhibited a 45-fold increase in DMSP concentration from 0.05 mmol L' up to 2.27
mmol L' (130). This is lower than production from a broad range of phytoplankton (5
+ 7 mmol to 22 + 32 mmol) (131). However, production could be maximised in iron
limited oligotrophic oceans (130). During blooms, Trichodesmium trichome density
varied between 6 x 103 L-"to 9.72 x 108 L', corresponding to 0.15 — 280 nmol L
DMSP under iron-replete conditions or 2.2 — 4100 nmol L' DMSP under iron-limited
conditions (130).

Synechococcus, Prochlorococcus and Crocosphaera species have been shown to
produce low intracellular levels of DMSP (132). DMSP production was quantified in
Synechococcus and Prochlorococcus species at 2.8 x 104 + 1.8 x 104 and 5.1 x 103
+ 7.8 x 103 fg/cell, respectively (125). These levels were lower than observed in
picoeukaryotes such as Imantonia sp. and Pyconococcus sp. at 46.5 £ 73.7 fg/cell
(125). Synechococcus and Prochlorococcus were estimated to produce a maximum
of 2.5% of total DMSP in the subtropical Atlantic Ocean, although not all species may
produce DMSP (125).

Like open-ocean cyanobacteria, marine benthic cyanobacteria have also been
screened for their ability to produce DMSP. In one study, benthic filamentous
cyanobacteria, including Lyngbya, Oscillatoria, Nostoc, Calothrix, Anabaena and
Nodularia species gathered from shallow coastal waters and microbial mats in North
Germany were assayed for their DMSP content after growth in nutrient-replete media.
DMSP concentrations ranged from 0.007 mmol DMSP (g chl a)' to 0.583 mmol DMSP
(g chl a)' (126), which was a lot less than comparable studies conducted in Emiliania
huxleyi (15.4, 17.9 and 158 mmol DMSP (g chl a)') (126). However, these
cyanobacteria were not tested under nutrient limitation and were only isolated from
one location in North Germany. Therefore, our knowledge of DMSP production in
marine benthic cyanobacteria is limited. In addition, no DMSP transporters have been
characterised in filamentous cyanobacteria.
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1.4.4 Transport and synthesis of GB in cyanobacteria

GB is a major osmolyte in marine and most halophilic groups of cyanobacteria (133).
For example, GB is accumulated in Halothece sp. PCC7418, Synechocystis DUN52
and Dactylococcopsis salina (134,135). In the case of Halothece sp. PCC7418,
internal GB concentrations can range between 0.3 to 1 M depending on salinity (136).
GB production is upregulated following an increase in salinity and used to protect
ribulose-1,5-bisphosphate (RuBP) carboxylase activity in the presence of KCI or
K2SO4 (136,137). Enzyme protection by GB has been observed in other

cyanobacterial species, including Spirulina subsalsa and Synechocystis DUN52 (134).

Cyanobacteria synthesise GB via the glycine methylation pathway and/or the choline
oxidation pathway (Section 1.3.1). For example, both pathways are present in A.
halophytica (138) while Synechocystis sp. PCC 7418 (PCC 7418) utilises the
methylation pathway (73). PCC7418 GSMT and DMT methyltransferases were
upregulated around 1.6 — 2.5 fold by salinity shock treatment from 0.5 M to 2.5 M NaCl,
in turn leading to a higher intracellular concentration of GB (73). Other cyanobacteria,
including Synechococcus sp. WH8102, synthesised GB via the methylation pathway,
with a similar increase in intracellular GB concentration observed following an increase
in salinity (74). Furthermore, Prochlorococcus in the low light adapted (LLIV) clade
contain the same gene arrangement as the GSDMT locus in Synechococcus sp.

WH8102, suggesting they synthesize GB via the same pathway (74).

In addition to their ability to synthesise GB, many cyanobacteria import GB from the
environment, most notably under conditions of fluctuating salinity (134). PCC7418
contains the betaine transporter, BetT, a BCCT transporter, which when expressed in
the freshwater cyanobacterium, Synechococcus elongatus PCC7942, conferred on
this species the ability to grow in seawater (139). Uptake of exogenous GB for its
osmoprotective properties and not catabolism was demonstrated in one

cyanobacterium, A. halophytica (140).

1.4.5 Other osmolytes in marine cyanobacteria

Cyanobacteria utilise osmoprotectants other than DMSP and GB, for example

glucosylglycerol (GG), which is found in salt tolerant and marine cyanobacteria (141).
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In Synechocystis sp. PCC6803, GG biosynthesis is a two-step enzymatic reaction
involving a phosphate synthase and GG phosphate phosphatase, which is regulated
by the salinity concentration (142,143). Furthermore, Synechocystis sp. PCC6803 was

also shown to transport GG via GgtA, which was upregulated under salt stress (142).

Glucosylglycerate (GGA) is another osmoprotectant utilised by cyanobacteria. Genes
encoding putative GGA biosynthetic enzymes were found in Synechococcus sp. PCC
7002 and Prochlorococcus marinus SS120 but the intracellular concentration of GGA
was low, thus leading to speculation that GGA is not a major osmolyte but plays a role
under low nitrogen conditions in replacing glutamate (144). Furthermore, GGA
accumulation is regulated by salt and nitrogen in Synechococcus sp. PCC7002 and

when subjected to salinities of 500 mM NaCl, GGA accumulation is increased (144).

Homoserine betaine (HB) was identified as an osmoprotectant in Trichodesmium spp.,
which lacked other osmolytes including GB, GG, GGA, sucrose and trehalose, even
when grown up to 43 ppt salinity (145). The gene, tery 2447, was upregulated
following salt stress and shown to encode a protein capable of methylating L-

homoserine to homoserine betaine, using SAM as a methyl donor (145).

1.5 Overall aims of this project

Previous work on characterising DMSP production in cyanobacteria has led the
community to believe they are low producers. However, these studies have several
flaws which will be addressed throughout this thesis. For example, none of these
studies looked at axenic cultures of cyanobacteria, so it possible that DMSP
production derived from associated microbes. Additionally, past work has not
investigated which gene(s), or their protein products, are responsible for synthesizing
DMSP in cyanobacteria and which pathway is used. Furthermore, many cyanobacteria
have not been screened for their DMSP production under relevant stressful limitations
such as low nitrogen, higher salinity, cold temperatures, high pressure and elevated
reactive oxygen species. Moreover, limited environmental studies on cyanobacterial
DMSP production have only been conducted in a few extreme environments, such as
intertidal zones, where it might be expected to be highly elevated. Also, given the

chemical similarity between GB and DMSP, it is unknown whether the same enzyme(s)
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could be synthesising both compounds, mirroring the transporters which show

specificity for both osmolytes.
Specifically, the following research aims will be addressed in this project:

1. What are the gene(s) and protein(s) involved in DMSP production in
cyanobacteria, in particular in Trichodesmium erythraeum and which pathway
does T. erythraeum use for DMSP production.

2. What are the functional characteristics of novel MTHB methyltransferases in
cyanobacteria.

3. How widespread are these genes in the environment, and what other, if any,
cyanobacteria utilize the encoded proteins for DMSP production.

4. What is the contribution of cyanobacteria to DMSP production in extreme

environments, specifically an intertidal zone in saltmarsh sediment.
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Chapter 2 - Methods and materials

2.1 Chemical synthesis
DMSP was synthesised from DMS (Sigma-Aldrich), and acrylic acid (Sigma-Aldrich)

as outlined in Todd et al, 2010 (40). Unless stated all other chemicals were

commercially available and acquired from Sigma-Aldrich.

2.2 Media preparation and growth conditions

2.2.1 E. coli growth conditions

E. coli was grown at 37 °C with orbital shaking in Luria-Bertani (LB) (146) complete
medium. For general cloning, multiple strains were used and for overexpression E.
coli BL21 DE3 was used. A full list of strains used in this study and their purpose is
denoted in Table 2.1. Where indicated, antibiotics were added to the media at the
following concentrations: ampicillin (100 yg ml-'), gentamicin (20 ug ml'"), kanamycin

(40 ug ml™"), tetracycline (5 ug ml'), spectinomycin (200 ug ml*).

2.2.2 Labrenzia aggregata growth conditions

L. aggregata was grown at 28 °C with orbital shaking in Yeast-Tryptone Sea Salts
(YTSS) (147) complete medium or in marine basal medium (MBM) at 35 practical
salinity units (PSU), unless otherwise stated. The salinity was adjusted from 5 PSU up
to 50 PSU by altering the concentration of sea salts. In MBM, 10 mM succinate was
used as the carbon source and either 10 mM or 0.5 mM NH4Cl was used as the
nitrogen source. If indicated, 0.5 mM methionine, 0.5 mM MTHB and either 0.1 mM
isopropyl B-D-1 thiogalactopyranoside (IPTG) or 10 mM taurine was used. Where
indicated antibiotics were added to the media at the following concentrations:
gentamicin (80 ug ml-"), rifampicin (20 ug ml"), tetracycline (10 ug ml'), spectinomycin
(200 pg mi).

2.2.3 Synechococcus growth conditions
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Synechococcus sp. were grown at 22 °C with orbital shaking in SN medium (148).
Unless otherwise stated, Synechococcus was grown under 50 pmol photons m2 s of
white light, in 35 PSU. For high light experiments, the light intensity was increased to
100 pmol photons m? s™'. Under various starvation and regulation experiments,
NaNOs, ferric ammonium citrate or K2HPO4 was removed from the growth media.
Under high salinity, the salinity was increased to 40 PSU by removing the freshwater
component of SN media and replacing it with more seawater. Likewise, at the lower

salinity of 30 PSU, the ratio of freshwater to seawater in SN media was doubled.

2.2.4 Prochlorococcus growth conditions

Prochlorococcus sp. were grown in acid-washed glassware in Pro99 medium (149)
prepared with 0.2 um filtered, autoclaved seawater collected from Vineyard Sound,
MA or the Sargasso Sea. Prochlorococcus sp. were incubated under either a 14:10
light:dark cycle at 24 °C or a constant light flux at 21 °C. Light levels were 30 — 40
umol Q m?2 s for high-light adapted strains or 10 — 20 ymol Q m=2 s for low-light
adapted strains. Under nitrogen starvation experiments NH4Cl was removed from the

growth media.

2.2.5 Filamentous cyanobacteria growth conditions

Lyngbya aestaurii UTEX 2515 was grown at 22 °C with orbital shaking in enriched
seawater medium (ESW) (150) at 50 umol photons m2 s of white light. T. erythraeum
IMS101 was grown in YBC-II (151) medium at 28 °C with orbital shaking with 50 ymol

photons m? s of white light.

2.2.6 Growth of filamentous cyanobacteria on solid agarose medium

For growth of L. aestaurii UTEX 2515 on solid media, aliquots of 300 ml ESW media
were prepared with 1.5 % agarose added to the mixture before autoclaving.
Afterwards, 150 ml of ESW — agarose was decanted into a phytatray Il (Merck) and
left to cool. Using EtOH sterilised forceps, a 0.3 g mass of L. aestaurii UTEX 2515 was
segregated from its parent culture and streaked across the surface of the ESW —

agarose before being planted on the surface of the agarose. Cultures were grown at
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22 °C, 50 ymol photons m=2 s of white light on a 12:12 hour cycle for 1 week before

further experimentation.

2.2.7 Long term storage of prokaryotes

A universal of 10 ml of relevant rich growth medium with antibiotics was inoculated
with a single colony of the strain to be stored and grown at the strain’s optimal
parameters. Into a sterile 2 ml screw cap microcentrifuge tube, 750 pL culture was
added along with 500 puL 50% glycerol and 225 yL DMSO. The cultures were then

submerged into liquid nitrogen and stored promptly at -80 °C.

Table 2.1 — List of strains used in this study.

Strain Description Reference

E. coli 803 Used for transformations. | (152)

E. coli BL21DE3 Used in protein | (153)
overexpression.

E. coli DH5a Used for transformations. | New England Biolabs

E. coli XL10 Gold Used for transformations. | Agilent Technologies

E. coli pPRK2013 Conjugation into L. | (154)
aggregata

E. coli S17.Apir Conjugation into | (155)
Synechococcus sp.

L. aggregata LZB033 Wild-type strain of | (11)
DMSP/GB producer.

Gynuella sunshinyii DMSP and GB producer. | (156)

L. aggregata LZBO033 | Deletion mutant of dsyB. | (11)

AdsyB

L. aggregata LZBO033 | Deletion mutant of gsdmt. | (157)

AGSDMT

L. aggregata LZBO033 | Deletion mutant of dsyB | (157)

AdsyB AGSDMT and gsdmt

Synechococcus sp. | Single celled non-axenic | Roscoff Culture Collection

WH8103 cyanobacterium culture. (RCC) 2366
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Synechococcus sp. | Single celled non-axenic | RCC 2437
WH8020 cyanobacterium culture.
Synechococcus sp. | Single celled non-axenic | RCC 2535
WH8016 cyanobacterium culture.
Synechococcus sp. | Single celled non-axenic | RCC 539
WH8102 cyanobacterium culture.
Synechococcus sp. | Single celled non-axenic | RCC 752
WH7803 cyanobacterium culture.
Prochlorococcus sp. | Single celled axenic | Gifted by Steven Biller,
MIT9313 cyanobacterium culture. Wellesley College
Prochlorococcus sp. | Single celled axenic | Gifted by Steven Biller,
MIT9312 cyanobacterium culture. Wellesley College
Prochlorococcus sp. | Single celled axenic | Gifted by Steven Biller,
MIT9303 cyanobacterium culture. Wellesley College
Lyngbya aestaurii | Filamentous, nitrogen | UTEX 2515
UTEX2515 fixing, benthic and non-
axenic cyanobacterium.
Trichodesmium Filamentous, nitrogen | Gifted by Tracey Lawson,
erythraeum IMS101 fixing and non-axenic | University of Essex
cyanobacterium.
Rubidibacter lacunae Single celled non-axenic | UTEX LB 2944
cyanobacterium culture.

2.3 Protein overexpression and purification

2.3.1 Protein overexpression

A universal of 10 ml LB was inoculated with a single colony of E. coli BL21DE3
transformed with a pMALC2X-1039 vector and incubated overnight at 37 °C. A 1 in

100 volume of starter culture was inoculated into LB with antibiotics with a 1 in 200

addition of 20% glucose. This was grown at 37 °C for 2 hours or until an ODeoo of 0.6.

The culture was left at room temperature for 10 min before 0.5 mM IPTG was added.

Then, the culture was incubated overnight at 16 °C with shaking. Afterwards, the
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culture was centrifuged at 4000 RPM, 4 °C for 20 min. This was then resuspended in
1 in 20 volume of lysis buffer (see protein overexpression buffers) at 4 °C before being
frozen overnight at -20 °C. The next day, the sample was thawed on ice and the cells
were lysed via cell disruption, before being centrifuged at 9000 RPM for 30 min to
separate the sample into soluble and insoluble fractions. The supernatant was then

transferred to a fresh falcon tube for downstream processing.

2.3.2 Protein extraction buffers

Buffer 1 (no DTT) was made by adding 200 mM NaCl to 20 ml 1M Tris-HCI (pH 7.4).
Lysis buffer (DTT) was made by the addition of 1 mM DTT, 1 mM EDTA (pH 8) and
200 mM NacCl to 20 ml 1M Tris-HCI (pH 7.4). Washing buffer was composed of 1 mM
EDTA and 200 mM NaCl added to 20 mL 1M Tris-HCI (pH 7.4). Elution buffer was
made by the addition of 200 mM NaCl to 20 ml 1M Tris-HCI (pH 7.4) with 10 mM

maltose monohydrate.

2.3.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Whole cell lysate, insoluble, soluble, wash steps and purified fractions of protein
overexpression and purification were analysed via SDS-PAGE. Each gel was
composed of a stacking gel and a resolving gel. SDS-PAGE running buffer was diluted
from a 10X stock made up of 3% TRIS, 14.4% glycine and 1% SDS in MilliQ ultrapure
water. Aliquots of 10 uL protein samples were added to 40 pL loading buffer, if the
sample was too thick to run then it was further diluted by the addition of more loading
buffer. The sample was then boiled for 10 min at 100 °C before loading. Gels were
loaded with a Precision Plus Protein Dual Colour™ standard (BioRad). Afterwards,
gels were resolved by running at 200 V for 30 min and then 120 V for 90 min, before
staining with SimplyBlue™ (Invitrogen) coomassie blue stain overnight at room
temperature with shaking. Following staining, gels were washed with dH20 for 1 h
before imaging (Chemidoc XR).

2.3.4 Maltose Binding Protein purification
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In a 2 ml microcentrifuge tube, 1 ml amylose resin (NEB) was added. The resin was
equilibrated with 1.5 ml washing buffer (see protein extraction buffers) and then
centrifuged at 1000 RPM for 1 min. This was repeated 4 times. The resuspended
amylose resin was then mixed with 25 ml of soluble fraction protein lysate and mixed
for 1 h at 4 °C. Then, the mixture was centrifuged at 1000 RPM for 1 min and the
supernatant was discarded. A volume of 10 ml washing buffer was added to the protein
lysate and this was centrifuged at 1000 RPM for 1 min. This was repeated 3 times.
Then the pellet was resuspended in 10 ml washing buffer and transferred to a PD10
gravity flow column. A volume of 10 ml buffer 1 was added to the column and allowed
to clear by gravity flow. Afterwards, 1 ml of elution buffer was added to the column and
allowed to drip by gravity flow. This was repeated once. The eluate was collected and
decanted into microcentrifuge tubes and stored at -80 °C for further downstream

processing.

2.3.5 Protein in vitro assays

Impure soluble and purified methyltransferase protein were assayed for their activity.
To a 400 L reaction volume of 10 mg ml' (unless otherwise stated) of SAM dependent
methyltransferase, 0.1 mM MTHB and 0.1 mM SAM was added. The reaction was
incubated overnight at room temperature. For kinetics experiments, a stepwise
gradient of MTHB was added and incubation times were adjusted. After the reaction,
800 pL of 30 mg ml-" activated charcoal in 0.1 M acetic acid was added to the reaction.
This was centrifuged at 14,000 RPM for 10 min. The supernatant was retained, and
200 pL was added to 100 uL 10 M NaOH before heating at 80 °C for 10 min. This was
then incubated overnight at room temperature, in the dark, before analysis via gas

chromatography (Section: 2.7.1).

2.4 In silico analyses and sequence analysis

2.4.1 Identification of target methyltransferases in cyanobacteria

BLAST searches were conducted to identify homologues of known DMSP synthesis

SAM-dependent methyltransferases in cyanobacteria. Target proteins were identified
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through BLASTp search of the National Center for Biotechnology Information (NCBI)
database (158).

2.4.2 Multiple Sequence Alignment and gene neighbourhood
analysis of target SAM-dependent methyltransferases in multiple

cyanobacteria

Homologous sequences recovered from BLASTp search were aligned using ClustalW

(https://www.ebi.ac.uk/Tools/msal/clustalo/). Gene neighbourhood analyses were

constructed using the suite of tools from the Enzyme Function Initiative (159). First, a
sequence similarity network (SSN) was constructed using the EFI-Enzyme Similarity
Tool. Next, the SSN was inputted into the EFI-Gene Neighbourhood Tool to interrogate

the sequence map, which produced the gene neighbourhood diagrams.

2.4.3 Phylogenetic tree of DsyC and other DMSP synthases

Protein sequence alignments were conducted using ClustalWw
(https://www.genome.jp/tools-bin/clustalw) (160). Phylogenetic trees were constructed
using MEGA (161).

2.4.4 Sequence optimization and gene synthesis

Genes to be synthesized were codon optimised for expression in E. coli using the
Codon  optimization tool at Interactive @ DNA  Technologies (IDT)

(https://eu.idtdna.com/pages/tools/codon-optimization-tool). Internal restriction

enzyme sites such as, EcoRI, Ndel, Xbal, BamHI, Bsal, Hindlll, Pstl and Bpil were
removed. Genes were synthesized into pMK-RQ or into pMALC2X-1039 by IDT.

2.4.5 Analyses of community composition

Qiime2 was used to analyse the 16S rRNA gene amplicon data. The dada2 (162)
module removed low quality sequences and cluster sequences at 100 % identity. The
classify-sklearn (163) module assigned a taxonomy for each sequence and Phyloflash
(164) determined the prokaryotic community from metagenomes based on 16S rRNA
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gene reads, with Silva v138.1 (165) as a reference database. The microeukaryotic
community was analyzed based on the 18S rRNA metagenomic gene reads retrieved
by BBmap, each read was assigned a taxonomy based on IDTAXA. Both identification
and taxonomic assignment of 18S reads were based on the PR2 database (166). Non-
Protistan sequences, defined as those assigned to the Metazoe, Embryophya and

Fungi were filtered out before downstream processes.

2.4.6 MAG recovery

To improve the quality of recovered MAGs, triplicate metagenomic samples were
coassembled by MEGAHIT v1.0.2 (167) with default parameters. Co-assembly results
of each sample were imported to MetaWRAP (168) to recover bacterial and archaeal
MAGs. Both bin_refinement and reassembly_bins modules from MetaWRAP were
performed to refine recovered MAGs and improve completion and N50 of newly
recovered MAGs, respectively. All MAGs were dereplicated using dRep v2.3.2 (169)
with default settings. Genome completeness and contamination were estimated by
CheckM v1.0.12 (170) and only MAGs with a completeness > 50 % and contamination
< 10 % were retained for downstream analysis. Taxonomic assignment of each
genome was determined by the classify module of GTDB-Tk v1.7.0 (171). Gene
annotation of each MAG was performed with Prokka v1.12 (172). The relative
abundancies of MAGs in metagenomes and metatranscriptomes were estimated

using CoverM v0.6.1 (https://github.com/wwood/CoverM), using default parameters.

2.4.7 ldentification of DMSP/DMS cycling related genes

Functionally ratified protein sequences (not shown), DSYB, DSYU, TpMMT, Alma1,
MmtN, DsyB, DddD, DddK, DddP, DddQ, DddW, DddL, DddY, DmdA, DMSOR, Tmm,
DsoB, DdhA, MddA, MddH, DmoA were used as reference sequences for Hmmsearch
and BLASTp search. Hidden Markov models (HMM) were created and their

homologues from metagenomes were obtained using hmmsearch (http://hmmer.org).

Prokaryotic gene homologues were searched in metagenomes and eukaryotic gene
homologues were searched in metatranscriptomes. Then, these homologues were
further curated by BLASTp. Only sequences of a minimum 40% amino acid identity

and 70% query coverage to the corresponding ratified proteins were retained. Next,
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these remaining sequences were used to construct a maximum-likelihood
phylogenetic tree with both functional and non-functional ratified sequences by MAFFT
(173) (sequence alignment) and FastTree (174) (tree construction). Proteins clustered
to non-functional sequences were discarded. To determine the taxonomy of the
remaining DMSP/DMS cycling genes, their protein sequences were aligned against
the NCBI NR database using BLASTp. The taxon of best hit from each query was
recorded. Gene relative abundance was calculated based on the equation below,
whereby R equals the number of mapped reads to this gene, L is the gene length and

M is the total reads number in the metagenome.

R, 1000000

Relative Abundance = L o

2.5 In vitro genetic manipulation

2.5.1 Polymerase Chain Reaction (PCR)

Genes and flanking regions of genes were amplified by PCR in a thermocycler
(BioRad) using cycling conditions outlined in Table 2.2. Typically, 50 pL reactions were
set up consisting of: 1 uL template DNA, 1 uL forward primer, 1 yL reverse primer, 0.5
ML Phusion DNA polymerase, 1 yL 10 mM dNTPs, 1.5 yL DMSO, 10 uL 5X Phusion
HF buffer and 34 pL nuclease free water. Oligonucleotide primers used in this study
are listed in Supplementary Table 1. Primers were synthesised by IDT. Colony PCRs
were conducted by picking a single colony off a solid agar plate with a sterile toothpick
and mixing this with 100 pL dH20. 1 uL of this was used as template DNA.

Table 2.2 — Thermocycler protocol for PCR with Phusion polymerase.

Temperature Time Number of cycles
98 °C 30s X1

98 °C 10s

60 °C 30s X35

72 °C 30s
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72 °C 10 min X1
4°C o0 X1

2.5.2 Agarose gel electrophoresis

All PCR and cloning products were visualised and analysed on agarose gels. Gels
consisted of a 1% w/v agarose in 1 x TAE buffer (40 mM TRIS base, 20 mM acetic
acid and 1 mM EDTA in dH20). For gels, buffer was added to the agarose, melted,
and cooled to 50 °C before 1.5 yL of Sybr™ Safe (Invitrogen) was added per 100 ml.
Gels were set in appropriately sized gel trays for approximately 30 min at room
temperature. Gels were run for 1 h at 100 V, with increases to time for better band
separation. Gels were visualised under a UV lamp in a Chemidoc XR imaging lab
(BioRad).

2.5.3 PCR purification

Once the correct PCR product had been determined via agarose gel electrophoresis,
the remaining PCR product in the PCR tube was purified using a QlAquick PCR
purification kit (Qiagen), according to the manufacturer’s instructions. The final product
was eluted into 30 pL sterile D20 in a sterile microcentrifuge tube for downstream

processing.

2.5.4 Agarose gel extraction

Bands of interest were excised from a gel using an ethanol sterilised scalpel. These
were then weighed and dissolved in the appropriate volume of Buffer QG (Qiagen).
Processing of the DNA was carried out according to the manufacturer’s instructions.
DNA was eluted from the QiaQuick™ membrane into 30 yL dH20.

2.5.5 Cloning into pMAL-C2X via Golden Gate Assembly

A domesticated pMAL-C2X was used for Golden Gate Assembly (GGA). Internal Bsa1
sites were removed, and two recognition sites were added, AGGT and TCCA. The

gene of interest was amplified through PCR. The following reagents were used in GGA
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cloning procedures: 1 pyL pMAL-C2X-1039 (100 ng/pL), 1 pL insert DNA (100 ng/pL),
1.5 uL 10x T4 DNA buffer, 1.5 yL 10x BSA, 1 pyL Bsa1, 1 yL T4 DNA ligase and dH20
to a final volume of 15 uL. The reaction was carried out in a thermocycler (BioRad)

using cycling conditions listed in Table 2.3.

Table 2.3 - Thermocycler protocol for Golden Gate Assembly reaction.

Temperature Time Number of cycles
37 °C 3 min
X 25
16 °C 4 min
50 °C 5 min X1
80 °C 5 min X1

2.5.6 Cloning into pk18MobSacB via Gibson Assembly

In silico design of GA components was carried out using NEBuilder Assembly tool

(https://nebuilder.neb.com/#!/). pk18MobSacB was digested with the restriction

enzymes EcoR1 and BamH1 for 2 h at 37 °C in a reaction mixture of: 2 uL
pk18MobSacB (100 ng/uL), 1 uL of each restriction enzyme, 2 pL restriction enzyme
buffer and dH20 to a final volume of 20 pL. For the Gibson assembly reaction the
mixture consisted of: 0.5 pmol of each fragment, 10 pL of 2X GA Master Mix (NEB)
and dH20 up to 20 uL. The reaction was transferred to a thermocycler and incubated
at 50 °C for 1 h, before being transformed into NEB 5-alpha Competent E. coli cells,

following the manufacturer’s instructions.

2.5.7 Restriction digestion and ligation assemblies

In silico design of all digestion/ligation assemblies was carried out using benchling

(https://www.benchling.com/). All digestions used NEB restriction enzymes. An aliquot

of 1 — 16 uL DNA was used in the reaction along with 2 uL buffer, 1 uL of each enzyme
and dH20 to a final volume of 20 pL. The reaction was then mixed by inversion and
centrifuged for 10 s at 13,000 RPM. The reaction was incubated at 37 °C for 1 h and

then heat killed at 80 °C for 10 min. The reaction was then visualised by agarose gel
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electrophoresis (2.5.2 agarose gel electrophoresis) and where necessary plasmid
DNA was dephosphorylated using shrimp alkaline phosphatase (NEB), according to

the manufacturer’s instructions.

Ligation reactions were carried out using T4 DNA ligase (NEB) according to the
manufacturer’s instructions. Reactions were incubated overnight in ice, left at room
temperature. The mixture typically consisted of; 14 pL digested insert, 2 pL digested
vector in a 7:1 insert/vector ratio but this was altered to 9:1 or 11:1 insert/vector to

improve reaction efficiency if initial ligations were unsuccessful.

2.5.8 Metagenomic DNA extraction from saltmarsh sediments

Saltmarsh sediment samples were collected as outlined in Section 2.8.1. Then, 0.25
g of surface sediment containing visible photosynthetic organisms was added to a
sterile PowerBead tube and was gently vortexed. The sediment was lysed in a
Ribolyser (FastPrep system, MP biomedicals) for three rounds of 1 min at 6 ms-
vigorous shaking. DNA was then extracted using a DNA PowerSoil Kit (Qiagen)
according to the manufacturer’s instructions, eluted in 100 uL solution C6 and stored
at -20 °C. Subsequent metagenomic sequencing was conducted via Novogene
Sequencing shotgun metagenomics (WOBI) using a 20 pL aliquot of DNA at a 100

ng/uL concentration.

2.5.9 Metatranscriptomic RNA extraction from saltmarsh sediments

Saltmarsh sediment samples were collected as outlined in Section 2.8.1. Then, 2 g of
surface sediment containing visible photosynthetic organisms was added to a 15 mi
PowerBead tube. The sediment was lysed in a Ribolyser (FastPrep system, MP
biomedicals) in three rounds of 1 min at 6 ms™' vigorous shaking. RNA was isolated
using a RNeasy PowerSoil Total RNA kit (Qiagen) according to the manufacturer’s
instructions. The final pellet was resuspended in 100 uL solution SR7. Following
extraction, genomic DNA was removed by treating the sample with two applications of
TURBO DNA-free DNAse (Ambion) according to the manufacturer’s instructions. The
samples were then decanted into 20 uL aliquots and immediately flash frozen in liquid
nitrogen and stored at -80 °C. RNA quality was checked via nanodrop

(ThermoScientific), agarose gel electrophoresis and 16S amplification. Subsequent

50



metatranscriptomic sequencing was carried out via Novogene sequencing shotgun

metatranscriptomics (WOBI) using a 20 uL aliquot of RNA at 100 ng/uL concentration.

2.5.10 Plasmid miniprep extraction

A 10 ml LB culture with appropriate antibiotics was inoculated with a single E. coli
(transformed with relevant plasmid) colony and incubated at 37 °C overnight. 3 ml of
Cells were then pelleted via centrifugation at 13,000 RPM for 2 min. The supernatant
was removed, and the pellet was resuspended in 200 uL of resuspension solution from
GenElute™ Plasmid Miniprep kit (Sigma-Aldrich). The plasmid was prepared following
the manufacturer’s instructions and eluted in 30 yL dH20. DNA was stored at -20 °C

for downstream applications.

2.5.11 Plasmid midiprep extraction

For plasmids to be used in cloning and long-term storage, a 10 ml LB culture with
appropriate antibiotics was inoculated with a single E. coli (transformed with relevant
plasmid) colony and incubated at 37 °C overnight. Afterwards, 100 ml LB with the
same antibiotics was inoculated with 1 ml of the starter culture and incubated at 37 °C
overnight. The culture was harvested by centrifugation at 6,000 RPM at 4 °C for 10
min and the plasmid extracted using the Qiagen Plasmid Midiprep kit according to the
manufacturer’s instructions. Following the final precipitation steps of the protocol, 120
ML dH20 was added to the pellet and rehydrated at room temperature for 10 min. DNA

was stored at -20°C for long term storage and downstream applications.

Table 2.4 - List of plasmids used in this study.

Plasmid Description Reference

pk18MobsacB Suicide plasmid for | (175)
mutagenesis.

pLMB509 Broad host range plasmid | (176)
for expression in L.
aggregata.

pRK2013 Conjugation plasmid used | (177)

in helper strain.
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PMAL-c2x Overexpression plasmid | New England Biolabs
with  maltose  binding
protein.
pET16b Overexpression plasmid. | Merck Millipore
pMK-RQ Synthesis plasmid from | Integrated DNA
IDT. Technologies
pET21a Overexpression plasmid. | Merck Millipore
pLMB509-TDsyC pLMB509 with T. | This study.
erythraeum dsyC.
pLMB509-WDsyC pLMB509 with | This study.
Synechococcus sp.
WH8103 dsyC.
pLMB509-Q-TDsyC pLMB509 with T. | This study.
erythraeum dsyC and
spectinomycin cassette.
pLMB509-Q-WDsyC pLMB509 with | This study.
Synechococcus sp.
WH8103 dsyC and
spectinomycin cassette.
PMAL-c2x-TDsyC PMAL-c2x with T. | This study.
erythraeum dsyC.
PMAL-c2x-WDsyC PMAL-c2x with | This study.
Synechococcus sp.
WH8103 dsyC.
PMAL-c2x-L4-1 PMAL-c2x with dsyC. This study.
PMAL-c2x-L4-2 PMAL-c2x with dsyC. This study.
pMAL-c2x-L4-3 pPMAL-c2x with dsyC. This study.
PMAL-c2x-L4-4 PMAL-c2x with dsyC. This study.
PMAL-c2x-L4-5 PMAL-c2x with dsyC. This study.
pPMAL-c2x-L4-6 pPMAL-c2x with dsyC. This study.
PMAL-c2x-K1 PMAL-c2x with dsyB-like. | This study.
PMAL-c2x-K2 PMAL-c2x with dsyB-like. | This study.
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from L. aestaurii

UTEX2515.

PMAL-c2x-K3 PMAL-c2x with dsyB-like. | This study.
PMAL-c2x-K4 pMAL-c2x with dsyB-like. | This study.
PMAL-c2x-K5 PMAL-c2x with dsyB-like. | This study.
pk18MobsacB-WH8103 pk18MobsacB with | This study.
flanking regions to dsyC in
Synechococcus sp.
WH8103.
pk18MobsacB-WHB8020 pk18MobsacB with | This study.
flanking regions to dsyC in
Synechococcus sp.
WHB8020.
pLAFR Cosmid for cloning of large | (178)
fragment sizes, used in
gDNA library preparation.
pLAFR-Lyngbya pPLAFR containing gDNA | This study.

2.6 In vivo genetic manipulation

2.6.1 Chemically competent E. coli preparation

A starter culture was prepared by inoculating 5 ml LB media with the relevant antibiotic
and a single colony of E. coli (803, BL21:DE3, XL10 Gold, DH5a), followed by
incubation at 37 °C overnight with shaking. A 1 ml aliquot was used to inoculate 100
ml of LB with the same antibiotics which was incubated at 37 °C for 2 h or until ODeoo
reached 0.3 — 0.4. The culture was then transferred to two sterile 50 ml falcon tubes
and centrifuged at 6,000 RPM for 10 min at 4 °C. The supernatant was removed, and
the pellets were resuspended into 10 ml, ice cold 0.1 M CaClz and kept on ice for 30
min. The cultures were centrifuged at 6,000 RPM for 10 min at 4 °C. Afterwards, the
supernatant was removed, and the pellets were resuspended in 2 ml ice cold 0.1 M

CaClz and stored at 4 °C for a minimum of 2 h or overnight before heat shock

transformation.
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2.6.2 Heat shock transformation of E. coli cells

For transformation of plasmids, 2 yL of vector DNA (100 ng/uL) was added to 100 pL
competent cells. For ligation mixtures, the whole 20 pL reaction was added to the same
quantity of cells. If commercial competent cells (DH5a, NEB) were used, then the
manufacturer’s instructions were followed. Samples were kept on ice for 1 h and then
heat shocked at 42 °C for 45 s. Next, 500 uL of pre-warmed LB was added to each
sample, followed by incubation at 37 °C for 1 h with shaking. The samples were
centrifuged at 13,000 RPM for 2 min and 300 uL of the supernatant was decanted,
and the pellet was resuspended with the remaining supernatant. Samples were plated

on pre-warmed LB agar with antibiotics and incubated overnight at 37 °C.

2.6.3 Conjugation by tri-parental mating

Tri-parental mating was used to transfer plasmids into L. aggregata and R.
leguminosarum J391. Typically, mating consisted of a host strain (L. aggregata), a
donor strain (E. coli transformed with plasmid of choice) and a helper strain (E. coli
803 with pRK2013) which facilitated plasmid mobilisation into the host from the donor.

Conjugation via patch cross was achieved by first streaking the three strains on fresh
YTSS or TY plates with antibiotics at 28 °C for 2 days (L. aggregata and R.
leguminosarum J391) or LB plates with antibiotics at 37 °C overnight (E. coli). A single
colony was inoculated into 5 ml of relevant media from each of the strains and grown
overnight at either 28 °C or 37 °C with shaking. The next day, 1 ml from each culture
was harvested by centrifugation at 13,000 RPM for 2 min, the supernatant was
removed, and the pellet was resuspended in 1 ml relevant media. This was repeated
three times. A sterile loop was used to mix the three strains together on a plate with
no antibiotics and the plates were grown overnight at 28 °C. Afterwards, a sterile loop
was used to transfer some of the mating to a plate with a cocktail of antibiotics
selecting for the host strain (typically rifampicin, gentamicin and nitrofurantoin) with the
correct plasmid. These plates were grown at 28 °C for 2 days. Finally, each plate was
streaked out to a fresh plate with the same antibiotic cocktail to select for single

colonies.
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To obtain higher conjugation efficiencies, filter crosses were performed instead of
patch crosses. All three strains were incubated overnight in 5 ml of their respective
medium with antibiotics at their preferred temperature. Aliquots of 1 ml were taken
from the cultures and centrifuged at 13,000 RPM for 2 min, the supernatant was
removed, and the cells were washed three times in media. Each of the pellets was
resuspended in 100 pL of either YTSS or TY media and sterilised forceps were used
to place a sterile filter on a YTSS or TY agar plate. 100 uL of each culture was added
to the filter and mixed using a sterile glass spreader. The plates were incubated at 28
°C for 2 days, after which the filters were removed using sterile forceps and placed
into sterile universals. Cells were washed off the filter using 50% glycerol and a serial
dilution series was made. The dilution series was plated on selective media with the
relevant cocktail of antibiotics to only allow for L. aggregata or J391 transconjugant

growth. Plates were incubated at 28 °C for 2 days and single colonies were picked.

2.6.4 Genomic DNA preparation of filamentous cyanobacteria

Using a sterile pestle and mortar, 1 g of filamentous cyanobacteria was ground with
the addition of liquid nitrogen into a fine paste. The sample was then added to a sterile
2 ml Eppendorf. A preparation of 2 % CTAB was produced (2 g CTAB, 8.18 g NaCl,
10 ml 1 M Tris-HCI pH 8,4 ml 0.5 M EDTA, dH20 to 100 ml). 900 pL pre-warmed 2%
CTAB, 20 uL proteinase K (Qiagen) and 10 uL B-Mercaptoethanol (Qiagen) was added
to the cyanobacteria and incubated for 1 h at 65 °C. The sample was centrifuged at
12,000 RPM for 8 min and the supernatant was decanted, before 1 volume of phenol-
chloroform-isoamyl (25:24:1) was added and mixed gently. Next, the mixture was
centrifuged at 12,000 RPM for 8 min and the supernatant was decanted. A 0.5 volume
of chloroform was added to the supernatant and was mixed gently. The mixture was
then centrifuged at 12,000 RPM for 5 min. The supernatant was decanted, and a 0.6
volume of isopropanol was added and mixed gently, before centrifugation at 12,000
RPM for 5 min. The pellet was washed in 500 uL 70% EtOH and air dried at room
temperature for 10 min. Finally, 50 yL dH20 was added to the pellet and it was stored

at -20 °C for downstream applications.
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2.6.5 Library preparation of gDNA

To make the genomic cosmid library of L. aestaurii UTEX2515, 2.5 ug of genomic DNA
was partially digested with EcoR1 and then ligated to 1 pyg of EcoR1 digested and
dephosphorylated pLAFR3 cosmid DNA. 0.7 ug of ligated cosmid DNA was then
packaged into A phage using Gigapack Il XL packaging extract (Stratagene). This
packaged DNA was mobilised into E. coli 803 and transformants selected on LB plates
with tetracycline. Titres of the packaging mix was used to identify the number of
primary transfectants (~50,000). Following amplification, E. coli primary transfectants

were pooled into a single culture and stored at -80 °C.

2.6.6 Genetic mutation of Synechococcus

A volume of 100 ml Synechococcus (WH8103 and WH8020) was grown for 1 week
under optimal conditions. E. coli S17.1Apir containing the suicide vector
pK18MobSacB with the flanking regions of interest was grown in 10 ml LB without
antibiotics. Synechococcus and E. coli were harvested by centrifugation at 4000 RPM,
23 °C for 15 min. Pellets were resuspended into a small volume (~200 uL) of
supernatant. Synechococcus and E. coli cells were mixed, centrifuged at 13,000 RPM
for 1 min, before being resuspended in 200 pL of supernatant. The culture was plated
onto 0.3% SN agarose plates and incubated at 23 °C for 48 h under a light intensity of
10 umol photons m? s-'. Reugeria pomeryii DSS-3 containing pKNG101-BBR-MCS
was used to help remove Synechococcus sp. cell debris and contained a sucrose
suicide cassette so it could be removed from the final culture. R. pomeryii was grown
in 10 ml of Marine Broth (MB, Sigma 2216) with antibiotics for 48 h at 23 °C with
shaking, before 2 ml was harvested by centrifugation at 13,000 RPM, 23 °C for 1 min.
R. pomeryii DSS-3 was then resuspended in 1 ml SN media. 100 ml 0.2% SN agarose
flask was melted and cooled to 37 °C before 1 ml of R. pomeryii DSS-3 was added
along with antibiotics. Next, 30 ml of the SN agarose was dispensed into a 50 ml falcon
tube and 50, 100 or 500 pL of resuspended conjugation mixture was added before
being poured into a sterile petri dish and cooled. The plates were parafilmed and
incubated in clear plastic bags at 23 °C for 4-6 weeks at a light intensity of 5 umol

photons m=2 s,
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Approximately 4 — 5 days before the end of incubation, any colonies were disturbed
and spread out with a sterile pipette tip. Afterwards, colonies were pipetted into 5 ml
SN media with the selection antibiotic. As the culture grew, 10 mL SN media with
antibiotics were added, and the culture was checked by PCR for segregation. An
aliquot of 8 ml was removed and 2 ml of SN with 50% w/v sucrose was added. The
culture was then incubated under optimal conditions for 24 h. Afterwards, 100 ml of
0.2% SN agarose was cooled to 37 °C and the selection antibiotic was added. The
culture was diluted to 105, 106 and 10”7 into 100 uL volumes before being plated. The
plates were parafilmed and incubated upright in clear plastic bags at 23 °C for 4 — 6
weeks under a light intensity of 5 umol photons m= s-'. Colonies were transferred to a
new 0.2 % SN agarose plate with antibiotics and disturbed and spread out with a sterile
pipette tip to enlarge the colonies. After 5 days the colonies were checked for
contamination and any axenic colonies were inoculated into 5 ml SN with antibiotics

and incubated under optimal conditions.

2.7 Metabolite analysis

2.7.1 Detection of DMSHB/DMSP and quantification of DMS by gas
chromatography (GC)

The DMSP concentration in cultures was determined through gas chromatography
(GC). Unless otherwise stated, 100 puL of 10 M NaOH was added to 200 pyL sample in
a 2 ml glass vial, which was then crimp sealed with PTFE/rubber crimp caps and
incubated at room temperature in the dark overnight. If DMSHB was being measured,
then following crimping, samples were incubated at 80 °C for 10 min to free DMS from
the DMSHB. Vials then were incubated overnight at room temperature in the dark.
Measurements were carried out using a flame photometric detector (Agilent 7890A
GC fitted with a 7693 autosampler) and a HP-INNOWax 30 m x 0.320 mm capillary
column (Agilent technologies J&W Scientific).

Readings were plotted against a calibration curve of varying DMSP standards (0.05,
0.1,0.2,0.5, 5, 50 100 nmol), which were made up to a final volume of 200 pL in dH20
with 100 uL 10 M NaOH added and treated as described above.
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2.7.2 Detection of DMSHB/DMSP and GB by nuclear magnetic

resonance (NMR)

NMR was mainly used to detect for the presence of GB, which cannot be detected via
GC. Cultures were grown under relevant experimental conditions and 1 ml was
centrifuged at 13,000 RPM for 2 min. The pellet was resuspended in 1 ml of D20 and
lysed via sonication for 2 x 20 s (4 x 20 s if the culture was contained cyanobacteria),
with incubation on ice for 1 min in between rounds. The cultures were centrifuged at
13,000 RPM for 2 min and the supernatant was decanted into a sterile 1.5 ml
microcentrifuge tube. An aliquot of 800 uL of the sample was added to a NMR tube
and analysed via "H-NMR 500 MHz (Bruker). DMSP and GB standards of varying
concentrations were prepared by adding a known concentration of osmolyte into 800

ML D20 and analysing as described above.

2.7.3 Detection of DMSHB and GB by High Performance Liquid
Chromatography (HPLC)

To determine the optimal temperature for purified proteins, reaction mixtures
containing 20 mM MTHB, 1.6 mM SAM, purified protein (final concentration of 30
mg/mL), 200 mM Tris-HCI (pH 7.0) to a total volume of 100 puL were prepared. After
the mixture was incubated at 10, 20, 30, 40 and 50°C for 5 h, the reaction was
terminated by adding 20 uL perchloric acid. The concentration of S-adenosyl
homocysteine (SAH) in the reaction mixture was detected by HPLC (SHIMADZU,
Japan) on a Sunfire C18 column (Waters, Ireland) with a linear gradient of 2-20%
acetonitrile in 50 mM ammonium acetate (pH 5.5) over 24 min at 260 nm. The optimal
pH for purified proteins was examined at the protein’s optimal temperature (detected
earlier) using 200 mM Bis-Tris buffer for pH 5 to 7, 200 mM Tris-HCI buffer for pH 7 to
9, and 200 mM glycine-NaOH buffer for pH 9 to 10. The control group had the same
reaction system as the experimental group except that the corresponding buffer was
added instead of protein.

To determine the substrate specificity, the reaction mixture included pure protein (final
concentration of 30 mg/mL), and either MTHB, glycine, betaine, dimethylglycine, or
sarcosine (all at a final concentration of 20 mM). Next, the reaction was mixed with the
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reaction buffer containing 200 mM Tris-HCI (pH 7.0) to a total volume of 100 uL. After
the mixture was incubated at the protein’s optimal temperature overnight, the reaction
was terminated by adding 20 pL perchloric acid. The amount of SAH in the reaction

mixture was detected by HPLC as described above.

2.7.4 Quantification of protein content by Bradford Assay

To normalise results gathered via chemical analysis, the protein concentration of each
sample was measured. From each culture, 1 ml was centrifuged at 13,000 RPM for 2
min and the supernatant was removed. The pellet was resuspended in 1 ml of dH20
and lysed via sonication for 2 x 20 s, with incubation on ice for 1 min between rounds.
Afterwards, lysed samples were centrifuged at 13,000 RPM for 2 min and a 20 yL
aliquot of supernatant was added to 980 pL Bradfords Reagent (BioRad). The samples
were transferred to 1 ml cuvettes and absorbance was measured using a
spectrophotometer set to ODsgs. A calibration curve was produced using 5 standards
of varying concentrations of bovine serum albumin (BSA) (0 — 400 ng/uL) and

measured as described above.

2.8 Environmental sampling

2.8.1 Sampling of saltmarsh sediment

Saltmarsh environmental samples were collected from surface sediment samples at
Stiffkey saltmarsh, UK (latitude 52.9649 °N, longitude 0.9436 °E). Triplicate samples
of marine sediment were collected using sterile 50 ml falcon tubes, which were
dragged immediately through areas containing a visible microbial mat with no plant
material. Samples were transported back to the laboratory and either frozen at -20 °C
for DNA and RNA processing or aliquoted out for DMSP and DMS calculations. Each
aliquot contained ~ 0.1 g wet weight of sediment analysed as described in Section
2.5.8.

2.9 In vivo DMSP analysis
2.9.1 Assaying for DMSP production in E. coli
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To assay production of DMSP in E. coli containing pET16b, pMAL-c2x and pLMB509
plasmids, a starter culture of 10 ml LB was inoculated with a single E. coli colony from
a freshly streaked plate and then grown at 37 °C overnight. 100 uL of this culture was
used to inoculate triplicate 10 ml LB containing either 10 mM taurine or 0.1 mM IPTG
as inducers, 0.5 mM methionine and 0.5 mM MTHB as substrates, and relevant
antibiotics. The culture was grown overnight at 37 °C and then 200 pL of each culture

in technical duplicates was assayed by GC (Section 2.7.1).

2.9.2 Assaying for DMSP and GB production in L. aggregata

To assay production of DMSP in L. aggregata containing pLMB509 or pRK415
constructs, a starter culture of 10 ml YTSS was prepared by inoculating the media with
a L. aggregata colony from a freshly streaked plate. The starter culture was grown
overnight at 30 °C. If the samples were tested in YTSS, 100 uL of this starter culture
was inoculated in triplicate in 10 ml YTSS with either 10 mM taurine or 0.1 mM IPTG
for plasmid induction, 0.5 mM methionine, 0.5 mM MTHB or 0.5 mM sarcosine for the
substrate, and relevant antibiotics. The culture was grown overnight at 30 °C. 200 uL
of each culture in technical duplicates was assayed by GC (Section 2.7.1). If samples
were tested in MBM, then 1 ml of starter culture was centrifuged at 13,000 RPM and
the pellet resuspended in 1 ml MBM. This was repeated three times. 100 uL of culture
was inoculated into 10 ml MBM with the same induction, substrate and antibiotic
parameters as mentioned above. The culture was grown for 2 days at 30 °C before

200 uL of each culture in technical duplicates was assayed by GC (Section 2.7.1).

2.10 Statistical analysis

Unless otherwise stated, all reported data are represented by mean values for three
biological replicates with two technical replicates per test. Errors bars denote the
standard error for that sample. For statistical significance, either a two-tailed paired
Students T test or analysis of variance (ANOVA) test was carried out in GraphPad
Prism, a P value < 0.05 demonstrating statistically significant differences. In cases of
comparison between three or more groups and significant values from Levene’s test,
ANOVA was carried out, if Levene’s test was not significant than Welch’s test was

used. Otherwise, if comparing between two groups in within-group variation and with
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parametric data Students T test was used, otherwise for non-parametric data the Mann

Whitney U Test was used.
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Chapter 3 — Discovery of a novel MTHB
methyltransferase (DsyC) in Trichodesmium
erythraeum IMS101

3.1 Introduction

3.1.1 Environmental importance of Trichodesmium species

Trichodesmium are a genus of diazotrophic, planktonic, colony-forming cyanobacteria
consistently found in oligotrophic waters that are warmer than 20 °C, such as the
tropical and subtropical regions of the Atlantic, Pacific and Indian oceans (179-183).
Here, Trichodesmium filaments aggregate into tufts which then combine to form

extensive surface blooms which are brown in colour and visible to the naked eye (183).

Blooms occur when large populations of Trichodesmium become trapped at the ocean
surface forming pigmented layers of dead and decaying cells (184). These blooms
fertilise large areas via the release of carbon, nitrogen, and other important nutrients,
which heterotrophic bacteria utilise (183). Trichodesmium further impacts the marine
food web as a food source for copepods, fish, and tunicates (183). Some
Trichodesmium species also produces and releases secondary metabolites, including

toxins, which are harmful to animals and humans (185).

Trichodesmium species have a major role in nitrogen fixation and are one of the
dominant diazotrophs in the oceans, fixing around 60 — 80 Tg N annually (183). They
are responsible for up to 50 % of new nitrogen in some regions such as the subtropical
North Pacific and North Atlantic (186). The model species, Trichodesmium erythraeum
IMS101 (IMS101), has been shown to have a unique mechanism of nitrogen fixation
utilising specialised cells termed diazocytes (187). These diazocytes are cells which
have been specialised for nitrogen fixation and contain more gas vesicles and less
storage compartments (188). This allows simultaneous nitrogen and carbon fixation

via division of labour between different cell types (189). Furthermore, high energy
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nitrogen and carbon fixation take place during the day, whereas cell division and

diazocyte formation take place at night (190,191).

Contrary to popular opinion, some Trichodesmium species are non-diazotrophic and
these Trichodesmium are abundant and widespread. Large scale metagenomic
studies have elucidated some Trichodesmium genomes missing key genes related to
nitrogen fixation (192). The species T. miru and T. novis in particular do not contain nif

genes, demonstrating an evolution away from diazotrophy (192).

Many primary producers, including Trichodesmium species, have an associated
heterotrophic community formed via attachment or physical colonisation (193). Carbon
and nitrogen are passively transferred from host to epibiont and in return the host
receives aid in acquiring trace metals, nutrients and reducing hazardous compounds.
Many bacteria such as Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes
are consistently found with Trichodesmium (194). The gammaproteobacteria
Altermonas macleodii is commonly found with Trichodesmium and aids with iron and
phosphorous uptake (195). Furthermore, A. macleodii also catabolises carbon-based
products from Trichodesmium, possibly including DMSP, since it contains the dddP
gene which encodes the DddP DMSP lyase and the dmdA gene encoding the
demethylase DmdA (195).

3.1.2 DMSP production in T. erythraeum IMS101

Multiple studies have been conducted on DMSP production in cyanobacteria with T.
erythraeum being a particular focus. Concentrations of DMSP in IMS101 were
measured in Fe-replete versus Fe-deplete conditions. A 45-fold increase in DMSP
production per trichome under iron limitation from 0.05 to 2.27 mmol Ltichome™’ Was
observed, suggesting this is a key regulator in DMSP production (130). Iron is a key
element used in the active sites of enzymes involved in photosynthesis and nitrogen
fixation and limitation likely leads to cellular stress and therefore an increase in DMSP
production (130), possibly to counteract an increase in reactive oxygen species (ROS)
(196).

Phosphorous limitation also results in an increase in DMSP production in IMS101.

DMSP production per trichome in replete conditions versus phosphorus limitation led
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to an increase from 0.03 to 0.18 nmol DMSP (ug Chla)' (195). In this case it was
suggested that IMS101 may be producing DMSP as a nutrient source for A. macleodii,
which in turn produces siderophores, aiding in the acquisition of phosphorus (195).
However, IMS101 does not encode any known genes encoding DMSP biosynthetic

enzymes and novel ones were not identified in these studies.

IMS101 under iron and phosphorus limitation produced more DMSP than cultured
single-celled and other filamentous cyanobacteria. For example, DMSP production
measured in 29 benthic filamentous cyanobacteria, grown in ASNi/2 medium, ranged
from 0.007 mmol DMSP (g chl a) to 0.583 mmol DMSP (g-' chl a) (126). Additionally,
DMSP production in Synechococcus and Prochlorococcus surveyed from the Atlantic
Ocean, Pacific Ocean and Mediterranean Sea ranged from 2.8 x 104 £ 1.8 x 10** and
5.1 x 103 + 7.8 x 10 fg DMSP cell’, respectively (125). However, neither the
filamentous nor single celled cyanobacteria were tested under conditions which

typically increase DMSP production such as low nitrogen or higher salinities.

3.1.3 Screening for novel gene targets through bioinformatics

A variety of techniques have been used to screen for genes involved in DMSP
production such as library screening, RNA-Sequencing (RNA-seq) analysis and
homology analysis to previously ratified genes. Library screening has been used in
previous DMSP studies to identify both synthesis and catabolism proteins (11,17). A
genomic library is constructed by digesting the genomic DNA of the species of interest
with a common restriction enzyme such as EcoR1 (197). This generates DNA
fragments of multiple kbs in length. These are then ligated into a cosmid, which is a
plasmid vector designed for handling large inserts and expressed in a heterologous
host. This host is then screened for activity and any cosmids that show activity can be

sequenced to identify target genes.

RNA-Seq analysis is another method which can detect potential gene targets. In this
case, it involves growing up live cultures of a microorganism of interest under different
regulatory conditions which may increase or decrease expression of genes related to
the process of interest, i.e. high vs low DMSP production conditions. RNA is harvested

from the cultures and sent for high-throughput sequencing (198). Genes which are
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upregulated under the conditions of interest are then analysed and potential target

genes can be identified.

However, library screening and RNA-Seq depend on having access to live cultures
and if this is not possible, homology searching may be the only option. Sequence
similarity searching with packages such as BLAST is the most widely used and most
reliable strategy for characterising sequence targets (199). There are already several
reported and published proteins involved in DMSP synthesis which can be used for
homology searching. All these proteins are methyltransferases and catalyse the rate-
limiting and committing step of DMSP synthesis (7). However, it is challenging to
identify methyltransferases specifically involved in DMSP production, since motifs
binding of its precursors have not been identified (18). Expression and characterization
of enzyme kinetics are then required to determine if a methyltransferase is involved in
DMSP synthesis.

As reported earlier, T. erythraeum has been shown to produce DMSP in culture;
however, the genes and proteins involved in this production have not been elucidated,

and targets for DMSP production are currently not known.

3.1.4 Verifying methyltransferases involved in DMSP biosynthesis

via complementation of a Labrenzia aggregata LZB033 dsyB mutant

Labrenzia aggregata LZB033 (LZB033) is an abundant marine alphaproteobacterium
first isolated from the East China Sea (11). It was the first species in which a bacterial
MTHB methyltransferase enzyme (DsyB) was identified and led to a paradigm shift in
the recognition of bacteria as significant global contributors to DMSP production (11).
LZB033 has now become a model organism used in identifying novel DMSP-
producing enzymes due to its quick growth time, ability to synthesis both DMSP and
DMS and its genetic versatility. This versatility has led to the generation of several
mutants which are essential to complementation assays, including dsyB, GSDMT and
a double AdsyB/GSDMT strain (157), which can be used to identify novel enzymes
involved in DMSP or GB synthesis.

Complementation has been used before to ratify function of methyltransferases linked

to DMSP production (28). To test for complementary activity, the target gene is cloned
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into a plasmid (pLMB509) which can grow in the host strain (LZB033). This is
transformed into donor E. coli which can donate the plasmid into the host strain. The
donor E. coli is grown with a helper E. coli (PRK2013) which has a plasmid that
generates F-pili to facilitate the transfer of the plasmid to the host. All three strains are
grown together and then the correctly conjugated host containing the plasmid of

interest is selected for with antibiotics.

3.1.5 Aims of the chapter

The primary aim of this chapter is to identify the methyltransferase involved in the key
committing step of DMSP synthesis in T. erythraeum IMS101. IMS101 was chosen as
the model organism due to being the only cyanobacteria with significant reported
levels of DMSP production under regulation (130,195) and its abundance in the
oceans. However, no genes or proteins have been identified as the cause of DMSP
production in IMS101 and the associated DMSP production pathway has not been

elucidated. The sub-aims are as follows:

- Use homology-based searching to identify potential candidates for the key

methyltransferase in T. erythraeum IMS101.
- Identify which pathway T. erythraeum IMS101 uses to synthesise DMSP.

- Confirm the activity of any potential methyltransferases in DMSP production via in

vitro and in vivo assays using gas chromatography.

3.2 Results

3.2.1 Identification of a target methyltransferase in T. erythraeum
IMS101

The IMS101 genome has previously been sequenced (GCA_018457135.1) and
therefore it is possible to search via NCBI BLAST with previously ratified DMSP
synthesis methyltransferases (Table 3.1) to identify targets. The proteins that were

tested are summarized in Table 3.1, with the majority not resulting in hits with high
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similarity. Only a homolog to TPMMT from the filamentous cyanobacterium Moorea
producens (personal communication), demonstrated close similarity (76 % identity) to
a putative SAM-dependent Type 11 methyltransferase, encoded by the gene
Tery 2447, in T. erythraeum.

Table 3.1. Blast outputs of known ratified methyltransferase genes involved in DMSP
synthesis against the T. erythraeum IMS101 genome. Details of the gene with highest
homology is indicated. All hits were to locus ID Tery 2447.

AA %

Organism Enzyme Identity | Coverage E value Reference
Thalassiosira
pseudonana TpMMT 24.15% | 86% 6.00E-22 | Unpublished
Novosphingobium
sp. BW1 MmtN 45.00% | 6% 3.2 (34)
Chrysochromulina
tabinii DSYB 24.28% | 44% 4.00E-10 (28)
Labrenzia
aggregata DsyB 33.33% | 37% 1.00E-18 (1)

Putative SAM-

dependent
Moorea producens | methyltransferase | 76.84% | 97% 2.00E-160 | Unpublished
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This protein, tentatively termed DsyC (DMSP synthesis in cyanobacteria), alongside
other ratified and putative methyltransferases involved in DMSP synthesis, were
subjected to phylogenetic analysis to identify specific clades (Fig. 3.1). IMS101 DsyC
is a member of its own, distinct clade which includes genes from other cyanobacteria
including Lyngbya aestuarii, multiple Synechococcus and Prochlorococcus sp., in
addition to heterotrophic bacteria such as Parvibaculum sp. and Alteriqipengyuania
sp.. This suggests that DsyC is a novel and previously unidentified methyltransferase.
However, it is most similar to the prokaryotic MTHB methyltransferase DsyG (200), the
GB synthesis methyltransferases TpMMT (unpublished) and the MTHB
methyltransferase DsyE, which is also found in some filamentous cyanobacteria (200).
Interestingly, DsyC is found in a cluster with methyltransferases that are part of the
transamination DMSP synthesis pathway and methylate MTHB through to DMSHB.
Furthermore, DsyC is also found in a cluster with methyltransferases of the de novo
methylation GB synthesis pathway which can catalyse the full conversion of glycine to

sarcosine to dimethylglycine and then GB.
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DSYE|OEU16654.1 Fragilariopsis cylindrus CCMP1102

DSYE|KAGT 362855 1 Nitzschia inconspicua

DSYE|MMETSP 1464 Exanthemachrysis gayraliae RCC1523

DSYEIMMETSP1381 Paviova sp. CCMP459

DSYE|MMETSPO047 Chroomonas mesostigmatica of CCMP1168

DSYE|MMETSPO882 Pelagococcus subviridis CCMP1429 DSYE
DSYEIMMETSPOS03 Tetraselmis striata LANL1001

DSYE|MMETSP0833 Ostreococcus prasinos BCC99000

DSYE|MMETSP0113 Morrisiella sphaerica BC52

DSYEIMMETSP1358 Bigelowiella longifila CCMP242

TpMMTIXP 002291473.1 methyl transferase-like protein Thalassiosira pseudonana CCMP1335

TpMMTIMMETSP0972 Thalassiosira oceanica CCMP1005 1 ‘ Tp M MT
TpMMT|XP 002183266.1 Phaeodactylum tricornutum CCAP 105541 1 ‘

DsyGIMBES039793.1 Zarconia navalis LEGE11467

DsyG|WP 044616208.1 Gynuella sunshinyii YCE258
DsyGD|WP 044616208.1 Gynuella sunshinyii YCG258

DsyGINES17792.1 Symploca sp. SIO3EG DSyG
DsyGDIMES17792.1 Symploca sp. SIO3EE

DsyGINER39123.1 Oscillatoria sp. SIO1AT

DsyGDIMER39123.1 Oscillatoria sp. SIO1AT

DsyCIMAG162 LIIMKECG 02267 Panvibaculum sp.

DsyC|MBS9770534.1 Trichodesmium erythragum IMS‘IM*

DsyC|WP 023066062.1 Lyngbya aestuarii

DisyCIMAG238 ENBIDACC 02650 Alterigipengyuania sp. D C
DsyC|MAG17E BIFJOBEBN 00248 Synechococcus sp. Sy
DsyC GSDMT|CRY92897.1 Synechococcus sp. WHE103

DisyC GSDMT|WP 0633877891 Prochlorococcus sp. MIT1303

DsyB prok|WP 005854984.1 methyltransferase domain-containing protein Sagittula stellata
DsyB prok|EAQO4968.1 O-methyltransferase family 2 Pseudooceanicola batsensis HTCC2597
DsyB prok|EAU45858 1 O-methyltransferase family 2 Pelagibaca bermudensis HTCC2601

DsyB prok|WP 026756701.1 Sediminimonas giachouensis DSM 21189

DsyB prok|2517905241 Ubiquinone/menaquinone biosynthesis C-methylase UbiE Amorphus coralli DSM 189760

ro | 1] a7 L [P

DsyB prok|WP 018697905.1 methyltransferase Amorphus coralli

DsyB prok|EAV42226.1 probable acetylserotonin O-methyltransferase Stappia aggregata 1AM 12614

DsyB prok|AORS83342.1 methyltransferase Labrenzia aggregata LZB033 .

DsyB prok|WP 084618911.1 methyltransferase domain-containing protein Thalassobaculum salexigens

DSYB euk|Fragilariopsis cylindrus CCMP1102

DSYB euk|Alexandrium tamarense ATSP1B 1

DSYB euk|Symbiodinium microadriaticum CCMP2467

DSYB euk|Prymnesium parvum CCAP 946/6 .

DSYB euk|Chrysochromulina tobinii . DSYB
DSYB euk|Lingulodinium polyedrum CCMP1936

DSYB euk|Acropora cervicornis

MmtN|WP 0176249091 hypothetical protein Mocardiopsis chromatogenes

1

MmtN|EMES9407.1 L-methionine S-methyltransferase Streptomyces mobaraensis NBRC 13819 =DSM 40847

MmiM|KRS18724.1 SAM-dependent methyltransferase Roseovarius indicus

MmtN|OAZ15224. 1 SAM-dependent methyltransferase Thalassospira profundimaris
MmtN|GAMO3459.1 S-adenosyl-l-methionine: I-methionine s-methyltransferase Movosphingobium sp. MBES04 .

Fig. 3.1 Phylogenetic tree of known DMSP synthesis enzymes. Amino acid tree of
homology based on Maximum Likelihood, Bootstraps = 100. Clades are indicated by different
colours. T. erythraeum IMS101 DsyC is highlighted by the star. Ratified enzymes are
highlighted with a circle.
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3.2.2 Determining in vivo activity of T. erythraeum IMS101 DsyC in E.

coli

Following identification of the target methyltransferase, codon-optimised dsyC gene
was subcloned into the IPTG-inducible, expression plasmids pET21a and pET16b for
protein expression (Fig. 3.2 — 3.3) and confirmation of enzyme activity. The plasmids
were transformed into E. coli BL21 (DE3), expression was subsequently induced with
0.1 uM IPTG, and MTHB supplied to determine whether DMSHB was synthesised. E.
coli containing pET21a only was unable to produce any DMSHB. However, E. coli
transformed with pET21a-dsyC produced approximately 18 pmol DMSP ug-! protein
and E. coli transformed with pET16b-dsyC produced around 17 pmol DMSP pg-
protein (Fig. 3.4). Interestingly, when both the pET21a and pET16b containing dsyC
was supplied with IPTG they produced far lower quantities of DMSHB, around 3 and
5 pmol DMSP pg-' protein, respectively. The reason for this is unclear but may be due
to overexpression leading to insoluble inclusion bodies which would render the protein
dysfunctional. There was a statistically significant difference between the levels of
DMSHB produced between both plasmids containing dsyC and the empty pET21a
vector (P < 0.05, Welch’s t-test).

bp 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

/N

Fig. 3.2 T. erythraeum IMS101 dsyC cloned into pET21a and pET16b vectors. Lane 1: 1
Kb+ Hyperladder, lanes 2 — 8: pET21a-dsyC digested with EcoR1 and Nde1 (Expected sizes:
5397 bp and 840 bp), lanes 9 — 16: pET16b-dsyC digested with EcoR1 and Nde1 (Expected
sizes: 5378 bp and 840 bp).
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pET21a-TdsyC
6239 bp

‘«q.%
s Gy =
tet (575 - 851)
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pET16b-TdsyC
6220 bp

Fig. 3.3 In silico constructs of IMS101 dsyC in pET21a and pET16b. A) pET21a with
IMS101 dsyC cloned downstream of T7 promoter. B) pET16b with IMS101 dsyC cloned

downstream of T7 promoter.
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Fig. 3.4 DMSHB production in E. coli strains expressing DsyC in pET21a and pET16b.
DsyC was assayed for its ability to methylate MTHB into DMSHB in E. coli strains containing
empty vectors or dsyC expressed in either pET21a or pET16b.

3.2.3 lIdentification of homologous DsyC proteins in other

cyanobacteria

Following identification of MTHB methylation activity in IMS101 DsyC, we checked
how widespread this protein was in the environment by searching for homologous
proteins in other cyanobacteria. We expanded the DsyC clade found in Fig. 3.1 and
the closest 100 hits to IMS101 DsyC were aligned using ClustalW. These were then
used to construct a maximum likelihood phylogenetic tree (Fig. 3.5). Of greatest
similarity to IMS101 DsyC were homologs found in other filamentous cyanobacteria
such as Moorena, Symploca, Okeania and Hormoscilla. For example, Okeania (6
species) share ~86 % identity, Hormoscilla (4 species) are ~79 % similar, Symploca
(6 species) are ~77 % similar and Moorena (14 species) are around ~76 % identical.
Homologs to DsyC were as also present in other strains of T. erythraeum including
ALOHA ZT 67, st18 bin1 and MAG_RO01. Interestingly, there were no hits for DsyC
in any of the other Trichodesmium species such as T. thiebautii and T. hildebrandtii.

The wider implications of Fig. 3.5 are that there may be common ancestry between
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DsyC in T. erythraeum and homologs found in other filamentous and single celled

cyanobacteria.

MBS9770534.1 methyltransferase domain-containing protein Trichodesmium erythraeum GBRTRLIN201 *
MCL2927012.1 methyltransferase domain-containing protein Trichodesmium sp. MAG R01

MDES5109458.1 methyltransferase domain-containing protein Trichodesmium sp. St17 bin3 11

MCL2935783.1 methyltransferase dnmaln-conla\nmg pretein Trichodesmium sp. MAG R02

NES06917.1 m ase doi ining protein Okeania sp. SIO2F4
WP 240038928.1 MULTISPECIES methyltransferase domain-containing protein Okeania
NET28101.1 y domain. ing protein Okeania sp. SIO1I7
NET46658.1 thyll i domai ining protein Okeania sp. S102B3

NER02092.1 methyltransferase domain-containing protein Okeania sp. SIO3C4
MBCB476956.1 methyltransferase domain-containing protein Hormoscilla sp. GM7CHS1pb
MBC6423807.1 methyltransferase domain-containing protein Hormoscilla sp. SP12CHS1

NESB1756.1 methy ase domaln ining protein Moorena sp. SIO2B7
NEP10015.1 methyltransferase d ining protein Symploca sp. SI02C1
NEP01585.1 methyl ferase domain- ining protein Symploca sp. SIO2E9
NETO7676.1 y i domai ining protein Symp\oca sp. SIO2B6
NET50217.1 Y domai ing protein M dia sp. SIO2A8(2)
NEQ38579.1 methy ase domain: ing protein Moorena sp. SIOASIH
NEQ93524.1 methyltransferase dornaln-contalmng protein Moorena sp. SI03G5
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WP 015231089.1 methyltransferase domain-containing protein Dactylococcopsis salina
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WP 164455949.1 methyltransferase domain-containing protein Thiorhedococcus minor

MBK81874.1 SAM-dependent methyltransferase Gammaprotecbacteria bacterium

MBW9264982.1 methyltransferase domain-containing protein Candidatus Thiodiazotropha sp. (ex. Lucinisca nassula)
MDAOQ748721.1 methyltransferase domain-containing protein bacterium
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Fig. 3.5 Maximum likelihood phylogenetic tree of T. erythraeum IMS101 DsyC against
other cyanobacteria. IMS101 DsyC is highlighted with a star.

Homologs to DsyC were also found in Synechococcus and Prochlorococcus species,
although these had lower similarity compared to the prementioned filamentous
cyanobacteria DsyC homologs. Homologs were present in multiple Synechococcus
species from different clades. However, it was only identified in Low Light IV (LLIV)
clade Prochlorococcus species. The Synechococcus and Prochlorococcus DsyC
homologs were ~39 % similar in identity to IMS101 DsyC. The DsyC homolog in
Synechococcus WH8102 has already been ratified as a sarcosine-dimethylglycine

methyltransferase (SDMT) involved in the GB synthesis pathway (74).

To better understand the relationship between IMS101 DsyC and the DsyC homologs
found in Synechococcus and Prochlorococcus we analysed the synteny between the
dsyC and dsyC homolog gene neighbourhoods (Fig. 3.6). IMS101 dsyC contains no
genes in its neighbourhood which have ratified roles in DMSP or GB metabolism. This
is in contrast with the gene neighbourhoods found in Synechococcus and
Prochlorococcus, which are part of the GSDMT complex involved in GB synthesis.
Immediately upstream of the GSDMT genes in Synechococcus and Prochlorococcus
are 3 genes which encode for a putative Betaine-Choline-Carnitine-Transporter
(BCCT) likely involved in GB and DMSP transport (44).

dsyC

T. erythraeum IMS101

:

37.2

Synechococcus sp. WH8103

33.7%

Prochlorococcus sp. MIT9313

39.1%

Prochlorococcus sp. MIT9303

111
33

DMSP/GB Transporters Methyltransferases

1 Kb



Fig. 3.6 Chromosomal region of IMS101 dsyC and putative dsyC from Synechococcus
sp. WH8103, Prochlorococcus sp. MIT9313 and Prochlorococcus sp. MIT9303. The
brown shapes denote genes not known to be involved in DMSP or GB metabolism. Purple
triangles denote genes encoding for putative BCCTs. Green triangles indicate dsyC or putative
dsyC homologs with amino acid percentage identity compared to IMS101 dsyC shown. The

yellow triangle is a GSMT gene encoding for a putative GSMT methyltransferase.

3.2.4 Overexpression and purification of T. erythraeum IMS101 DsyC
Following identification of MTHB activity in E. coli expressing DsyC, we subsequently
purified the protein to determine its enzyme kinetics. First, the overexpression system
was optimised to obtain maximum amounts of soluble and active DsyC protein (Fig.
3.7). Parameters such as temperature (26 °C, 28 °C and 30 °C), IPTG concentration
(0.025 mM, 0.05 mM and 0.1 mM) and time (4 h, 6 h and 16 h) under induction were
altered to identify which combination led to the highest concentration of active and
soluble DsyC, as determined via evaluation of DMSHB production. Overall, none of
the adjusted parameters led to higher amounts of active protein (Fig. 3.7) than the
initial conditions tested (30 °C, 0.1 mM IPTG, 16 h). Production was not observed
under 4 and 6 hour growth parameters, suggesting that DsyC has slower reactivity
than DsyB (11) and DSYB (28). Overall, this suggests that the pET expression system

was very inefficient at producing high amounts of functional protein.
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pmol DMSHB/ug protein

Fig. 3.7 Optimisation of DsyC expression in pET16b vector. The standard conditions to
which other samples were compared to were 0.1 mM IPTG, 30 °C and culturing for 16 hours.

Differences in these conditions are indicated in the x-axis.

Afterwards, we changed to the pMALC2X system and began purifying DsyC using a
maltose binding protein (MBP), which aids in protein solubility. First, both IMS101
DsyC and WH8103 DsyC was cloned into pMALC2X via GoldenGate assembly (Fig.
3.8).
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Fig. 3.8 Synthetic constructs of pMALC2X-1039 with DsyC. A) WH8103 DsyC cloned into
pMALC2X-1039. B) IMS101 DsyC cloned into pMALC2X-1039.
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E. coli containing pMALC2X with IMS101 dsyC and WH8103 dsyC was grown and
optimised for production of DMSHB (Fig. 3.9). Parameters such as temperature (16
°C, 24 °C and 30 °C) and IPTG concentration (0.1 mM, 0.25 mM and 0.5 mM) were
checked. Overall, both DsyC’s produced more DMSHB than the negative control
(BL21:DE3). IMS101 DsyC was more active towards methylating MTHB than WH8103
DsyC. Additionally, IMS101 DsyC gradually increased in activity with a higher
concentration of IPTG and higher temperatures. Conversely, WH8103 DsyC'’s activity
remained constant across all changes in IPTG concentration and temperature of

incubation, except for a slight increase in activity when grown at 24 °C.

15=

pmol DMSHB/ug protein

Fig. 3.9 Optimisation of DsyC expression in pMALC2X-1039 vector. The normal conditions
to which other samples were compared to were 0.1 mM IPTG and 30 °C. All samples were
cultured for 16 hours. Differences in these conditions are indicated in the x-axis. T-DsyC =
IMS101 DsyC, S-DsyC = Synechococcus sp. WH8103 DsyC.
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Afterwards, the cultures were grown under their preferred parameters and lysed to
separate the insoluble cell debris from the soluble fractions with functional DsyC,
which was then passed through an amylose column. A band corresponding to the
expected size of MBP tagged T-DsyC and S-DsyC (75 kDa and 77 kDa respectively)
was observed in the soluble, insoluble and purified fractions (Fig. 3.10). Normally Dsy
proteins are located in the cytosol and in the context of DsyC would have size of 34
kDA. Purification of DsyC removed other proteins, with the only other remaining band
being the same size as the MBP (~37 kDa).

KDa 1 2 3 4 5 6 7 8 9
250

100
75

50
37

25
20

15

Ladder Soluble Wash Insoluble Purified

Fig. 3.10 Expression of DsyC in E. coli cultures containing pMALC2X-1039. Expected
band size for MBP-tagged T-DsyC was 75 kDa and MBP-tagged S-DsyC was 77 kDa. Lane
1: Dual protein plus ladder, Lanes 2 + 3: Soluble fraction of T-DsyC (2) and S-DsyC (3). Lanes
4 + 5: Wash fraction of T-DsyC (4) and S-DsyC (5). Lanes 6 + 7: Insoluble fraction of T-DsyC
(6) and S-DsyC (7). Lanes 8 + 9: Purified fraction of T-DsyC (8) and S-DsyC (9).

The purified IMS101 and WH8103 DsyC extract was active when assayed for MTHB
methylation to DMSHB (Fig. 3.11). Both soluble and purified fractions of the DsyC
purification produced significantly (P < 0.05, Welch’s T test) more DMSHB than the
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negative controls (MTHB and SAM). Higher levels of production were seen in IMS101
DsyC than WH8103 DsyC. However, both DsyC’s had lower activity in purified

fractions. This may have been due to the addition of DTT.
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Fig. 3.11 Activity of purified IMS101 and WH8103 DsyC. All protein samples contained
MTHB and SAM. The purified protein samples (T-DsyC purified and S-DsyC purified) required
the addition of 0.1M dithiothreitol (DTT) for activity.

3.2.5 Assaying for DMSP production in T. erythraeum IMS101

We attempted to grow cultures of IMS101 which were generously provided by Tracey
Lawson, Essex. However, the culture failed to survive longer than 1 month. Therefore,
we were unable to obtain sufficient quantities of culture necessary to run experiments
to test production of DMSP under iron/phosphorous replete and deprived conditions.

Simultaneously, the Lawson laboratory were also unable to keep their cultures alive.
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Successive attempts to order fresh cultures of IMS101 from the Woods Hole Culture
Collection failed due to the strains being held at customs for an extended period

resulting in unviable cultures upon delivery.

3.2.6 Complementation of L. aggregata LZB033 AdsyB with T.
erythraeum IMS101 and Synechococcus sp. WH8103 dsyC

Following identification of putative DsyC homologs in multiple Synechococcus and
Prochlorococcus species, we synthesized and tested a DsyC homolog from
Synechococcus sp. WH8103 (WH8103) via complementation of a LZB033 dsyB
mutant. WH8103 putative dsyC and IMS101 dsyC were cloned into the wide host
range, taurine-inducible, expression plasmid pLMB509 (Fig. 12).

1 2 3 4 5 6 7 8 9 10

P EE TR R AT

.
~

Fig. 3.12 Cloning of IMS101 and WH8103 dsyC into pLMB509. Lane 1: 1 kb+ Hyperladder.
Lanes 2-3: Undigested pLMB509, Lanes 4-6: pLMB509-TdsyC, Lanes 7-9: pLMB509-WdsyC,
Lane 10: Digested pLMB509. Constructs (pLMB509 — dsyC) and pLMB509 digested with
EcoR1. Expected size of pLMB509-TdsyC was 6781 bp. Expected size of pLMB509-WdsyC
was 6790 bp. Size of pLMB509 was 6162 bp.

81



pLMB509-GFP-TdsyC
6781 bp

pLMB509-GFP-WH8103dsyC
6790 bp

Fig. 3.13 In silico constructs of IMS101 and WH8103 dsyC in pimb509. A) pLMB509 with
IMS101 dsyC cloned downstream of T7 promoter. B) pLMB509 with WH8103 dsyC cloned
downstream of T7 promoter.
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Both pLMB509-TdsyC and pLMB509-WdsyC were crossed into LZB033 via
conjugation and assayed for activity towards MTHB. At the same time dsyB from
LZB033, DSYB from Chrysochromulina tobinii and DSYD from P. tricornutum were
crossed into AdsyB LZB033 to compare expression to IMS101 and WH8103 DsyC
(Fig. 3.14). In comparison to the negative control, L. aggregata LZB033 AdsyB, all
samples tested produced significantly higher levels of DMSP (P < 0.05, Welch’s T-
test). The highest levels of production were seen from C. tobinii DSYB at ~400 pmol
DMSP (ug protein) ', followed by L. aggregata LZB033 dsyB from at ~350 pmol DMSP
ug', dsyC from IMS101 at ~320 pmol DMSP (ug protein)'and then wild-type L.
aggregata LZB033 at ~300 pmol DMSP (ug protein)'. DSYD from P. tricornutum
produced around 10 pmol DMSP (ug protein)'and dsyC from Synechococcus sp.
WH8103 synthesised only a little more than L. aggregata LZB033 AdsyB, ~3 pmol
DMSP (ug protein)™.
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Fig. 3.14 Complementation of L. aggregata LZB033 AdsyB with DsyC and ratified
methyltransferases involved in DMSP synthesis. DSYB, DSYD and DsyB are previously
ratified methyltransferases involved in DMSP synthesis. L. aggregata LZB033 AdsyB was
used as a background, negative control as it is expected to produce no DMSP. Wild-type

LZB033 was used as a positive control.

3.2.7 Activity of T. erythraeum IMS101 DsyC and Lyngbya PCC 8106
DsyC with intermediates of GB and DMSP synthesis

Along with IMS101 DsyC, several homologs of DsyC were sent to our collaborators to
synthesize and test for their activities with intermediates of GB and DMSP synthesis.
Of these homologs, our collaborators tested IMS101 DsyC and L. aestaurii PCC 8106
(PCC 8106) DsyC, they did not manage to synthesize other DsyC’s such as WH8103
or Prochlorococcus sp. DsyC. The activity of IMS101 DsyC and PCC 8106 DsyC was
analysed by high performance liquid chromatography (HPLC). Both IMS101 and PCC
8106 DsyC used in this experiment and Section 3.2.8 were purified by nickel affinity
column by Chun-Yang Li Ocean University of China. MTHB from the DMSP synthesis
transamination pathway and the substrates of the GB de novo synthesis pathway,
glycine, sarcosine, dimethylglycine and GB were tested. S-adenosyl homocysteine

(SAH) was used as a negative control and SAM was used as a positive control.

PCC 8106 DsyC (Fig. 3.15A) was active towards all substrates tested but showed
much more activity towards MTHB than any of the substrates of the GB synthesis
pathway. IMS101 DsyC displayed similar activity as seen in PCC 8106 DsyC, being
much more active towards MTHB than the substrates of the GB synthesis pathway.
However, the overall activity of IMS101 DsyC (Fig. 3.15B) was higher than what was
shown for PCC 8106 DsyC, with it being more active towards every substrate tested
than PCC 8106 DsyC. We can deduce this from the increased conversion of SAM to
SAH under IMS101 DsyC compared to PCC 8106 DsyC and the absorbance given off
in Milli Active Units (mAu).
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Fig. 3.15 HPLC of T. erythraeum IMS101 DsyC and L. aestuarii PCC 8106 DsyC with
intermediates of GB synthesis. A) PCC 8106 DsyC, B) IMS101 DsyC. SAM was used a
negative control and SAH as a positive control. Analysis by Chun-Yang Li, Ocean University
of China.

3.2.8 The optimum temperature and pH of T. erythraeum IMS101
DsyC

IMS101 DsyC was tested for its relative activity with varying temperatures and pH. The
optimum temperature was 30 °C (Fig. 3.16A) with steep reductions in activity for 5 °C
temperatures higher or lower than this. Above 50 °C, enzyme activity is non-existent,

presumably due to protein denaturation. The optimum pH was 7 (Fig. 3.16B). The
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activity dropped to 90 % at a pH of 6.5 and 60 % at pH 7.5 but total loss in activity was
not encountered until a pH of 9 or at a point untested below pH 5. The optimum
temperature and pH was not tested for PCC 8106 DsyC and therefore we could not

compare with another DsyC.
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Fig. 3.16 Relative activity of IMS101 DsyC with MTHB at different temperatures and pH.
A) Activity of IMS101 DsyC in relation to temperature. B) Activity of IMS101 DsyC in relation
to pH. Analysis by Chun-Yang Li, Ocean University of China.

3.3 Discussion

This study identified the protein responsible for the commiting step of DMSP synthesis
in IMS101, which is encoded by Tery 2447 and was subsequently termed DsyC.
However, Tery 2447 has been reported to encode for a methyltransferase involved in
homoserine betaine (HB) synthesis (32). HB is not as widely studied as DMSP or GB
and its function(s) are still unknown although its synthesis requires methylation steps
akin to that seen in DMSP or GB synthesis (145). Furthermore, in Synechococcus sp.
WH8102 the genes bsmA and bsmB encode for two proteins involved in GB synthesis,
a GSMT and SDMT (74). Of these, bsmB is a homolog of dsyC.

DMSHB production from DsyC is non-specific and its main role may vary from
organism to organism. For example, in WH8103 DsyC the production of DMSHB was
very low when compared to IMS101 DsyC and PCC 8106 DsyC (Fig. 3.11).
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Conversely, WH8103 DsyC is a homolog of a ratified SDMT found in WH8102 and
may produce more GB compared to IMS101 DsyC and PCC 8106 DsyC. IMS101
DsyC production of DMSHB is far higher than WH8103 and PCC 8106 DsyC and
complementation of L. aggregata LZB033 AdsyB (Fig. 3.11) restored wild-type levels
of DMSHB synthesis.

These results suggest that DsyC has a more defined function as both a HB-, GB- and
DMSHB-synthesizing methyltransferase. This is a novel finding for this type of
enzyme. Structural analysis of DsyC with its respective substrates would be required
to determine the specific binding sites. The structures of DMSP, GB and HB are all
very similar, with the difference between DMSP and GB being that DMSP contains a
sulphur and GB contains a nitrogen with an additional methyl group. HB and GB
contain the exact same structure except for an additional branched chain on HB with

a hydroxyl group (201).

It is possible that DsyC originated from an enzyme that synthesized a specific
osmolyte, such as GB, DMSP or HB and over time specific enzymes evolved to
preferentially synthesise the osmolyte that conferred the greatest environmental
advantage. For example, some organisms may have favoured DMSP for its availability
in times of nitrogen stress (130). Future work could focus on why organisms may
produce one osmolyte over another. Furthermore, if there are any similar osmolytes
which contain methylation steps in their synthesis pathway then these should be tested
on DsyC to determine its promiscuity and preferred osmolyte. Likewise, the enzymes
involved in synthesizing these other osmolytes should be tested on substrates from
the DMSP, GB and HB synthesis pathways.

Future efforts need to focus on testing DMSP production in T. erythraeum cultures
under more growth conditions, including higher salinity, low nitrogen and high light
(130,195). Other strains should also be tested, including PCC 8106, to determine
whether they synthesise HB, in addition to DMSP and GB. Furthermore, kinetics needs
to be performed on a range of cyanobacterial DsyCs to determine their relative affinity
to these substrates. Finally, structural characterisation of these DsyCs is necessary to
identify active sites binding the different substrates as well as targeted mutagenesis

of conserved amino acids found in homolog active sites.
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DsyC is possibly found in both filamentous and single cell cyanobacteria, including
possibly Synechococcus and Prochlorococcus, the most abundant photosynthetic
organisms on Earth (127). Chapter 4 will examine whether DsyC is crucial for DMSP
production in these organisms and the rate DMSP and GB production under different

conditions.
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Chapter 4 — Investigating the relationship
between DMSP and GB production in marine

and intertidal cyanobacteria

4.1 Introduction

4.1.1 DMSP production in marine cyanobacteria

Previous studies into DMSP research in cyanobacteria are few and far between and
do not delve deep into what genes and proteins are responsible for these processes,
with very few studies investigating regulation of DMSP production. Furthermore,
DMSP production has not been tested in axenic cultures of cyanobacteria. Both open
water and benthic cyanobacteria have been studied and estimates have been made

for their intracellular concentrations of DMSP.

4.1.2 Aims of the chapter

The main aim of this chapter is to quantify DMSP and GB production in a range of
marine cyanobacteria, including axenic cultures, under different environmental
conditions via GC and NMR. We will perform this in cyanobacteria containing
homologs to DsyC but also in one species which contains another MTHB
methyltransferase, DsyG. The focus moved from T. erythraeum IMS101 due to the
difficulty in acquiring a live culture. In comparison, Synechococcus and
Prochlorococcus were more readily available. Therefore, we could conduct

experiments on live cultures.
The specific aims are outlined as followed:

- Assess how much DMSP and GB is produced in axenic Synechococcus and
Prochlorococcus cultures under differing salinity and nitrogen conditions.

- Quantify DMSP production in a cyanobacterium (Zarconia navalis LEGE
11467) which contains DsyG.

- Attempt to mutate DsyC in Synechococcus sp. WH8103 and WH8020 to clarify
its role in DMSP/GB synthesis.
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4.2 Results

4.2.1 DMSP production in marine Synechococcus species under

varied environmental conditions

Following identification of the MTHB methyltransferase DsyC in Synechococcus we
ordered 4 marine species from the Roscoff Culture Collection (RCC) to test whether
they produced DMSP. These samples were not axenic. All species were grown in SN
media and then transferred to either low nitrogen (0.5 uM) or no nitrogen media for 1
week, to maximise the chance of DMSP production. The source of nitrogen removed
was NaNOs. Final absorbance of each species at OD7so is recorded in Table 4.1. SN
media with no inoculum was used as a negative control and the background for

quantifying DMSP production.

We first determined DMSP production under low N or N-free conditions. Three of the
four strains (WH8103, WH8016 and WH8020) produced DMSP in both nitrogen-free
and low nitrogen SN media and gave significantly higher readings than the negative
controls (P < 0.05, Welch’s T test) (Fig. 4.1). WH8016 produced more DMSP under
N-free conditions than low N conditions, but DMSP levels were similar in both
conditions for WH8103 and WH8020. WH8101 did not produce DMSP at detectable

levels under these conditions and was not studied further.

Table 4.1 Final absorbance of Synechococcus strains in nitrogen limited and nitrogen

free SN media.

Absorbance ODz7so
Strain Nitrogen-Limited Nitrogen-Free
WH8103 0.035 0.030
WH8101 0.097 0.100
WHB8016 0.100 0.088
WH8020 0.088 0.121
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Fig. 4.1 Analysis of DMSP concentrations of Synechococcus sp. Synechococcus species
were grown with low nitrogen (0.5 mM) and no nitrogen and assayed for DMSP production via

GC. SN media with no inoculant was used as a negative control, in triplicate.

We next determined production from one of these species, WH8103, under other
environmental conditions. We chose one species to take forward due to limitations in
photobioreactor capacity. WH8103 was grown under standard conditions (SN media,
no modification) as a starter culture to saturation phase (Fig. 4.2). Then WH8103 was
subcultured into the following conditions: high PSU (SN media, 100 % seawater), low
nitrogen (SN media, no NaNO3), high PSU/low nitrogen (SN media, 100 % seawater
and no NaNOs3), low iron (SN media, no ferric ammonium citrate) and no phosphorous
(SN media, no K2HPO4). SN media containing no Synechococcus was used as a

negative control and the background measurement.
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There was no significant difference (P > 0.05, ANOVA) in DMSP production between
standard, high PSU, low iron and low phosphorous and the SN media (Fig. 4.3).
However, there was a significant increase (P < 0.05, Welch’s T test) in DMSP
concentration under both low nitrogen and high PSU/low nitrogen conditions.
Production under low nitrogen was ~21 pmol DMSP / ug protein, and high PSU/low
nitrogen was ~19 pmol DMSP / ug protein. There was no significant difference (P >
0.05, Student’s T test) between amounts seen in low nitrogen versus high PSU/low

nitrogen, suggesting that only under low N conditions was DMSP production elevated.
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Fig. 4.2 Growth curve of Synechococcus sp. WH8103. WH8103 was measured at ODzso

to saturation phase.
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Fig. 4.3 Synechococcus sp. WH8103 tested under different environmental conditions.
WH8103 was grown under various conditions for 2 weeks and then assayed for intracellular

DMSP concentration by GC, in triplicate.

4.2.2 Quantification of DMSP production in axenic strains of

Synechococcus

DMSP production in the Roscoff Synechococcus samples could be derived from
contaminants and not the cyanobacterium. Therefore, we tested axenic cultures of
Synechococcus (CC9311, WH7805, WH8102 and WH7803) provided by Dr Joseph

Christie-Oleza, University of the Balearic Islands. Cultures were grown with and
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without nitrogen in salinities of 15 PSU, 25 PSU and 60 PSU ASW medium, with 25
PSU representing standard salinity, and then analysed by GC and NMR. Cell numbers

were provided via flow cytometry.

In the low nitrogen samples (Fig. 4.4), DMSP production per cell varied between
species from 0.047 fg DMSP / cell to 0.478 fg DMSP / cell. All 15 PSU samples
produced significantly more (P < 0.05, Welch’s T test) DMSP than the background.
Only the 25 PSU samples from WH7803 and WH7805 produced significantly more (P
< 0.05, Students T-test) than the negative control. None of the 60 PSU samples
produced DMSP.

In the normal nitrogen samples (Fig. 4.4) DMSP production per cell varied from 0.047
fg DMSP / cell to 0.217 fg DMSP / cell. Only the WH8102 and WH7805 15 PSU and
25 PSU samples produced significantly more (P < 0.05, Welch’s T test) DMSP than
the background. None of the 60 PSU samples were higher than the background.
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Fig. 4.4 DMSP concentration in axenic Synechococcus sp. grown with low (no addition
of NaNO;) and normal nitrogen. Synechococcus (CC9311, WH8102, WH7805 and
WH7803) were grown in extra salinities of 1.5, 2.5 and 6 % increase in NaCl higher than

normal and assayed for intracellular DMSP concentration by GC. SN Media was used as a
negative control.
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4.2.3 Quantification of DMSP and GB production in axenic strains of

Synechococcus via NMR

We next tested DMSP and GB amounts in these samples. 'H-NMR can be used to
differentiate between the two compounds since GB standards gave diagnostic
chemical shift patterns of 3.81 ppm and 3.19 ppm and DMSP gave diagnostic chemical
shift patterns of 2.66 ppm and 2.84 ppm (Fig. 4.5). The detection limit for GB and
DMSP was 20 pM. All species that contained DsyC (WH7803, WH8102, WH7805),
produced significantly (P < 0.05, Welch’s T test) more GB than CC9311 in both
nitrogen-replete and low conditions (Fig. 4.6). As expected, all low nitrogen cultures
produced significantly less (P < 0.05, Welch’s T test) GB than the nitrogen replete
cultures. There was a significant increase (P < 0.05, ANOVA) in GB production as the
salinity increased in both WH7803 and WH8102 under nitrogen replete conditions.
However, this was not seen in WH7805. CC9311 grown with and without nitrogen did
not produce any GB except under 25 PSU with nitrogen, which was not significantly
different (P > 0.05, Welch’s T test) than the background. DMSP was not detected via

NMR, possibly due to concentrations being below the detection threshold.
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Fig. 4.5 NMR spectra for Synechococcus sp. WH7805. GB standard is overlayed in blue.
DMSP standard is overlayed in green. Synechococcus sample is in red and represents typical

spectra seen in samples with DsyC. Analysis by Ash Norcott, UEA.
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Fig. 4.6 NMR analysis of Synechococcus spp. intracellular GB concentrations.
Synechococcus (WH7803, WH8102, WH7805 and CC9311) were grown with and without

nitrogen (-N) and assayed for GB concentrations. The negative control was D20.

4.2.4 Attempted generation of Synechococcus DsyC knockouts
Following clarification that Synechococcus species produce DMSP we attempted to
generate a dsyC deficient mutant to confirm whether this enzyme is required for
synthesis and whether loss of this compound results in a growth defect. Homologous
regions upstream and downstream of dsyC in WH8103 and WH8020 were cloned into
the suicide vector pk18mobsacB via Gibson Assembly (Fig. 4.7). We attempted to
conjugate these plasmids into the strains using methods developed by Joseph
Christie-Oleza but were unable to obtain any colonies with the correct mutant profile.
Our results replicate those in Lu et al, 2006 (74) where they were unable to knockout
the GSDMT complex in WH8102 by targeting the bsmA and bsmB genes.
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Fig. 4.7 pk18mobsacB based constructs for Synechococcus sp. mutagenesis. A)

pk18mobsacB with homologous regions flanking dsyC in WH8103. B) pk18mobsacB with
homologous regions flanking dsyC in WH8020.
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425 DMSP and GB production in axenic species of

Prochlorococcus

We next tested whether Prochlorococcus species containing dsyC produced DMSP.
Axenic samples of four Prochlorococcus species were provided by Assistant Professor
Steven Biller (Wellesley College). Cultures were grown under nitrogen replete and
starvation conditions. Three of the species (MIT9313, MIT1323, MIT1318) contained
putative dsyC homologues and were from the LLIV clade. The other species, MIT9312,
did not contain any dsyC homologue and was from the HL clade. Cell numbers were

determined via flow cytometry.

Prochlorococcus (Fig. 4.8) were pelleted and their supernatant (Sup.) was used as
negative controls. Measurements were recorded in nmol DMSP per mg wet weight
due to the complexity of resuspending the Prochlorococcus pellet. In addition, growth
medium only (AMP10 and AMP10 -N) samples were also tested. All control samples
returned no visible peaks on the GC and their values were similar to the background

emission (~3.5 nmol DMSP / mg wet weight.)

Each sample from a Prochlorococcus species tested had a significantly higher peak
area than the negative controls (P < 0.05, ANOVA). MIT9312 contained ~11.5 nmol
DMSP / mg wet weight in both nitrogen replete and nitrogen limited conditions. Both
MIT1323 and MIT1318 contained more DMSP in nitrogen replete conditions (11.5
nmol DMSP / mg wet weight and 11.3 nmol DMSP / mg wet weight, respectively) than
nitrogen limiting conditions (9.3 nmol DMSP / mg wet weight and 9 nmol DMSP / mg
wet weight, respectively). However, MIT9313 contained more DMSP under nitrogen
limitation (11.6 nmol DMSP / mg wet weight) than in nitrogen replete conditions (4
nmol DMSP / mg wet weight). However, there was no significant difference (P > 0.05,
Students T test) in intracellular DMSP concentration between any of the
Prochlorococcus samples grown in nitrogen replete conditions versus nitrogen limiting

conditions.
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Fig. 4.8 DMSP production in Prochlorococcus spp. Prochlorococcus (MIT9312, MIT1323,
MIT1318 and MIT9313) were grown under nitrogen replete and limited environment and
analysed for DMSP content. Negative controls were of culture supernatant (Sup.) and growth

medium.

After confirming production of DMSP in multiple Prochlorococcus species, we
quantified the concentration per cell (Fig. 4.9). MIT9312, which does not contain a
dsyC homolog, produced the least amount of DMSP per cell in both nitrogen replete
(0.00029 fg DMSP / cell) and limited media (0.00037 fg DMSP / cell). MIT1323 showed
the biggest difference in DMSP production with nitrogen limitation, it produced 0.0006
fg DMSP / cell with nitrogen and had a 10-fold increase up to 0.0058 fg DMSP / cell
under nitrogen limitation. Of the Prochlorococcus species which contained a DsyC
homolog (MIT1318, MIT1323 and MIT9313) only MIT1323 gave a significantly higher
(P < 0.05, Welch’s T test) concentration of DMSP per cell than MIT9312, when grown

under low nitrogen.
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Fig. 4.9 Concentration of DMSP per cell in Prochlorococcus spp. Prochlorococcus
(MIT1318, MIT9312, MIT1323 and MIT9313) were grown under nitrogen replete and limited

environments and assayed for DMSP production via GC.

GB and DMSP production were then tested via NMR (Fig. 4.10). DMSP was not
detected in any of the samples, possibly due to being below the detection threshold
(Fig. 4.11). The other peaks detected in Fig. 4.11 are likely not related to DMSP and
GB. Intracellular GB was detected in the three dsyC containing Prochlorococcus
species (MIT9313, MIT1323 and MIT1318) at significantly higher (P < 0.05, Welch’'s T
test) concentrations than in MIT9312. Furthermore, GB production in these three
samples (MIT9313, MIT1323 and MIT1318) was significantly higher (P < 0.05, Welch’s
T test) in the nitrogen replete samples versus nitrogen limited ones. All were also
significantly higher (P < 0.05, Welch’s T test) than in the negative controls. GB
concentration of MIT9312 were not significantly different (P > 0.05, Welch’s T test)

than the negative controls, confirming it did not produce GB.
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Fig. 4.10 Quantification of intracellular GB concentrations in Prochlorococcus sp. via
NMR. Prochlorococcus (MIT9313, MIT1323, MIT1318, MIT9312) were grown with and without
nitrogen (-N) and analysed for GB content. Negative controls were culture supernatant and

growth media.
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Fig. 4.11 NMR spectra for Prochlorococcus sp. The GB standard is overlayed in blue.
DMSP standard is overlayed in green. The Prochlorococcus sample is in red and represents

typical spectra seen in samples with DsyC. Analysis by Ash Norcott, UEA.

4.2.6 DMSP production in Lyngbya aestaurii UTEX2515

Lyngbya aestaurii UTEX 2515 (UTEX 2515) was analysed by GC (Fig. 4.12) to
determine if it produces DMSP and if this was regulated by nitrogen availability. UTEX
2515 contained around 20 and 19 nmol DMSP mg-' wet weight when grown with and
without nitrogen, respectively. This is significantly higher (P < 0.05, ANOVA) than the
media only negative controls of 3 nmol DMSP mg™' wet weight. There was no
significant difference (P < 0.05, Students T test) between the nitrogen replete and
nitrogen limited UTEX 2515 cultures. Interestingly, there was a significant difference
(P < 0.05, Student’s T test) between DMSP amounts in the supernatant. The nitrogen
replete supernatant contained around 7 nmol DMSP mg-! wet weight while the nitrogen
limited supernatant was the same as the background (~ 3 nmol DMSP mg"' wet
weight).
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Fig. 4.12 GC analysis of Lyngbya aestaurii UTEX 2515. UTEX 2515 was grown with and
without nitrogen and assayed for DMSP production. Both nitrogen replete and deplete ESW

media were used as negative controls.

4.2.7 DsyG in filamentous cyanobacteria

We next investigated putative MTHB methyltransferases, other than DsyC, which have
been identified in some cyanobacteria. The filamentous cyanobacterium Zarconia
navalis LEGE 11467 (LEGE 11467), which was isolated from an intertidal microbial
mat, was grown by Ana Viera, CIIMAR over 18 days in BG11 media with varying

concentrations of tropical marine salts (TMS) and nitrate.

In the low salinity (5 g/L TMS)/standard nitrogen (17.65 mM nitrate) and standard
salinity (25 g/L TMS)/standard nitrogen samples there was no significant difference (P
> 0.05, Student’s T test) in DMSP concentrations from day 0 to day 7 (Fig. 4.13).
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However, there was a significant decrease (P < 0.05, Student’s T test) between day 7
and day 18 in both samples. In the high salinity sample C (50 g/L TMS)/standard
nitrogen and standard salinity/low nitrogen sample (0.5 mM nitrate) there was no clear
pattern for DMSP production between day 0 and day 18. However, both samples made
2 to 3-fold more DMSP (~ 0.3 nmol DMSP / mg wet weight) on day O than the low
salinity/standard nitrogen and standard salinity/standard nitrogen samples (~0.12 —
0.13 nmol DMSP / mg wet weight).
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Fig. 4.13 Samples of Zarconia navalis LEGE 11467 assayed for DMSP. A to D represents
4 different environmental conditions that LEGE 11467 was grown under. A) 5 g/L TMS with
17.65 mM nitrate. B) 25 g/L TMS with 17.65 mM nitrate. C) 50 g/L TMS with 17.65 mM nitrate.
D) 25 g/L TMS with 0.5 mM nitrate.

4.3 Discussion

Here we demonstrated that species of the two most abundant cyanobacterial genera
Prochlorococcus and Synechococcus (102) produce DMSP in axenic cultures. One

previous study has reported on DMSP production in Synechococcus and
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Prochlorococcus, with amounts of 2.8 x 10% + 1.8 x 10 and 5.1 x 103 £ 7.8 x 103 fg
DMSP/cell, respectively (125). In our analysis, Prochlorococcus DMSP concentrations
varied from 3.7 x 10% to 5.7 x 102 fg DMSP/cell, similar to that study. In
Synechococcus, the DMSP concentrations in our samples was around 10 to 100 times
higher than the previous study, between 4.7 x 102 to 4.8 x 10" fg DMSP/cell. This
suggests that per cell Synechococcus produced more DMSP than Prochlorococcus,
although this could be due to their larger volume. This study aligns with previous
studies suggesting that cyanobacterial production of DMSP per cell is low but likely

increases under environmental stresses such as nitrogen limitation and higher salinity.

All strains of Prochlorococcus and Synechococcus tested produced DMSP, regardless
of if they contained a homolog to DsyC, suggesting DsyC is not critical for DMSP
production in these strains. Therefore, it is plausible that there may be another
methyltransferase in these cyanobacteria that is indirectly producing a precursor of
DMSP, such as DMSHB or S-Methylmethionine (SMM). It is also possible that DsyC
and any other unknown DMSP linked methyltransferase are poor enzymes for DMSP
synthesis and are primarily involved in synthesizing other metabolites, most likely GB.
For example, DsyC in Synechococcus sp. WH8102 is a ratified SDMT which
synthesizes GB and close homologs found throughout Synechococcus and some LLIV
clade Prochlorococcus (74), similar to the role of IMS101 DsyC in HB synthesis (145).

In both Synechococcus and Prochlorococcus, this study is the first to highlight that GB
production is downregulated under nitrogen limitation, but also showed that there was
no relationship between GB and DMSP production in Synechococcus and
Prochlorococcus. Additionally, the species which did not contain the SDMT homolog
could not produce GB, suggesting that SDMT is critical for GB production. There was
no relationship between DMSP and GB production in Synechococcus and
Prochlorococcus. As production of GB increased with salinity or decreased due to a
lack of nitrogen, production of DMSP did not change. Itis possible that Synechococcus
and Prochlorococcus shift production to other nitrogen free osmolytes such as
glucosylglycerol (GG) and glucosylglycerate (GGA), which are widely found in these
genera (74,202). However, this may not reflect cells in marine waters, which would

require analysis of samples collected from oceanography cruises.
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The filamentous cyanobacterium UTEX 2515 produced similar amounts of DMSP in
both nitrogen replete and limited conditions to what was seen in Synechococcus and
Prochlorococcus. There was no difference in DMSP production under nitrogen
limitation. However, Lyngbya species are nitrogen fixers (203) and therefore may be
able to fix enough nitrogen to support the synthesis of its own nitrogenous based
osmolytes such as GB (204). Interestingly, extracellular DMSP was detected in the
supernatant of the UTEX 2515 nitrogen replete cultures but not in the nitrogen deplete
cultures. This indicates the possibility that DMSP is exported to the media by UTEX

2515 when it is nitrogen-replete.

DsyC is not the only DMSP synthesis-linked methyltransferase to be identified in
cyanobacteria. DsyG was identified recently (unpublished) and is found in several
genera of cyanobacteria such as Symploca sp. SIO3EG6, Oscillatoria sp. SIO1A7 and
LEGE 11467. Furthermore, it is also found in the gammaproteobacteria Gynuella
sunshinyii (unpublished). LEGE 11467 was assayed for DMSP production and
produced marginal quantities which were slightly upregulated by low nitrogen and
higher salinity by 2 or 3-fold. However, LEGE 11467 made less DMSP than

cyanobacteria which contain DsyC.

Future work should investigate DMSP production in more Synechococcus and
Prochlorococcus species, especially environmental samples, and determine if certain
clades produce more or don’t produce DMSP at all. Furthermore, any clades which
produce DMSP but do not contain any homologs to ratified MTHB methyltransferases
should be investigated for novel methyltransferases. DMSP regulation should be
examined in UTEX 2515 and LEGE 11467 under low concentrations of iron and
phosphorous to determine whether this increases production, as in IMS101 (130,195).
Lastly, mutagenesis must be reattempted but this time targeting the BCCT'’s that are
downstream of dsyC in Synechococcus, to determine whether this affects

Synechococcus growth and its ability to import DMSP.
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Chapter 5 — Characterisation of DMSP

production in a saltmarsh intertidal mat

5.1 Introduction

5.1.1 Saltmarsh ecology

Saltmarshes are coastal ecosystems that are transition zones between the land and
sea. They are areas of fine sediment which are transported by water but are then
stabilised by vegetation (205). They are found globally and are occupied with halophilic
vegetation and exposed to low hydrodynamic conditions and tidal flooding (206). Tidal
amplitude, in addition to the slope and elevation of the shore are the determinant
factors on whether a saltmarsh can form (206). Saltmarshes are classified into three
major categories: i) Barrier-connected saltmarshes, ii) Foreland saltmarshes and iii)
Estuarine saltmarshes (205). Barrier-connected saltmarshes develop in the lee of spits
where the slope of the intertidal and sub-tidal area is shallow on the exposed side.
These are typical of North Norfolk and develop adjacent to shingle or sand dunes
(205). Foreland saltmarshes develop in front of sheltered alluvial coastal plains with
deeper sediment deposits than the barrier connected saltmarshes. Lastly, estuarine

saltmarshes are found where rivers merge into the open sea.

The global extent of saltmarshes ranges from 2.2 to 40 Mha (207), but this is likely an
underestimate as it only considers local and national mapping and saltmarshes have
not been systematically mapped globally (208). Around 40% of currently mapped
saltmarshes are found in North America and 25% are found in Australia, with new
saltmarshes still being recorded. For example, 290.42km? of saltmarsh was recently
mapped in India, representing 0.5% of global saltmarsh coverage (209). However,
despite new additions to mapped data, the amount of mapped saltmarsh coverage is
gradually decreasing. From 2000 to 2019, 1,452 km? of saltmarsh was lost from

hurricanes and coastal erosion, which represents 0.28% of global saltmarshes (210).
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Saltmarshes comprise several different zones from the high marsh through to the tidal
mudflat (Fig. 5.1). Each zone is characterised by specific plant species and vegetation
cover (211). Upland areas are typically covered in non-halotolerant plants, such as
trees, and represent the boundary area between saltmarsh and terrestrial land. The
high marsh is characterized by successional plant species with high cover and density,
such as wild rye or reeds (211). In the low marsh, a diverse variety of plant species
occur with varying degrees of cover, which is followed by the tidal mudflats which
harbour pioneering plant species with a cover greater than 5% (211). Within these tidal

mudflats there are microbial communities arranged in thin biofilms containing

Subtidal Tidal mudflat Low marsh High Marsh Upland
Permanently I N
submerged Flooded at high tide Flooded at very high tide Only flooded by storm surge

Decreasing altitude

&
+

. J

colourless sulfur bacteria, purple sulfur bacteria, sulfate-reducing bacteria and

cyanobacteria (212).

Fig. 5.1 Schematic of saltmarsh progression. The subtidal zone is permanently underwater,
and the tidal mudflat and low marsh are only under water at high tide. The high marsh is only
submerged at very high tide and the upland area is only underwater during a storm surge. As
the saltmarsh progresses from subtidal to upland the salinity decreases, and the altitude

increases.
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5.1.2 Stress conditions on saltmarsh microorganisms

Microorganisms inhabiting intertidal zones must tolerate rapid changes in
temperature, light, salinity, grazing and physical disturbance (122) Here,
microphytobenthic algae form extensive biofilms and are the dominant primary
producers (122). High densities of benthic algae are also found in unshaded creeks
and saltpans (213), with the risk of desiccation increasing the further from the shore
(214).

Cyanobacterial mats are extremely tolerant to desiccation stress. For example, in a
salt panne, salinities exceeding 185 PSU were identified in a ‘healthy’ cyanobacterial
mat (215). Within the benthic microbial mats, there are a diverse range of
cyanobacteria, which does not alter when flooded at high tide (214). Furthermore,

cyanobacteria are found in the subtidal region which is constantly underwater (214).

One strategy which diatoms, cyanobacteria and other photoautotrophic
microorganisms employ is to migrate vertically away from the surface to avoid
desiccation. This strategy is employed in the areas of a saltmarsh that do not regularly
get covered by tidal water or receive too much sunlight (122). Similarly, microbial mats
dominated by L. aestuarii were shown to have high levels of scytonemin, a natural
sunscreen used to block UV-A and UV-B (124). Alternatively, if light levels are too low
then the intracellular concentrations of chlorophyll a are increased to facilitate

improved light harvesting (122).

Additionally, microbial mats deal with the stresses of living on a saltmarsh by
synthesizing and accumulating organic osmolytes. For example, a microbial mat
dominated by the cyanobacterium Coleofasciculus chthonoplastes was found to
synthesize and accumulate glucosylglycerol (GG) and trehalose. GG gradually
increased with increasing salinities up to 60 ppt, whereas trehalose was most
prominent between 5 — 32 ppt (216). GB, which is almost universally synthesized and
accumulated by prokaryotes and eukaryotes, can accumulate within cells up to 1 M
concentrations (217). Alternatively, organisms, such as Spartina, green seaweeds,

algae and bacteria (Carrion et al, unpublished) may synthesise DMSP.
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5.1.3 Cyanobacteria in saltmarshes

A diverse range of cyanobacteria are found in saltmarshes around the world.
Cyanobacterial growth is generally higher in the summer but are often present year-
round (218). Within saltmarshes, unicellular and filamentous cyanobacteria occupy
both the aerobic and anaerobic environment (119). Typical saltmarsh cyanobacteria
include coccoids (Chroococcus, Anacystis), colonial (Merismopedia), heterocystous
(Anabaena, Nostoc, Calothrix) and non-heterocystous types (Oscillatoria, Lyngbya,
Microcoleus, Phormidium and Schizothrix) (218). Filamentous cyanobacteria often
form thick microbial mats of several mm thick on saltmarsh sediment and can grow

vertically up vascular plants to between 5 to 10 cm (215).

These cyanobacteria play crucial roles in the microbial food web via their contribution
to net primary productivity, nitrogen fixation, nutrient cycling and ecosystem stabilising
(120). Along with algae, cyanobacteria support a variety of organisms such as infaunal
invertebrates, large bivalves and fish (121). Furthermore, they are very important
members of saltmarsh microbial mats because many other bacteria depend on the

excreted, lysed and decomposed products of cyanobacteria for their growth (212).

5.1.4 DMSP production in saltmarsh cyanobacteria

Most of the previous work performed on DMSP production in cyanobacteria has
focused on open ocean cyanobacteria, predominantly Synechococcus,
Prochlorococcus and Trichodesmium species. Very little work has been conducted on
saltmarsh cyanobacteria. In one study, benthic, filamentous cyanobacteria including
Lyngbya, Oscillatoria, Nostoc, Calothrix, Anabaena and Nodularia species collected
from North Germany were screened for their DMSP production (126). All
cyanobacteria were found to be low producers, ranging from 0.007 mmol DMSP (g chl
a)' to 0.583 mmol DMSP (g chl a)" (126).

Other work has been conducted on the widespread benthic cyanobacterium C.
chthonoplastes. DMSP has been reported in microbial mats in the Netherlands
dominated by C. chthonoplastes as well as in axenic cultures isolated from Germany
(219). In axenic C. chthonoplastes cultures, between 36.4 to 38.1 umol DMSP (g
protein)' was found which was higher than other reported cyanobacteria such as

Microcoleus lyngbyaceus (0.36 pumol DMSP (g protein')) (219).

111



Studies into benthic cyanobacterial DMSP production occurred before the widespread
adoption of next generation sequencing technologies. Therefore, cyanobacteria were
phenotypically identified, and cultures were not verified as axenic. Similarly, studies
rarely looked at DMSP producers at a genomic or transcriptomic level, and no genes
or their DMSP-producing protein products were identified. Furthermore, these studies
took place before widespread knowledge of how DMSP production is regulated, and
the cyanobacteria analysed were often grown in nutrient replete environments which
do not mimic the environmental stresses the organisms would be exposed to and

under which production of DMSP may be elevated.

5.1.5 Aims of chapter

The overall aim of this chapter is to elucidate the scale of DMSP production in an
intertidal microbial mat and the organisms and proteins responsible for it. We will do
this by conducting the first ever metagenomics and metatranscriptomics study of this
environment and link that to DMSP production. Despite previous chapters focussing
on open ocean cyanobacteria, we chose to study saltmarshes due to the proximity to
the University of East Anglia and characterised DMSP production. There are four sub-

aims:

e Identify how much DMSP is produced in an intertidal microbial mat on the North
Norfolk coast.

e |dentify the key microorganisms in this mat.

e Characterise the most abundant DMSP related transcripts in this environment.

e Determine which proteins and organisms may be responsible for DMSP

production.

5.2 Results

5.2.1 Determination of sampling location on Stiffkey saltmarsh

Microbial mats often assemble in areas exposed to high light intensities and high
salinities, such as marine intertidal mud flats (220). We therefore sampled the intertidal
mud flat of Stiffkey saltmarsh on the North Norfolk coast (U.K.), at coordinates latitude
52.9649 °N, longitude 0.9436 °E (Fig. 5.2 — 5.3). We chose to sample an area away
from any visible higher plant growth or noticeable, high DMSP producing Ulva.

Furthermore, we wanted to avoid unnecessary microbial interactions such as that in
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the Rhizosphere of plants like Spartina anglica, which was found to contain DMSP
synthesizing bacteria, as demonstrated in a sample from the nearby Blakeney
saltmarsh (34).

P
tiffkey Re '\/)
Stiffkey:

Cockthorpe
Warham

Fig. 5.2 Geographical representation of the sampling location on Stiffkey saltmarsh.
The saltmarsh is located north of Norwich on the North Norfolk coastline in the East of

England. The red star indicates the local sampling location on the saltmarsh.
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Fig. 5.3 Sampling location on the intertidal mudflat at Stiffkey saltmarsh showing
microbial mat growth. A) Patches of microbial mat growth covering a flat area. B) Sampling
technique digging ground to extract the benthic microbial community. C) Microbial mat on a
higher altitude plane on intertidal mud flat near to plant life. D) Microbial mats growing amongst

non-flat vertices on salt marsh sediment.

Sampling away from visible plant and seaweed matter was not difficult as the hostile
intertidal mud flat showed very little growth except for the microbial mats. Higher plants
only appeared on isolated ridges and higher altitude areas as shown in (Fig 5.3C).
Three samples were taken from a similar area on the intertidal mud flat around 1 m
from each other. Each sample was taken from visible microbial mats which sat on the
surface of the sediment and had a distinctive green hue extended up to 2 cm from the
sediment. When the microbial mat was extracted from the sediment there was also
visible growth up to several cms below the surface (Fig. 5.4).
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Fig. 5.4 Close up of saltmarsh sediment displaying the microbial mat. The microbial mat

grows on top of the sediment, but also develops several cm below the surface.

Samples were taken at low tide in March on a sunny day with little to no cloud cover
and therefore it could be expected that cyanobacteria in the microbial mat would
migrate to the surface to maximise their light harvesting potential. Possible stresses
exhibited on the mat could be from high light intensities but also higher salinity as the
sea water had evaporated from the sampling location. DMSP is purported to have a
role as an antioxidant (23) and it is widely used as an osmolyte (38) and therefore we

would expect higher production under these stressful conditions.

5.2.2 Quantification of DMSP in a microbial mat on Stiffkey saltmarsh
Following sampling, the quantity of DMSP was examined in both the sediment and
microbial mat through GC. Triplicate biological replicates were assayed along with
controls from the local environment, such as sediment that contained no visible

microbial mat and seawater from the nearby river. Statistically significantly different
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levels of DMSP were quantified between each of the four environments (P < 0.05,
ANOVA) (Fig. 5). The highest DMSP concentrations per mg of wet weight were
observed in the microbial mat, followed by the sediment with visible microbial mat
growth, and then in sediment with no visible microbial mat growth. All three samples
contained much higher levels of DMSP than in the seawater control. Interestingly, the
microbial mat contained more DMSP per mg of wet weight than the microbial mat and
sediment. This is likely due to the excess weight from the sediment diluting the DMSP
content of the sample. Therefore, the majority of DMSP produced in this ecosystem
comes from the microbial mat and not from microorganisms living in the surrounding

sediment.

0.8

0.6

0.4+

nmol DMSP / mg wet weight

0.0 T T T *_
X, X, 5

Sample

Fig. 5.5 Analysis of DMSP content in Stiffkey Sediment and microbial mat samples.
Sediment and microbial mat samples consisted of sediment with visible microbial mat
attached. Microbial mat samples were washed of excess sediment. Sediment samples
contained no visible microbial mat. Seawater samples consisted of seawater taken from the
nearby saline channel.
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5.2.3 Determining the microbial community via metagenomics and

metatranscriptomics

Following confirmation of DMSP production in the sediment and microbial mat,
triplicate DNA and RNA samples were isolated from the microbial mat and adjacent
sediment and sent for sequencing with Novogene. The samples were dominated by
proteobacteria and bacteroidota (Fig. 5.6), with these phyla constituting up to 55 % of
representative genomes. Alphaproteobacteria, which contain DMSP-synthesizing
members, were between 10-15 % of total genomes and typically less than 10 % of

total transcripts. The majority of the alphaproteobacteria were Rhodobacterales.

Cyanobacteria, once eukaryotic chloroplasts had been removed, represented around
10 % of relative abundance in genome copies. However, their transcripts were 3 — 4
fold higher than genome copies and had the highest proportion of any prokaryotic
order. Interestingly, at the order level, the known cyanobacterial genome abundance
dropped to below 10 % with up to 40 % of representative genomes from unclassified
cyanobacteria. The dominant cyanobacterium family was Coleofasciculaceae (Fig.
5.8A), which has been shown to produce DMSP at higher rates than most other
cyanobacteria (219). Interestingly, Oscillatoria made up relatively few copies of total
cyanobacterial genomes (~3 %) but increased to around 25 — 30 % of total transcripts.
Between 20 — 40 % of total cyanobacteria genomes were from unclassified species

and these amounted to less than 5 % of total cyanobacterial transcripts.
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Fig. 5.6 Metagenomic and metatranscriptomic analysis of prokaryotes from Stiffkey
saltmarsh sediment samples. A) StiffDNA1-3 shows the relative abundance of phylum
based on genomic analysis; StiffRNA1-3 shows the relative abundance of phylum based on
transcriptome analysis. B) StiffDNA1-3 shows the relative abundance of orders in the
sediment based on genomic analysis. Both A and B are based on amplification of 16s rRNA
reads. StiffRNA1-3 is the relative abundance of orders based on transcriptome analysis.

Analysis conducted by Xiaoyu-Zhu, UEA.

Next, we examined Eukaryotic DNA and RNA (Fig. 5.7). It was important to assess
the total proportions and abundances of divisions containing high DMSP producers,
such as diatoms, phytoplankton and Ulva, as these may contribute to the DMSP pool
detected in the samples. Total eukaryotic genomes were around 20 % of total
prokaryotic genomes and eukaryotic transcripts were approximately 50 % lower than
total prokaryotic transcripts. Chlorophyta represented 50 — 60 % of total genomes.
Nearly all were Ulvophyceae of which approximately 30 % were Ulva (Fig. 5.8B), with
the remainder being unclassified Ulvophyceae. However, Ulvophyceae only
represented around 2 — 3 % of total eukaryotic transcripts and therefore were not well

expressed in this environment.
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Fig. 5.7 Metagenomic and metatranscriptomic analysis of eukaryotes from Stiffkey
saltmarsh sediments. A) StiffDNA1-3 is the relative abundance of phyla based on genomic
DNA; StiffRNA1-3 is the relative abundance of phyla based on transcriptomes. B) StiffDNA1-
3 is the relative abundance of classes based on genome copies; StiffRNA1-3 is the relative
abundance of classes based on transcriptomes. Both A and B are based off of 18S rRNA

reads. Analysis conducted by Xiaoyu-Zhu, UEA.

The second most abundant division was Ochrophyta which contains the class
Bacillariophyta, comprising up to 50 — 55 % of total genome copies and transcripts.
Members of the Bacillariophyta include diatoms which have been shown to produce
DMSP, such as Fragilaria (221) and Thalassiosira (222). However, in our samples
these diatoms were negligible. Around 50 % of diatoms were unclassified Raphid-
Pennate with a further third being unclassified Bacillariophyta. Combined, these
constituted approximately a third of total diatom transcripts in these samples.
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Fig. 5.8 Cyanobacterial and ulvophyceae species identified on Stiffkey saltmarsh
ranked by relative abundance. A) Individual species of detected cyanobacteria ranked by
abundance of 16S rRNA. B) Species of Ulvophyceae ranked by abundance of 18S rRNA.

5.2.4 Determining key DMSP cycling genes present in the microbial
mat

We next determined the type and abundance of DMSP cycling genes in this
environment. Characterised DMSP synthases, catabolic enzymes and transfer

enzymes were searched for in the metagenomic and metatranscriptomic datasets.

The most abundant gene encoding DMSP biosynthesis enzymes was dsyC (Fig. 5.9),
which was found in Desulfobacterales, Cyanobacteriales and unclassified
microorganisms. However, despite DSYU having very few genomic copies it had
similar levels of expression to dsyC, with both its genomic copies and expression
solely found in Ulva. Furthermore, there were no hits to any other known DMSP
synthesis genes, so despite the prevalence of diatoms in the datasets none of them
contained DSYB or TPMMT. Additionally, none of the abundant alphaproteobacteria
contained dsyB or MmtN. Therefore, DMSP is synthesised via either DSYU or DsyC,

unless there are additional unknown proteins involved.
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Fig. 5.9 Abundance of known DMSP cycling genes alongside their relative expression
from Stiffkey saltmarsh sediment. A) Schematic showing relationship between various
DMSP related compounds, including the proteins known to be involved in each pathway. B)
Relative abundances of genome copies and transcriptome copies of relevant DMSP cycling
genes, denoted in either copies or transcripts per million reads. Analysis conducted by Xiaoyu-
Zhu, UEA.

Of the DMSP lyases, eukaryotic Alma1 was the most highly expressed, despite low
genomic copy abundance (Fig. 5.9). The prokaryotic DMSP lyases, dddL and dddP,
showed higher genomic copy abundance, but were expressed at lower levels. Most of
the dddL copies and transcripts were from Rhodobacterales. dddP was found partially
in Rhodobacterales but predominantly in unclassified bacteria. Furthermore, the other
lyases, dddQ and dddW, were found in some genomes but very few transcripts of
dddQ and even fewer of dddW were expressed in these samples and only then in

Rhodobacterales.

The demethylase dmdA was the most abundant in genomic copy number and
predominantly found in Rhodobacterales and Chromatiales, but its expression was

lower than dddP and dddL. Therefore, organisms in this environment likely favour
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catabolism of DMSP to acrylate and DMS rather than MeSH. The MeSH to DMS
methyltransferases mddA and mddH were very abundant in genomes. For example,
mddA was present in Cyanobacteriales, Rhodobacterales and Synechococcales and
both mddA and mddH were found in unclassified bacteria. Tmm, catalysing oxidation
of DMS to DMSO, was also abundant in the metagenome, but its expression was low

and reserved to unclassified organisms.

Overall, there was poor correlation between the genome copy number and number of
expressed transcripts, as shown in Fig. 5.9. This was observed across all classes of

DMSP metabolism genes that we analysed.
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Table 5.1. Percentage of prokaryotic genomes in the sediment which contain the analysed DMSP cycling genes.

Gene Stiff DNA1 StiffDNA2 StiffDNA3 Average
dsyC 2.40% 2.86% 1.97% 2.41%
dddL 3.13% 2.56% 2.92% 2.87%
dddP 4.30% 7.67% 5.08% 5.68%
dddQ 0.46% 0.49% 0.27% 0.41%
dddw 0.00% 0.27% 0.11% 0.13%
dmdA 2.29% 2.44% 2.08% 2.27%
mddA 2.82% 3.15% 3.04% 3.00%
mddH 2.97% 3.24% 2.49% 2.90%
Tmm 1.31% 5.01% 2.59% 2.97%
DMSOR 0.38% 0.95% 1.31% 0.88%
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5.2.5 Identifying candidate DMSP cycling genes in cyanobacteria

We next analysed individual MAGs in our dataset to determine sequences for potential
DMSP cycling genes. Representative dsyC sequences were identified in the
cyanobacterium Coleofasciculus (Fig. 5.10). Coleofasciculus has already been shown
to produce DMSP (219) and it is possible that DsyC is responsible for synthesis in this

genus.

Other identified sequences include MddA in Trichodesmium, Tmm in the
cyanobacterium Elainellales as well as a putative DMSP lyase DddP. To the best of
our knowledge no DMSP lyase has ever been identified in a cyanobacterium before.
Therefore, this presents an interesting new development which may expand on our
knowledge of the relationship between cyanobacteria and DMSP, if the lyase is

functional.
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Fig. 5.10 Relative abundance and expression of key DMSP cycling genes in MAGs.
StiffDNA1-3 indicates copy number in genomes, StiffRNA1-3 indicates expression levels in
the transcriptome. Analysis conducted by Xiaoyu-Zhu, UEA.

Using our past work conducted on ratifying functional DsyC’s from other

cyanobacteria, we constructed a phylogenetic tree (Fig. 5.11) positioning the DsyC'’s
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identified in this dataset amongst them with T. erythraeum IMS101 (IMS101) DsyC at
the top. Interestingly, a few species within this dataset contain methyltransferases
which are clustered amongst IMS101 DsyC and may represent interesting targets for
highly active MTHB methyltransferases. DsyC’s from non-cyanobacterial Electrothrix
and Planctomycetota species are clustered near non-functional or less specific MTHB
methyltransferases. These may be more active towards substrates of the GB

synthesis pathway and may help us elucidate substrate affinity in DsyC enzymes.
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Fig. 5.11 Phylogenetic tree of identified putative dsyC’s in the sediment. Branches
coloured in red are DsyC’s which have been shown to be functional towards MTHB. Branches
in blue are DsyC’s which have been tested and are non-functional towards MTHB. Branches

in black were found in the microbial mat.
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5.3 Discussion

Within this chapter, DMSP production has been examined in an intertidal microbial
mat. We have confirmed that this microbial mat produces high amounts of DMSP and
is probably the main source of DMSP in the intertidal saltmarsh region. Based on
previous work, the main producers in this environment are likely Ulva. However,
cyanobacteria cannot be ruled out as minor contributors. Furthermore, the widespread
and abundant gene dsyC which encodes for a putative MTHB methyltransferase was
one of the most abundant and transcribed genes involved in DMSP synthesis and may

contribute significantly to DMSP production.

The levels of DMSP reported in the sediment and microbial mats (400 — 700 nmol g™)
in this study are vastly higher than in other marine sediment environments. For
example, 5 nmol DMSP g-' were found in Mariana trench samples, 128 and 91 nmol
DMSP g in surface sediment isolated from saltmarsh pools in Stiffkey and Cley,
respectively, and 103 DMSP nmol g' from sediment in the Great Yarmouth estuary
(34). Ecosystems tested in other studies include Norwegian fjords which were between
20 — 80 nmol DMSP g-' depending on the depth tested (223) and sediment samples
from the South China sea up to 1-2 cm below the surface gave, which varied between
11.25 — 20.90 nmol DMSP g (224). The higher levels of production found in our
samples are possibly due to the presence of photoautotrophic algae, the highest

known producers (7), which may be missing from the other areas examined.

In this study, dsyC was the most abundant known gene involved in DMSP synthesis,
found in Coleofasciculus, already shown to produce DMSP (219), some Oscillatoria
species, shown to produce DMSP at lower rates than Coleofasciculus (125) and purple
sulfur bacteria, also previously shown to produce low amounts of DMSP (225). Our
work is the first to possibly identify the methyltransferase responsible for DMSP
production in these organisms, although this will need verification by enzyme and
complementation studies. The only other gene involved in DMSP synthesis to be
identified was DSYU in Ulva. Its abundance is not well characterised due to it being
discovered in the past year (unpublished) and there not studies of how widespread it
is in the environment. Interestingly, despite there being Rhodobacterales and diatoms
in our samples, dsyB (11), DSYB (28) or mmtN (34) were not detected in our datasets.
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These methyltransferases are normally found in saltmarsh sediments, varying
between 0.1 — 3.6 % abundance (34).

The most abundant DMSP lyase genes identified in this study were dddP, then dddL,
with dddQ and dddW found in lower quantities. The dominance of dddP is consistent
with other sediment DMSP cycling studies (34,226,227) dddL has previously been
shown to be the second most abundant DMSP lyase gene in Stiffkey saltmarsh
sediment (34). However, identification of dddQ and dddW in saltmarshes in previous

studies.

Identification of mddA and Tmm is consistent with a previous report on saltmarshes
on the North Norfolk coast (228). However, our study expands the range of DMSP
cycling genes discovered in this environment to include mddH, which converts MeSH
to DMS (unpublished) and DMSOR, which reduces DMSO to DMS (unpublished).
Further studies are warranted to explore the various transformations of DMSP related

compounds in this environment and how it compares to other intertidal microbial mats.

One consideration not tested in this study is methylation by DsyC of other substrates
to produce compounds such as GB and homoserine betaine. Additionally, it is difficult
to assign the relative contribution of taxa to DMSP cycling purely based on -omics
analysis due to the uncertainty of whether these organisms contain functional proteins
involved in DMSP metabolism. Previous work has identified the importance of
GSDMTs in many different bacteria and algae (77,89,92,229), and therefore it is
important to verify the dual role of DsyC’s as SDMT and MTHB methyltransferases.
Future work would consider synthesising complete genes found in the metagenomic
dataset and testing for activity with substrates from the GB, HB and DMSP synthesis
pathways. Furthermore, synthesised genes should be characterized and checked for
their kinetic parameters against DsyC from T. erythraeum and Synechococcus as well
as other key methyltransferases from all three DMSP synthesis pathways, such as
DsyB, DSYB, TpMMT and MmtN.

Additional future environmental work should include repeating this study over the
course of a year and tracking changes in microbial mat community composition and
how this affects the total amount of DMSP produced. Changes in transcribed DMSP
cycling genes should also be monitored and any interesting DMSP synthesis

candidate genes should be synthesized and tested for activity. On top of this, similar
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studies should be conducted on other areas of the saltmarsh which may harbour
similar microbial mats, such as in the submerged subtidal region and lower marsh

regions containing pools.
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Chapter 6 — Discussion

6.1 Overview

This project aimed to identify and characterise DMSP production in marine

cyanobacteria. Numerous aims were achieved including:

e I|dentification of a novel MTHB methyltransferase (DsyC) in T. erythraeum
IMS101.

e Discovery of DsyC in many abundant cyanobacteria including Synechococcus,
Prochlorococcus species, L. aestuarii and C. chthonoplastes.

e Identifying dual activity in DsyC towards intermediates of GB and DMSP
synthesis.

e Confirming production of DMSP Synechococcus and Prochlorococcus using
axenic strains.

e |dentifying DsyC and DSYU as the likely two DMSP-linked methyltransferases

in an intertidal microbial mat from the Stiffkey salt marsh.

6.2 Identification of a novel DMSP synthesis gene in cyanobacteria

In this study | identified the first MTHB methyltransferase homolog in a
cyanobacterium, specifically IMS101 (Table 3.1). Through multiple sequence
alignment and phylogenetic analysis this methyltransferase was found to be a novel
class of MTHB methylating enzyme in a different clade to all previously identified
DMSP-linked methyltransferases (Fig. 3.1). In vitro and in vivo studies ratified this
enzyme and showed functionality towards methylating MTHB to DMSHB, after which
we termed the enzyme DsyC (DMSP synthesis in Cyanobacteria). This study also
demonstrated that IMS101, and potentially other cyanobacteria, use the

transamination pathway (36) to produce DMSP.

However, DsyC is unusual as it has already been ratified as a methyltransferase
involved in HB synthesis (145) and homologs found (Fig. 3.5) in Synechococcus and
Prochlorococcus are linked to GB production (74). This study demonstrated a dual and
promiscuous function (Fig. 3.15) whereby both IMS101 and L. aestaurii PCC 8106
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(PCC 8106) DsyC methylated MTHB as well as all intermediates of the GB methylation
pathway. To the best of our knowledge, a multi-role methylation behaviour of DMSP
and GB linked methyltransferases has not been shown before. This also suggests that
some GB, HB and DMSP linked methyltransferases may have evolved from a common

progenitor with a possible separate function.

L. aestuarii is a common and often dominant component of salt marsh microbial mats
(124,204). Previous studies revealed some strains produce DMSP (126) but the
protein and genes involved were not identified. This study confirms DsyC is
responsible for DMSP and GB production in this abundant and widespread
cyanobacterium (Fig. 3.15). From an environmental perspective, dsyC could be used
as a marker to identify other cyanobacteria which are DMSP and GB producers.
However, these genes and their protein products will need ratifying before their
function can be named. If the majority of cyanobacteria and possibly other species in
L. aestuarii dominated intertidal microbial mats contain dsyC then they would
significantly impact the contribution of these environments to DMSP and GB

production.

6.3 Synechococcus and Prochlorococcus species produce DMSP
and GB

Production and transport of DMSP by Synechococcus and Prochlorococcus has been
reported but is poorly understood, both in terms of the specific species involved and
the enzymes involved in synthesis (49,125,127). In this study | showed that multiple
species produce DMSP (Fig. 4.1 — 4.4, 4.8 - 4.9) and in axenic cultures, which has not
been demonstrated before. Despite the amount of DMSP per cell being low (Fig. 4.4,
4.9) compared to other producers such as phytoplankton (130), diatoms (222), algae
and plants (21), the abundance of Synechococcus and Prochlorococcus, in addition
to Trichodesmium, suggests that cyanobacteria could be major contributors to the

global DMSP pool in marine environments.

The DsyC homolog SDMT, discovered in Synechococcus sp. WH8102 (74)
synthesizes GB from dimethylglycine and sarcosine. Homologs of this gene are found
in the low-light adapted clade (LLIV) of Prochlorococcus (Fig. 3.5 and 3.6). All species
of Synechococcus and Prochlorococcus we tested contained a DsyC/SDMT homolog

produced GB whereas species lacking it did not (Fig. 4.6 and 4.10). This confirmed
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that SDMT was critical for GB production in more species than just WH8102.
Therefore, these genes and close homologs detected in environmental samples could

be good targets for functional testing.

Surprisingly, reduced GB production under low nitrogen conditions in these species
did not result in an increase in DMSP levels (Fig. 4.4 - 4.5 and 4.9 - 4.10). This
suggests there is no direct relationship between GB production and DMSP production
under low nitrogen conditions, although it would be interesting to test osmolyte levels
in samples from low N oligotrophic waters. It is possible these species switch from
producing GB to another osmolyte such as GG or GGA, both commonly found in these
genera, under low N conditions (141). Further analysis will be required to test this

hypothesis via HPLC, LCMS or NMR analysis of osmolytes under N limiting conditions.

6.4 High DMSP production in an intertidal microbial mat

DMSP production has not been analysed in intertidal microbial mats, which given their
exposure to highly varied salt conditions, could be major producers. Samples of
intertidal microbial mat were collected (Fig. 5.2, 5.3 and 5.4) and upon confirmation
of high levels of DMSP production (400 — 700 nmol g'') (Fig. 5.5) the samples were
analysed via metagenomics and metatranscriptomics (Fig. 5.6 — 5.10, Table 5.1).
DMSP produced in this microbial mat and sediment was considerably higher than
other previously studied sediment samples such as saltmarsh pools, fijord sediment
and deep sea sediment (11.25 — 128 nmol g') (34,223,224).

Within the sediment the dominant DMSP-linked methyltransferases were DSYU
(unpublished) and DsyC (Fig. 5.9 and 5.10). These two proteins have not previously
been characterised or found in intertidal salt marsh microbial mats due to their recent
discovery. Furthermore, no other methyltransferase involved in DMSP production were
found, suggesting that DsyC, DSYU or possibly unknown methyltransferases are
solely responsible for DMSP production in this environment. Coleofasciculus (formerly
Microcoleus) is extensively found in microbial mats globally (230) and the species C.
chthonoplastes has been shown to make DMSP (219), albeit in low concentrations.
The identification of DsyC within Coleofasciculus is the first evidence of the
methyltransferase responsible for DMSP production within these cyanobacteria. This
along with identification of DsyC in L. aestuarii paves the way for future study of which

proteins are responsible for DMSP production in benthic cyanobacteria.
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Interestingly, cyanobacteria were not the only microorganisms shown to contain DsyC
(Fig. 5.9 and 5.10). DsyC was also found in Desulfobacterales, sulphur bacteria which
have previously not been shown to produce DMSP. However, some species have been
noted for their use and cleavage of DMSP and reduction of DMS to DMSO (231). DsyC
may have crossed over into different families of prokaryotes via horizontal gene
transfer (232) since being able to make GB, HB or DMSP in this highly stressful

environment would help hosts containing DsyC outcompete other species.

6.5 Future work

Further characterisation of DsyC is required, specifically an understanding of how the
structure of each protein differs in relation to its function and preferred substrate. This
will allow us to determine proteins involved in DMSP biosynthesis in environmental
datasets (TARA Oceans (233), Global Ocean Survey (GOS) (234) and GEOTRACES
(235)). Analysis of DsyC proteins from other groups of bacteria will also allow us to
determine which organisms produce DMSP, GB, and/or HB. Combined with analysis
of DMSP levels and omics analysis in a wide range of marine samples, this will allow
us to potentially measure global production levels of DMSP from DsyC containing

organisms.

Additional saltmarshes and intertidal zones, which have been previously shown to
contain a high proportion of L. aestuarii and C. chthonoplastes, should also be
examined. Since these ecosystems are widespread and large scale this could be
another significant source of DMSP production. Investigating DMSP production via
rate experiments over different seasons, times of the day and temperatures would
provide valuable physical data to combine with the -omics data from this study.
Furthermore, analysing the relative contribution of the microorganisms in cycling
DMSP in the environment through stable isotope probing or radioisotope labelling

would elucidate who the key DMSP cyclers are in this environment.

132



/ References

1. Yancey PH. Organic osmolytes as compatible, metabolic and
counteracting cytoprotectants in high osmolarity and other stresses. Journal of
Experimental Biology. 2005 Aug 1;208(15):2819-30.

2. McNeil SD, Nuccio ML, Hanson AD. Betaines and Related
Osmoprotectants. Targets for Metabolic Engineering of Stress Resistance1.
Plant Physiol [Internet]. 1999 Aug 1;120(4):945-9. Available from:
https://academic.oup.com/plphys/article/120/4/945/6085282

3. Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. Living with
Water Stress: Evolution of Osmolyte Systems. Science (1979). 1982 Sep
24;217(4566):1214-22.

4. Mao X, Olman V, Stuart R, Paulsen IT, Palenik B, Xu Y. Computational
prediction of the osmoregulation network in Synechococcus sp. WH8102. BMC
Genomics. 2010 Dec 10;11(1):291.

5. Deole R, Hoff WD. A potassium chloride to glycine betaine
osmoprotectant switch in the extreme halophile Halorhodospira halophila. Sci
Rep [Internet]. 2020;10(1):3383. Available from: https://doi.org/10.1038/s41598-
020-59231-9

6. Kunte HJ. Osmoregulation in Bacteria: Compatible Solute Accumulation

and Osmosensing. Environmental Chemistry. 2006;3(2):94.

7. Bullock HA, Luo H, Whitman WB. Evolution of
Dimethylsulfoniopropionate Metabolism in Marine Phytoplankton and Bacteria.
Front Microbiol [Internet]. 2017 Apr 19;8(4):945-9. Available from:
http://journal.frontiersin.org/article/10.3389/fmicb.2017.00637/full

8. C YD. Dimethylsulfoniopropionate: Its Sources, Role in the Marine Food
Web, and Biological Degradation to Dimethylsulfide. Appl Environ Microbiol
[Internet]. 2002 Dec 1,68(12):5804-15. Available from:
https://doi.org/10.1128/AEM.68.12.5804-5815.2002

133



9. Ackman RG, Tocher CS, McLachlan J. Occurrence of dimethyl-3-
propiothetin in marine phytoplankton. Journal of the Fisheries Board of Canada.
1966;23(3):357-64.

10. Dickson DM, Jones RGW, Davenport J. Steady state osmotic adaptation
inUlva lactuca. Planta. 1980;150(2):158-65.

11. Curson ARJ, Liu J, Bermejo Martinez A, Green RT, Chan Y, Carrion O,
et al. Dimethylsulfoniopropionate biosynthesis in marine bacteria and
identification of the key gene in this process. Nat Microbiol. 2017 Feb
13;2:17009.

12. Hanson AD, Rivoal J, Paquet L, Gage DA. Biosynthesis of 3-
dimethylsulfoniopropionate in Wollastonia biflora (L.) DC. Evidence that S-
methylmethionine is an intermediate. Plant Physiol. 1994 May;105(1):103-10.

13. Raina JB, Tapiolas DM, Forét S, Lutz A, Abrego D, Ceh J, et al. DMSP
biosynthesis by an animal and its role in coral thermal stress response. Nature.
2013 Oct 23;502(7473):677-80.

14. Zhang XH, Liu J, Liu J, Yang G, Xue CX, Curson ARJ, et al. Biogenic
production of DMSP and its degradation to DMS—their roles in the global sulfur
cycle. Sci China Life Sci. 2019 Oct 20;62(10):1296-319.

15. Sheehan CE, Petrou K. Dimethylated sulfur production in batch cultures
of Southern Ocean phytoplankton. Biogeochemistry [Internet]. 2020;147(1):53—
69. Available from: https://doi.org/10.1007/s10533-019-00628-8

16. Reisch CR, Crabb WM, Gifford SM, Teng Q, Stoudemayer MJ, Moran
MA, et al. Metabolism of dimethylsulphoniopropionate by Ruegeria
pomeroyi DSS-3. Mol Microbiol. 2013 Aug;89(4):774-91.

17. Curson ARJ, Todd JD, Sullivan MJ, Johnston AWB. Catabolism of
dimethylsulphoniopropionate: microorganisms, enzymes and genes. Nat Rev
Microbiol. 2011 Dec 11;9(12):849-59.

18. Otte ML. Dimethylsulphoniopropionate (DMSP) and related compounds
in higher plants. J Exp Bot. 2004 Jul 2;55(404):1919-25.

134



19. Trossat C, Nolte KD, Hanson AD. Evidence That the Pathway of
Dimethylsulfoniopropionate Biosynthesis Begins in the Cytosol and Ends in the
Chloroplast. Plant Physiol. 1996 Aug 1;111(4):965-73.

20. Trossat C, Rathinasabapathi B, Weretilnyk EA, Shen TL, Huang ZH,
Gage DA, et al. Salinity Promotes Accumulation of 3-Dimethylsulfoniopropionate
and Its Precursor S -Methylmethionine in Chloroplasts1. Plant Physiol. 1998 Jan
1;116(1):165-71.

21. Stefels J. Physiological aspects of the production and conversion of
DMSP in marine algae and higher plants. J Sea Res. 2000 Aug;43(3—4):183—
97.

22. Wolfe G V., Steinke M. Grazing-activated production of dimethyl sulfide
(DMS) by two clones of Emiliania huxleyi. Limnol Oceanogr. 1996
Sep;41(6):1151-60.

23. Sunda W, Kieber DJ, Kiene RP, Huntsman S. An antioxidant function for
DMSP and DMS in marine algae. Nature. 2002 Jul;418(6895):317-20.

24. Zheng Y, Wang J, Zhou S, Zhang Y, Liu J, Xue CX, et al. Bacteria are
important dimethylsulfoniopropionate producers in marine aphotic and high-

pressure environments. Nat Commun. 2020 Sep 16;11(1):4658.

25. Trottmann F, Ishida K, Franke J, StaniSi¢ A, Ishida-Ito M, Kries H, et al.
Sulfonium Acids Loaded onto an Unusual Thiotemplate Assembly Line
Construct the Cyclopropanol Warhead of a Burkholderia Virulence Factor.
Angewandte Chemie International Edition. 2020 Aug 3;59(32):13511-5.

26. Simo R, Archer SD, Pedroés-Alié C, Gilpin L, Stelfox-Widdicombe CE.
Coupled dynamics of dimethylsulfoniopropionate and dimethylsulfide cycling
and the microbial food web in surface waters of the North Atlantic. Limnol
Oceanogr. 2002 Jan;47(1):53—61.

27. Kageyama H, Tanaka Y, Shibata A, Waditee-Sirisattha R, Takabe T.
Dimethylsulfoniopropionate biosynthesis in a diatom Thalassiosira pseudonana:
Identification of a gene encoding MTHB-methyltransferase. Arch Biochem
Biophys. 2018 May;645:100-6.

135



28. Curson ARJ, Williams BT, Pinchbeck BJ, Sims LP, Martinez AB, Rivera
PPL, et al. DSYB catalyses the key step of dimethylsulfoniopropionate
biosynthesis in many phytoplankton. Nat Microbiol. 2018 Feb 26;3(4):430-9.

29. REED RM. Measurement and osmotic significance of [-
dimethylsulfonio-propionate in marine macroalgae. Marine Biol Lett [Internet].
1983 [cited 2023 Jun 5];4:173-81. Available from:
https://cir.nii.ac.jp/crid/1573105975738026752.bib?lang=en

30. Kocsis MG, Nolte KD, Rhodes D, Shen TL, Gage DA, Hanson AD.
Dimethylsulfoniopropionate Biosynthesis in Spartina alterniflora 1. Plant Physiol.
1998 May 1;117(1):273-81.

31. Paquet L, Rathinasabapathi B, Saini H, Zamir L, Gage D, Huang Z, et
al. Accumulation of the Compatible Solute 3-Dimethylsulfoniopropionate in
Sugarcane and Its Relatives, but Not Other Gramineous Crops. Functional Plant
Biology. 1994;21(1):37.

32. Shaw DK, Sekar J, Ramalingam PV. Recent insights into oceanic
dimethylsulfoniopropionate biosynthesis and catabolism. Environ Microbiol
[Internet]. 2022 Jun 1;24(6):2669-700. Available from:
https://doi.org/10.1111/1462-2920.16045

33. Uchida A, Ooguri T, Ishida T, Kitaguchi H, Ishida Y. Biosynthesis of
Dimethylsulfoniopropionate in Crypthecodinium Cohnii (Dinophyceae). In:
Biological and Environmental Chemistry of DMSP and Related Sulfonium
Compounds. Boston, MA: Springer US; 1996. p. 97-107.

34. Williams BT, Cowles K, Bermejo Martinez A, Curson ARJ, Zheng Y, Liu
J, et al. Bacteria are important dimethylsulfoniopropionate producers in coastal
sediments. Nat Microbiol. 2019 Aug 19;4(11):1815-25.

35. Peng M, Li CY, Chen XL, Williams BT, Li K, Gao YN, et al. Insights into
methionine S-methylation in diverse organisms. Nat Commun. 2022 May
26;13(1):2947.

136



36. Gage DA, Rhodes D, Nolte KD, Hicks WA, Leustek T, Cooper AJL, et al.
A new route for synthesis of dimethylsulphoniopropionate in marine algae.
Nature. 1997 Jun;387(6636):891-4.

37. Reisch CR, Moran MA, Whitman WB. Bacterial Catabolism of
Dimethylsulfoniopropionate (DMSP). Front Microbiol. 2011;2.

38. Kiene RP, Linn LJ, Bruton JA. New and important roles for DMSP in
marine microbial communities. J Sea Res. 2000 Aug;43(3—4):209-24.

39. Reisch CR, Moran MA, Whitman WB. Dimethylsulfoniopropionate-
Dependent Demethylase (DmdA) from Pelagibacter ubique and Silicibacter
pomeroyi. J Bacteriol. 2008 Dec 15;190(24):8018—24.

40. Todd JD, Curson ARJ, Nikolaidou-Katsaraidou N, Brearley CA,
Watmough NJ, Chan Y, et al. Molecular dissection of bacterial acrylate
catabolism - unexpected links with dimethylsulfoniopropionate catabolism and
dimethyl sulfide production. Environ Microbiol. 2010 Feb;12(2):327—-43.

41. Wang P, Chen X, Li C, Gao X, Zhu D, Xie B, et al. Structural and
molecular basis for the novel catalytic mechanism and evolution of
<scp>DddP</scp> , an abundant peptidase-like bacterial
Dimethylsulfoniopropionate lyase: a new enzyme from an old fold. Mol Microbiol.
2015 Oct 3;98(2):289-301.

42. Li CY, Wei TD, Zhang SH, Chen XL, Gao X, Wang P, et al. Molecular
insight into bacterial cleavage of oceanic dimethylsulfoniopropionate into
dimethyl sulfide. Proceedings of the National Academy of Sciences. 2014 Jan
21;111(3):1026-31.

43. Bullock HA, Reisch CR, Burns AS, Moran MA, Whitman WB. Regulatory
and Functional Diversity of Methylmercaptopropionate Coenzyme A Ligases
from the Dimethylsulfoniopropionate Demethylation Pathway in Ruegeria
pomeroyi DSS-3 and Other Proteobacteria. J Bacteriol. 2014 Mar
15;196(6):1275-85.

44, Ziegler C, Bremer E, Kramer R. The BCCT family of carriers: from
physiology to crystal structure. Mol Microbiol. 2010 Sep 2;no-no.

137



45. Oren A. Bioenergetic Aspects of Halophilism. Microbiology and
Molecular Biology Reviews. 1999 Jun;63(2):334—48.

46. Spielmeyer A, Gebser B, Pohnert G. Dimethylsulfide sources from
microalgae: Improvement and application of a derivatization-based method for
the determination of dimethylsulfoniopropionate and other zwitterionic
osmolytes in phytoplankton. Mar Chem. 2011 Mar;124(1-4):48-56.

47. Malmstrom RR, Kiene RP, Cottrell MT, Kirchman DL. Contribution of
SAR11 Bacteria to Dissolved Dimethylsulfoniopropionate and Amino Acid
Uptake in the North Atlantic Ocean. Appl Environ Microbiol. 2004
Jul;70(7):4129-35.

48. Malmstrom RR, Cottrell MT, Elifantz H, Kirchman DL. Biomass
Production and Assimilation of Dissolved Organic Matter by SAR11 Bacteria in
the Northwest Atlantic Ocean. Appl Environ Microbiol. 2005 Jun;71(6):2979-86.

49. Vila-Costa M, Simé R, Harada H, Gasol JM, Slezak D, Kiene RP.
Dimethylsulfoniopropionate Uptake by Marine Phytoplankton. Science (1979).
2006 Oct 27;314(5799):652—4.

50. Broy S, Chen C, Hoffmann T, Brock NL, Nau-Wagner G, Jebbar M, et al.
Abiotic stress protection by ecologically abundant dimethylsulfoniopropionate
and its natural and synthetic derivatives: insights from B acillus subtilis. Environ
Microbiol. 2015 Jul;17(7):2362-78.

51. Cosquer A, Pichereau V, Pocard JA, Minet J, Cormier M, Bernard T.
Nanomolar Levels of Dimethylsulfoniopropionate, Dimethylsulfonioacetate, and
Glycine Betaine Are Sufficient To Confer Osmoprotection to Escherichia coli.
Appl Environ Microbiol. 1999 Aug;65(8):3304—11.

52. Pichereau V, Pocard JA, Hamelin J, Blanco C, Bernard T. Differential
Effects of Dimethylsulfoniopropionate, Dimethylsulfonioacetate, and Other S-
Methylated Compounds on the Growth of Sinorhizobium meliloti at Low and
High Osmolarities. Appl Environ Microbiol. 1998 Apr;64(4):1420-9.

53. Yoch DC, Ansede JH, Rabinowitz KS. Evidence for Intracellular and
Extracellular Dimethylsulfoniopropionate (DMSP) Lyases and DMSP Uptake

138



Sites in Two Species of Marine Bacteria. Appl Environ Microbiol. 1997
Aug;63(8):3182-8.

54. Dickschat JS, Rabe P, Citron CA. The chemical biology of
dimethylsulfoniopropionate. Org Biomol Chem. 2015;13(7):1954—68.

55. Wood JM. Bacterial Osmoregulation: A Paradigm for the Study of
Cellular Homeostasis. Annu Rev Microbiol. 2011 Oct;65(1):215-38.

56. Ressl S, Terwisscha van Scheltinga AC, Vonrhein C, Ott V, Ziegler C.
Molecular basis of transport and regulation in the Na+/betaine symporter BetP.
Nature. 2009 Mar;458(7234):47-52.

57. Eitinger T, Rodionov DA, Grote M, Schneider E. Canonical and ECF-type
ATP-binding cassette importers in prokaryotes: diversity in modular organization
and cellular functions. FEMS Microbiol Rev. 2011 Jan;35(1):3-67.

58. Davidson AL, Chen J. ATP-Binding Cassette Transporters in Bacteria.
Annu Rev Biochem. 2004 Jun;73(1):241-68.

59. Locher KP, Lee AT, Rees DC. The E. coli BtuCD Structure: A Framework
for ABC Transporter Architecture and Mechanism. Science (1979). 2002 May
10;296(5570):1091-8.

60. Sun L, Curson ARJ, Todd JD, Johnston AWB. Diversity of DMSP
transport in marine bacteria, revealed by genetic analyses. Biogeochemistry.
2012 Sep 25;110(1-3):121-30.

61. Ali S, Abbas Z, Seleiman MF, Rizwan M, YAVAS i, Alhammad BA, et al.
Glycine Betaine Accumulation, Significance and Interests for Heavy Metal
Tolerance in Plants. Plants. 2020 Jul 15;9(7):896.

62. Zou H, Chen N, Shi M, Xian M, Song Y, Liu J. The metabolism and
biotechnological application of betaine in microorganism. Appl Microbiol
Biotechnol. 2016 May 23;100(9):3865-76.

63. Galinski EA, Triper HG. Betaine, a compatible solute in the extremely

halophilic phototrophic bacterium Ectothiorhodospira halochloris. FEMS

139



Microbiol Lett [Internet]. 1982;13(4):357-60. Available from:
https://www.sciencedirect.com/science/article/pii/0378109782901914

64. Oren A, Elevi Bardavid R, Kandel N, Aizenshtat Z, Jehlicka J. Glycine
betaine is the main organic osmotic solute in a stratified microbial community in
a hypersaline evaporitic gypsum crust. Extremophiles. 2013 May 16;17(3):445—
51.

65. Kempf B, Bremer E. Uptake and synthesis of compatible solutes as
microbial stress responses to high-osmolality environments. Arch Microbiol.
1998 Sep 29;170(5):319-30.

66. Sakamoto A, Murata N. Genetic engineering of glycinebetaine synthesis
in plants: current status and implications for enhancement of stress tolerance. J
Exp Bot. 2000 Jan;51(342):81-8.

67. Boncompagni E, Jsteras M, Poggi MC, le Rudulier D. Occurrence of
Choline and Glycine Betaine Uptake and Metabolism in the Family
Rhizobiaceae and Their Roles in Osmoprotection. Appl Environ Microbiol. 1999
May;65(5):2072-7.

68. RoeRler M, Muller V. Chloride dependence of glycine betaine transport
in Halobacillus halophilus. FEBS Lett. 2001 Feb 2;489(2—-3):125-8.

69. Yang N, Ding R, Liu J. Synthesizing glycine betaine via choline oxidation
pathway as an osmoprotectant strategy in Haloferacales. Gene [Internet].
2022;847:146886. Available from:
https://www.sciencedirect.com/science/article/pii/S0378111922007065

70. Lambou K, Pennati A, Valsecchi |, Tada R, Sherman S, Sato H, et al.
Pathway of Glycine Betaine Biosynthesis in Aspergillus fumigatus. Eukaryot
Cell. 2013 Jun;12(6):853—-63.

71. Lai MC, Yang DR, Chuang MJ. Regulatory Factors Associated with
Synthesis of the Osmolyte Glycine Betaine in the Halophilic Methanoarchaeon
Methanohalophilus portucalensis. Appl Environ Microbiol. 1999 Feb;65(2):828—
33.

140



72. Nyyssola A, Leisola M. Actinopolyspora halophila has two separate
pathways for betaine synthesis. Arch Microbiol. 2001 Oct 1;176(4):294-300.

73. Waditee R, Tanaka Y, Aoki K, Hibino T, Jikuya H, Takano J, et al. Isolation
and Functional Characterization ofN-Methyltransferases That Catalyze Betaine
Synthesis from Glycine in a Halotolerant Photosynthetic Organism Aphanothece
halophytica. Journal of Biological Chemistry. 2003 Feb;278(7):4932—-42.

74. Lu WD, Chi ZM, Su CD. Identification of glycine betaine as compatible
solute in Synechococcus sp. WH8102 and characterization of its N-
methyltransferase genes involved in betaine synthesis. Arch Microbiol. 2006
Nov 22;186(6):495-506.

75. Landfald B, Strem AR. Choline-glycine betaine pathway confers a high
level of osmotic tolerance in Escherichia coli. J Bacteriol. 1986 Mar;165(3):849—
55.

76. Kortstee GJ. The aerobic decomposition of choline by microorganisms.
I. The ability of aerobic organisms, particularly coryneform bacteria, to utilize
choline as the sole carbon and nitrogen source. Arch Mikrobiol. 1970;71(3):235—
44.

77. Smith LT, Pocard JA, Bernard T, Le Rudulier D. Osmotic control of
glycine betaine biosynthesis and degradation in Rhizobium meliloti. J Bacteriol.
1988 Jul;170(7):3142-9.

78. Welsh DT. Ecological significance of compatible solute accumulation by
micro-organisms: from single cells to global climate. FEMS Microbiol Rev. 2000
Jul;24(3):263-90.

79. Cuin TA, Shabala S. Exogenously Supplied Compatible Solutes Rapidly
Ameliorate NaCl-induced Potassium Efflux from Barley Roots. Plant Cell
Physiol. 2005 Dec 1;46(12):1924-33.

80. Kapfhammer D, Karatan E, Pflughoeft KJ, Watnick PI. Role for Glycine
Betaine Transport in Vibrio cholerae Osmoadaptation and Biofilm Formation
within Microbial Communities. Appl Environ Microbiol. 2005 Jul;71(7):3840-7.

141



81. Leblanc L, Gouffi K, Leroi F, Hartke A, Blanco C, Auffray Y, et al. Uptake
of choline from salmon flesh and its conversion to glycine betaine in response
to salt stress in Shewanella putrefaciens. Int J Food Microbiol. 2001 Apr;65(1—
2):93-103.

82. de Rudder KEE, Sohlenkamp C, Geiger O. Plant-exuded Choline Is
Used for Rhizobial Membrane Lipid Biosynthesis by Phosphatidylcholine
Synthase. Journal of Biological Chemistry. 1999 Jul;274(28):20011-6.

83. Oremland RS, Marsh LM, Polcin S. Methane production and
simultaneous sulphate reduction in anoxic, salt marsh sediments. Nature. 1982
Mar;296(5853):143-5.

84. Wargo MJ, Szwergold BS, Hogan DA. ldentification of Two Gene
Clusters and a Transcriptional Regulator Required for Pseudomonas
aeruginosa Glycine Betaine Catabolism. J Bacteriol. 2008 Apr 15;190(8):2690—
9.

85. SUZUKI H, TAMAMURA R, YAJIMA S, KANNO M, SUGURO M.
Corynebacterium sp. U-96 Contains a Cluster of Genes of Enzymes for the

Catabolism of Sarcosine to Pyruvate. Biosci Biotechnol Biochem. 2005 Jan
22;69(5):952-6.

86. Meskys R, Harris RJ, Casaite V, Basran J, Scrutton NS. Organization of
the genes involved in dimethylglycine and sarcosine degradation in Arthrobacter
spp. Eur J Biochem. 2001 Jun 1;268(12):3390-8.

87. Naumann E, Hippe H, Gottschalk G. Betaine: New Oxidant in the
Stickland Reaction and Methanogenesis from Betaine and <scp>I</scp> -
Alanine by a Clostridium sporogenes-Methanosarcina barkeri Coculture. Appl
Environ Microbiol. 1983 Feb;45(2):474—-83.

88. Jameson E, Doxey AC, Airs R, Purdy KJ, Murrell JC, Chen Y.
Metagenomic data-mining reveals contrasting microbial populations responsible
for trimethylamine formation in human gut and marine ecosystems. Microb
Genom. 2016 Sep 20;2(9).

142



89. Jones HJ, Krober E, Stephenson J, Mausz MA, Jameson E, Millard A, et
al. A new family of uncultivated bacteria involved in methanogenesis from the
ubiquitous osmolyte glycine betaine in coastal saltmarsh sediments.
Microbiome. 2019 Dec 27;7(1):120.

90. Perroud B, Le Rudulier D. Glycine betaine transport in Escherichia coli:
osmotic modulation. J Bacteriol. 1985 Jan;161(1):393—401.

91. Kramer R, Morbach S. BetP of Corynebacterium glutamicum, a
transporter with three different functions: betaine transport, osmosensing, and
osmoregulation. Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2004
Jul;1658(1-2):31-6.

92. Wargo MJ. Homeostasis and Catabolism of Choline and Glycine
Betaine: Lessons from Pseudomonas aeruginosa. Appl Environ Microbiol. 2013
Apr;79(7):2112-20.

93. Charpy L, Casareto BE, Langlade MJ, Suzuki Y. Cyanobacteria in Coral
Reef Ecosystems: A Review. J Mar Biol. 2012;2012:1-9.

94. Christiaan H, Mann D, Jahns MH. Algae: an introduction to phycology. In
Cambridge University Press; 1995. p. 623.

95. Blank CE. Evolutionary timing of the origins of mesophilic sulphate
reduction and oxygenic photosynthesis: a phylogenomic dating approach.
Geobiology. 2004 Jan;2(1):1-20.

96. Planavsky NJ, Asael D, Hofmann A, Reinhard CT, Lalonde S V.,
Knudsen A, et al. Evidence for oxygenic photosynthesis half a billion years
before the Great Oxidation Event. Nat Geosci. 2014 Apr 23;7(4):283—6.

97. Rajaneesh KM, Naik RK, Roy R, D’Costa PM. Cyanobacteria in tropical
and subtropical marine environments: bloom formation and ecological role. In:

Advances in Cyanobacterial Biology. Elsevier; 2020. p. 35—46.

98. Zhang W, Liu J, Xiao Y, Zhang Y, Yu Y, Zheng Z, et al. The Impact of
Cyanobacteria Blooms on the Aquatic Environment and Human Health. Toxins
(Basel). 2022 Sep 23;14(10):658.

143



99. SANCHEZ-BARACALDO P, HAYES PK, BLANK CE. Morphological and
habitat evolution in the Cyanobacteria using a compartmentalization approach.
Geobiology. 2005 Jul;3(3):145-65.

100. C. MERESCHKOWSKY. Uber Natur und Ursprung der Chromatophoren
im Pflanzenreiche. Biologisches Centralblatt. 1905;25:293—-604.

101. AFW SCHIMPER. Uber die Entwicklung der Chlorophyllkorner und
Farbkorper. Bot Zeit. 1883;41:105-12.

102. Flombaum P, Gallegos JL, Gordillo RA, Rincén J, Zabala LL, Jiao N, et
al. Present and future global distributions of the marine Cyanobacteria

Prochlorococcus and Synechococcus. Proceedings of the National Academy of
Sciences. 2013 Jun 11;110(24):9824-9.

103. Stal LJ. Nitrogen Fixation in Cyanobacteria. In: eLS. Wiley; 2015. p. 1—
9.

104. Flores E, Herrero A. Nitrogen assimilation and nitrogen control in
cyanobacteria. Biochem Soc Trans. 2005 Feb 1;33(1):164-7.

105. Huisman J, Codd GA, Paerl HW, Ibelings BW, Verspagen JMH, Visser
PM. Cyanobacterial blooms. Nat Rev Microbiol. 2018 Aug 26;16(8):471-83.

106. Scheffer M, Hosper SH, Meijer ML, Moss B, Jeppesen E. Alternative
equilibria in shallow lakes. Trends Ecol Evol. 1993 Aug;8(8):275-9.

107. Rabalais NN, Diaz RJ, Levin LA, Turner RE, Gilbert D, Zhang J.
Dynamics and distribution of natural and human-caused hypoxia.
Biogeosciences. 2010 Feb 12;7(2):585—-619.

108. Merel S, Walker D, Chicana R, Snyder S, Baurés E, Thomas O. State of
knowledge and concerns on cyanobacterial blooms and cyanotoxins. Environ
Int. 2013 Sep;59:303-27.

109. Sanchez-Baracaldo P. Origin of marine planktonic cyanobacteria. Sci
Rep. 2015 Dec 1;5(1):17418.

110. Fike DA, Grotzinger JP, Pratt LM, Summons RE. Oxidation of the
Ediacaran Ocean. Nature. 2006 Dec 7;444(7120):744—7.

144



111.  Pierella Karlusich JJ, Pelletier E, Lombard F, Carsique M, Dvorak E,
Colin S, et al. Global distribution patterns of marine nitrogen-fixers by imaging
and molecular methods. Nat Commun. 2021 Jul 6;12(1):4160.

112.  Zehr JP. Nitrogen fixation by marine cyanobacteria. Trends Microbiol.
2011 Apr;19(4):162-73.

113. LaRoche J, Breitbarth E. Importance of the diazotrophs as a source of
new nitrogen in the ocean. J Sea Res. 2005 Jan;53(1-2):67-91.

114. Harding K, Turk-Kubo KA, Sipler RE, Mills MM, Bronk DA, Zehr JP.
Symbiotic unicellular cyanobacteria fix nitrogen in the Arctic Ocean.
Proceedings of the National Academy of Sciences. 2018 Dec
26;115(52):13371-5.

115. Potts M. Desiccation tolerance of prokaryotes. Microbiol Rev. 1994
Dec;58(4):755-805.

116. Dillon JG, Castenholz RW. SCYTONEMIN, A CYANOBACTERIAL
SHEATH PIGMENT, PROTECTS AGAINST UVC RADIATION: IMPLICATIONS
FOR EARLY PHOTOSYNTHETIC LIFE. J Phycol. 1999 Aug;35(4):673-81.

117.  Sullivan MJ, Currin CA. Community Structure and Functional Dynamics
of Benthic Microalgae in Salt Marshes. In: Concepts and Controversies in Tidal
Marsh Ecology. Dordrecht: Kluwer Academic Publishers; 2002. p. 81-106.

118. Nicholson J. Structure of a microbiol mat at Great Sippewissett Marsh,
Cape Cod, Massachusetts. FEMS Microbiol Lett. 1987 Dec;45(6):343—-64.

119. Garlick S, Oren A, Padan E. Occurrence of facultative anoxygenic
photosynthesis among filamentous and unicellular cyanobacteria. J Bacteriol.
1977 Feb;129(2):623-9.

120. Janousek C. Common benthic algae and cyanobacteria in southern
California tidal wetlands. Scripps Institution of Oceanography Technical Report.
2011 Jun;

145



121. Currin CA, Levin LA, Talley TS, Michener R, Talley D. The role of
cyanobacteria in Southern California salt marsh food webs. Marine Ecology.
2011 Sep;32(3):346-63.

122. McKew BA, Taylor JD, McGenity TJ, Underwood GJC. Resistance and
resilience of benthic biofilm communities from a temperate saltmarsh to
desiccation and rewetting. ISME J. 2011 Jan 1;5(1):30—41.

123. Underwood GJC. Microalgal Colonization in a Saltmarsh Restoration
Scheme. Estuar Coast Shelf Sci [Internet]. 1997;44(4):471-81. Available from:
https://www.sciencedirect.com/science/article/pii/S0272771496901389

124. Balskus EP, Case RJ, Walsh CT. The biosynthesis of cyanobacterial
sunscreen scytonemin in intertidal microbial mat communities. FEMS Microbiol
Ecol. 2011 Aug;77(2):322-32.

125. Corn M, Belviso S, Partensky F, Simon N, Christaki U. Origin and
Importance of Picoplanktonic DMSP. In: Biological and Environmental
Chemistry of DMSP and Related Sulfonium Compounds. Boston, MA: Springer
US; 1996. p. 191-201.

126. Vogt C, Rabenstein A, Rethmeier J, Fischer U. Alkali-labile precursors of
dimethyl sulfide in marine benthic cyanobacteria. Arch Microbiol. 1998 Feb
27;169(3):263—6.

127. Munoz-Marin MC, Goémez-Baena G, Loépez-Lozano A, Moreno-
Cabezuelo JA, Diez J, Garcia-Fernandez JM. Mixotrophy in marine
picocyanobacteria: use of organic compounds by Prochlorococcus and
Synechococcus. ISME J. 2020 May 7;14(5):1065-73.

128. Fernandez E, Ostrowski M, Siboni N, Seymour JR, Petrou K. Uptake of
Dimethylsulfoniopropionate (DMSP) by Natural Microbial Communities of the
Great Barrier Reef (GBR), Australia. Microorganisms. 2021 Sep 6;9(9):1891.

129. Ruiz-Gonzalez C, Gali M, Sintes E, Herndl GJ, Gasol JM, Simé6 R.
Sunlight Effects on the Osmotrophic Uptake of DMSP-Sulfur and Leucine by
Polar Phytoplankton. PLoS One. 2012 Sep 19;7(9):e45545.

146



130. Bucciarelli E, Ridame C, Sunda WG, Dimier-Hugueney C, Cheize M,
Belviso S. Increased intracellular concentrations of DMSP and DMSO in iron-
limited oceanic phytoplankton Thalassiosira oceanica and Trichodesmium
erythraeum. Limnol Oceanogr. 2013 Sep;58(5):1667-79.

131. Stefels J, Steinke M, Turner S, Malin G, Belviso S. Environmental
constraints on the production and removal of the climatically active gas
dimethylsulphide (DMS) and implications for ecosystem modelling.
Biogeochemistry. 2007 Mar 27;83(1-3):245-75.

132. McParland EL, Levine NM. The role of differential DMSP production and
community composition in predicting variability of global surface DMSP
concentrations. Limnol Oceanogr. 2019 Mar 26;64(2):757-73.

133. MACKAY MA, NORTON RS, BOROWITZKA LJ. Organic
Osmoregulatory Solutes in Cyanobacteria. Microbiology (N Y). 1984 Sep
1;130(9):2177-91.

134. Oren A. Diversity of Organic Osmotic Compounds and Osmotic
Adaptation in Cyanobacteria and Algae. In 2007. p. 639-55.

135. Reed RH, Chudek JA, Foster R, Stewart WDP. Osmotic adjustment in
cyanobacteria from hypersaline environments. Arch Microbiol. 1984
Aug;138(4):333—-7.

136. Incharoensakdi A, Takabe T, Akazawa T. Effect of Betaine on Enzyme
Activity and Subunit Interaction of Ribulose-1,5-Bisphosphate
Carboxylase/Oxygenase from Aphanothece halophytica. Plant Physiol. 1986
Jun;81:1044-9.

137. Incharoensakdi Aran. Determination of Intracellular Chloride lon
Concentration in a Halotolerant Cyanobacterium &lt;italic&gt;Aphanothece
halophytica&lt;/italic&gt; Plant Cell Physiol. 1988 Sep;

138. Incharoensakdi A, Wutipraditkul N. Accumulation of glycinebetaine and
its synthesis from radioactive precursors under salt-stress in the
cyanobacterium Aphanothece halophytica. J Appl Phycol. 1999;11(6):515-23.

147



139. Laloknam S, Tanaka K, Buaboocha T, Waditee R, Incharoensakdi A,
Hibino T, et al. Halotolerant Cyanobacterium Aphanothece halophytica Contains
a Betaine Transporter Active at Alkaline pH and High Salinity. Appl Environ
Microbiol. 2006 Sep;72(9):6018-26.

140. Moore DJ, Reed RH, Stewart WDP. A glycine betaine transport system
in Aphanothece halophytica and other glycine betaine-synthesising
cyanobacteria. Arch Microbiol. 1987 May;147(4):399-405.

141. Kageyama H, Waditee-Sirisattha R. Osmoprotectant molecules in
cyanobacteria: Their basic features, biosynthetic regulations, and potential

applications. In: Cyanobacterial Physiology. Elsevier; 2022. p. 113-23.

142. Hagemann M, Schoor A, Jeanjean R, Zuther E, Joset F. The stpA gene
form synechocystis sp. strain PCC 6803 encodes the glucosylglycerol-
phosphate phosphatase involved in cyanobacterial osmotic response to salt
shock. J Bacteriol. 1997 Mar;179(5):1727-33.

143. Hagemann M, Schoor A, Erdmann N. NaCl acts as a direct modulator in
the salt adaptive response: Salt-dependent activation of glucosylglycerol
synthesis in vivo and in vitro. J Plant Physiol. 1996 Jan;149(6):746-52.

144. KIAvhn S, Steglich C, Hess WR, Hagemann M. Glucosylglycerate: a
secondary compatible solute common to marine cyanobacteria from nitrogen-

poor environments. Environ Microbiol. 2010 Jan;12(1):83-94.

145. Pade N, Michalik D, Ruth W, Belkin N, Hess WR, Berman-Frank |, et al.
Trimethylated homoserine functions as the major compatible solute in the

globally significant oceanic cyanobacterium Trichodesmium. Proceedings of the
National Academy of Sciences. 2016 Nov 15;113(46):13191-6.

146. Sambrook J, Fritsch FE, Maniatis T. Molecular Cloning: A Laboratory
Manual. 2nd ed. New York: Cold Spring Harbor Laboratory Press; 1989.

147. Gonzalez JM, Whitman WB, Hodson RE, Moran MA. Identifying
numerically abundant culturable bacteria from complex communities: an
example from a lignin enrichment culture. Appl Environ Microbiol. 1996
Dec;62(12):4433-40.

148



148. Waterbury JB, Watson SW, Valois FW, Franks DG. Biological and
ecological characterization of the marine unicellular cyanobacterium
Synechococcus. In: Platt T, Li WKW, editors. Photosynthetic picoplankton. 1986.
p. 71120.

149. Moore LR, Coe A, Zinser ER, Saito MA, Sullivan MB, Lindell D, et al.
Culturing the marine cyanobacterium Prochlorococcus. Limnol Oceanogr
Methods [Internet]. 2007;5(10):353-62. Available from:
https://aslopubs.onlinelibrary.wiley.com/doi/abs/10.4319/lom.2007.5.353

150. Provasoli L. Media and prospects for the cultivation of marine algae.
Cultures and Collections of Algae. 1968;63—75.

151. Chen YB, Zehr JP, Mellon M. GROWTH AND NITROGEN FIXATION OF
THE DIAZOTROPHIC FILAMENTOUS NONHETEROCYSTOUS
CYANOBACTERIUM TRICHODESMIUM SP. IMS 101 IN DEFINED MEDIA:
EVIDENCE FOR A CIRCADIAN RHYTHM1. J Phycol. 1996 Dec;32(6):916-23.

152. Wood WB. Host specificity of DNA produced by Escherichia coli:
Bacterial mutations affecting the restriction and modification of DNA. J Mol Biol.
1966 Mar;16(1):118-IN3.

153. Studier FW, Moffatt BA. Use of bacteriophage T7 RNA polymerase to
direct selective high-level expression of cloned genes. J Mol Biol. 1986
May;189(1):113-30.

154. Ditta G, Stanfield S, Corbin D, Helinski DR. Broad host range DNA
cloning system for gram-negative bacteria: construction of a gene bank of
Rhizobium meliloti. Proceedings of the National Academy of Sciences. 1980
Dec;77(12):7347-51.

155. Simon R, Priefer U, PUhler A. A Broad Host Range Mobilization System
for In Vivo Genetic Engineering: Transposon Mutagenesis in Gram Negative
Bacteria. Bio/Technology. 1983 Nov;1(9):784-91.

156. Chung EJ, Park JA, Jeon CO, Chung YR. Gynuella sunshinyii gen. nov.,
sp. nov., an antifungal rhizobacterium isolated from a halophyte, Carex
scabrifolia Steud. Int J Syst Evol Microbiol. 2015 Mar 1;65(Pt_3):1038—43.

149



157. Ellis O. The Interplay Between DMSP and Glycine Betaine Regulation in
Labrenzia aggregata [PhD Thesis]. [Norwich]: University of East Anglia; 2023.

158. Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, et
al. Database resources of the national center for biotechnology information.
Nucleic Acids Res. 2022 Jan 7;50(D1):D20-6.

159. Zallot R, Oberg N, Gerlt JA. The EFI Web Resource for Genomic
Enzymology Tools: Leveraging Protein, Genome, and Metagenome Databases
to Discover Novel Enzymes and Metabolic Pathways. Biochemistry. 2019 Oct
15;58(41):4169-82.

160. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 1994;22(22):4673-80.

161. Tamura K, Stecher G, Kumar S. MEGA11: Molecular Evolutionary
Genetics Analysis Version 11. Mol Biol Evol. 2021 Jun 25;38(7):3022—-7.

162. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes
SP. DADA2: High-resolution sample inference from lllumina amplicon data. Nat
Methods. 2016 Jul 23;13(7):581-3.

163. Varoquaux G, Buitinck L, Louppe G, Grisel O, Pedregosa F, Mueller A.
Scikit-learn. GetMobile: Mobile Computing and Communications. 2015
Jun;19(1):29-33.

164. Gruber-Vodicka HR, Seah BKB, Pruesse E. phyloFlash: Rapid Small-
Subunit rRNA Profiling and Targeted Assembly from Metagenomes. mSystems.
2020 Oct 27;5(5).

165. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2012 Nov 27;41(D1):D590-6.

166. Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, et al. The

Protist Ribosomal Reference database (PR2): a catalog of unicellular eukaryote

150



Small Sub-Unit rRNA sequences with curated taxonomy. Nucleic Acids Res.
2012 Nov 26;41(D1):D597—-604.

167. Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly via succinct
de Bruijn graph. Bioinformatics. 2015 May 15;31(10):1674—6.

168.  Uritskiy G V., DiRuggiero J, Taylor J. MetaWRAP—a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome. 2018 Dec
15;6(1):158.

169. OIm MR, Brown CT, Brooks B, Banfield JF. dRep: a tool for fast and
accurate genomic comparisons that enables improved genome recovery from
metagenomes through de-replication. ISME J. 2017 Dec 25;11(12):2864-8.

170. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW.
CheckM: assessing the quality of microbial genomes recovered from isolates,

single cells, and metagenomes. Genome Res. 2015 Jul;25(7):1043-55.

171.  Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit
to classify genomes with the Genome Taxonomy Database. Bioinformatics.
2020 Mar 1;36(6):1925-7.

172. Seemann T. Prokka: rapid prokaryotic genome annotation.
Bioinformatics. 2014 Jul 15;30(14):2068-9.

173. Katoh K, Standley DM. MAFFT Multiple Sequence Alignment Software
Version 7: Improvements in Performance and Usability. Mol Biol Evol. 2013 Apr
1;30(4):772-80.

174. Price MN, Dehal PS, Arkin AP. FastTree 2 — Approximately Maximum-
Likelihood Trees for Large Alignments. PLoS One. 2010 Mar 10;5(3):€9490.

175. Schafer A, Tauch A, Jager W, Kalinowski J, Thierbach G, Pihler A. Small
mobilizable multi-purpose cloning vectors derived from the Escherichia coli
plasmids pK18 and pK19: selection of defined deletions in the chromosome of
Corynebacterium glutamicum. Gene. 1994 Jul;145(1):69-73.

151



176. Tett AJ, Rudder SJ, Bourdi;'2zs A, Karunakaran R, Poole PS.
Regulatable  Vectors  for  Environmental Gene Expression in
Alphaproteobacteria. Appl Environ Microbiol. 2012 Oct;78(19):7137—-40.

177. Figurski DH, Helinski DR. Replication of an origin-containing derivative
of plasmid RK2 dependent on a plasmid function provided in frans. Proceedings
of the National Academy of Sciences. 1979 Apr;76(4):1648-52.

178. Friedman AM, Long SR, Brown SE, Buikema WJ, Ausubel FM.
Construction of a broad host range cosmid cloning vector and its use in the

genetic analysis of Rhizobium mutants. Gene. 1982 Jun;18(3):289-96.

179. Westberry TK, Siegel DA. Spatial and temporal distribution of
Trichodesmium blooms in the world’s oceans. Global Biogeochem Cycles. 2006
Dec;20(4):n/a-n/a.

180. Davis CS, McGillicuddy DJ. Transatlantic Abundance of the N 2 -Fixing
Colonial Cyanobacterium Trichodesmium. Science (1979). 2006 Jun
9;312(5779):1517-20.

181. Karl D, Michaels A, Bergman B, Capone D, Carpenter E, Letelier R, et
al. Dinitrogen fixation in the world’s oceans. In: The Nitrogen Cycle at Regional
to Global Scales. Dordrecht: Springer Netherlands; 2002. p. 47-98.

182. Tyrrell T. Large-scale latitudinal distribution of Trichodesmium spp. in the
Atlantic Ocean. J Plankton Res. 2003 Apr 1;25(4):405-16.

183. Bergman B, Sandh G, Lin S, Larsson J, Carpenter EJ. Trichodesmium —
a widespread marine cyanobacterium with unusual nitrogen fixation properties.
FEMS Microbiol Rev. 2013 May;37(3):286—-302.

184. Capone D, Subramaniam A, Montoya J, Voss M, Humborg C, Johansen
A, et al. An extensive bloom of the N2-fixing cyanobacterium Trichodesmium
erythraeum in the central Arabian Sea. Mar Ecol Prog Ser. 1998;172:281-92.

185. Jonasson S, Eriksson J, Berntzon L, Spacil Z, llag LL, Ronnevi LO, et al.
Transfer of a cyanobacterial neurotoxin within a temperate aquatic ecosystem
suggests pathways for human exposure. Proceedings of the National Academy
of Sciences. 2010 May 18;107(20):9252-7.

152



186. Boatman TG, Oxborough K, Gledhill M, Lawson T, Geider RJ. An
Integrated Response of Trichodesmium erythraeum IMS101 Growth and Photo-
Physiology to Iron, CO2, and Light Intensity. Front Microbiol. 2018 Apr 10;9.

187. Berman-Frank |, Lundgren P, Chen YB, Kupper H, Kolber Z, Bergman B,
et al. Segregation of Nitrogen Fixation and Oxygenic Photosynthesis in the
Marine Cyanobacterium Trichodesmium. Science (1979). 2001 Nov
16;294(5546):1534—7.

188. Sandh G, Xu L, Bergman B. Diazocyte development in the marine
diazotrophic cyanobacterium Trichodesmium. Microbiology (N Y) [Internet].
2012;158(2):345-52. Available from:
https://www.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.051
268-0

189. Gardner JJ, Hodge BMS, Boyle NR. Investigating the Unique Ability of
Trichodesmium To Fix Carbon and Nitrogen Simultaneously Using MiMoSA.
mSystems. 2023 Feb 23;8(1).

190. Sandh G, El-Shehawy R, DAez B, Bergman B. Temporal separation of
cell division and diazotrophy in the marine diazotrophic cyanobacterium
Trichodesmium  erythraeum IMS101. FEMS Microbiol Lett. 2009
Jun;295(2):281-8.

191. Chen YB, Dominic B, Zani S, Mellon MT, Zehr JP. Expression of
photosynthesis genes in relation to nitrogen fixation in the diazotrophic

filamentous nonheterocystous cyanobacterium Trichodesmium sp. IMS 101.
Plant Mol Biol. 1999;41(1):89-104.

192. Delmont TO. Discovery of nondiazotrophic Trichodesmium species
abundant and widespread in the open ocean. Proceedings of the National
Academy of Sciences [Internet]. 2021 Nov 16;118(46):e2112355118. Available
from: https://doi.org/10.1073/pnas.2112355118

193. Sapp M, Schwaderer AS, Wiltshire KH, Hoppe HG, Gerdts G, Wichels
A. Species-Specific Bacterial Communities in the Phycosphere of Microalgae?
Microb Ecol. 2007 May 31;53(4):683-99.

153



194. Rouco M, Haley ST, Dyhrman ST. Microbial diversity within the T
richodesmium holobiont. Environ Microbiol. 2016 Dec;18(12):5151-60.

195. Lee MD, Walworth NG, McParland EL, Fu FX, Mincer TJ, Levine NM, et
al. The Trichodesmium consortium: conserved heterotrophic co-occurrence and
genomic signatures of potential interactions. ISME J. 2017 Aug 25;11(8):1813—
24,

196. Lesser MP. OXIDATIVE STRESS IN MARINE ENVIRONMENTS:
Biochemistry and Physiological Ecology. Annu Rev Physiol. 2006 Jan
1,68(1):253-78.

197. Curson ARJ, Sullivan MJ, Todd JD, Johnston AWB. DddY, a periplasmic
dimethylsulfoniopropionate lyase found in taxonomically diverse species of
Proteobacteria. ISME J. 2011 Jul 20;5(7):1191-200.

198. Kukurba KR, Montgomery SB. RNA Sequencing and Analysis. Cold
Spring Harb Protoc. 2015 Nov;2015(11):pdb.top084970.

199. Pearson WR. An Introduction to Sequence Similarity (“Homology”)

Searching. Curr Protoc Bioinformatics. 2013 Jun;42(1).

200. Wang J, Zhou S, Curson A, Vieira A, Walsham K, Monaco S, et al. Novel
dimethylsulfoniopropionate biosynthesis enzymes in diverse marine bacteria,

cyanobacteria and abundant algae. 2023.

201. Waditee-Sirisattha R, Kageyama H. Halotolerance, stress mechanisms,
and circadian clock of salt-tolerant cyanobacteria. Appl Microbiol Biotechnol.
2023 Feb 26;107(4):1129-41.

202. ZhangH, Sun, Zeng Q, Crowe SA, Luo H. Snowball Earth, population
bottleneck and Prochlorococcus evolution. Proceedings of the Royal Society B:
Biological Sciences. 2021 Nov 24;288(1963).

203. Omoregie EO, Crumbliss LL, Bebout BM, Zehr JP. Determination of
Nitrogen-Fixing Phylotypes in Lyngbya sp. and Microcoleus chthonoplastes
Cyanobacterial Mats from Guerrero Negro, Baja California, Mexico. Appl
Environ Microbiol. 2004 Apr;70(4):2119-28.

154



204. Kothari A. Comparative genomic analyses of the cyanobacterium,

Lyngbya aestuarii BL J, a powerful hydrogen producer. Front Microbiol. 2013;4.

205. Boorman LA. An overview of coastal saltmarshes, their dynamic and
sensitivity characteristics for conservation and management. Vol. 334.
Peterborough: JNCC; 2003.

206. Simas T, Nunes JP, Ferreira JG. Effects of global climate change on
coastal salt marshes. Ecol Modell. 2001 Mar;139(1):1-15.

207. Pendleton L, Donato DC, Murray BC, Crooks S, Jenkins WA, Sifleet S,
et al. Estimating Global “Blue Carbon” Emissions from Conversion and
Degradation of Vegetated Coastal Ecosystems. PLoS One. 2012 Sep
4;7(9):e43542.

208. Mcowen C, Weatherdon L, Bochove JW, Sullivan E, Blyth S, Zockler C,
et al. A global map of saltmarshes. Biodivers Data J. 2017 Mar 21;5:e11764.

209. Viswanathan C, Purvaja R, Joyson Joe Jeevamani J, Deepak Samuel V,
Sankar R, Abhilash KR, et al. Salt marsh vegetation in India: Species
composition, distribution, zonation pattern and conservation implications. Estuar
Coast Shelf Sci [Internet]. 2020;242:106792. Available  from:
https://www.sciencedirect.com/science/article/pii/S0272771419301076

210. Campbell AD, Fatoyinbo L, Goldberg L, Lagomasino D. Global hotspots
of salt marsh change and carbon emissions. Nature. 2022 Dec
22;612(7941):701-6.

211. van Regteren M, Amptmeijer D, de Groot AV, Baptist MJ, Elschot K.
Where does the salt marsh start? Field-based evidence for the lack of a
transitional area between a gradually sloping intertidal flat and salt marsh.
Estuar Coast Shelf Sci. 2020 Sep;243:106909.

212. van Gemerden H. Microbial mats: A joint venture. Mar Geol. 1993
Jul;113(1-2):3-25.

213. Bellinger B, Abdullahi A, Gretz M, Underwood G. Biofilm polymers:

relationship between carbohydrate biopolymers from estuarine mudflats and

155



unialgal cultures of benthic diatoms. Aquatic Microbial Ecology. 2005;38:169—
80.

214. Rothrock MJ, Garcia-Pichel F. Microbial diversity of benthic mats along
a tidal desiccation gradient. Environ Microbiol. 2005 Apr;7(4):593—601.

215.  Sullivan MJ, Currin CA. Community Structure and Functional Dynamics
of Benthic Microalgae in Salt Marshes. In: Concepts and Controversies in Tidal

Marsh Ecology. Dordrecht: Kluwer Academic Publishers; p. 81-106.

216. Karsten U. GROWTH AND ORGANIC OSMOLYTES OF
GEOGRAPHICALLY  DIFFERENT ISOLATES OF MICROCOLEUS
CHTHONOPLASTES (CYANOBACTERIA) FROM BENTHIC MICROBIAL
MATS:RESPONSE TO SALINITY CHANGE1. J Phycol. 1996 Aug;32(4):501-6.

217. Oren A. Formation and breakdown of glycine betaine and trimethylamine
in hypersaline environments. Antonie Van Leeuwenhoek. 1990 Nov;58(4):291—
8.

218. Sullivan MJ, Currin CA. Community Structure and Functional Dynamics
of Benthic Microalgae in Salt Marshes. In: Concepts and Controversies in Tidal

Marsh Ecology. Dordrecht: Kluwer Academic Publishers; p. 81-106.

219. Visscher PT, van Gemerden H. Production and Consumption of
Dimethylsulfoniopropionate in Marine Microbial Mats. Appl Environ Microbiol.
1991 Nov;57(11):3237-42.

220. Franks J, Stolz JF. Flat laminated microbial mat communities. Earth Sci
Rev. 2009 Oct;96(3):163-72.

221. Lyon BR, Lee PA, Bennett JM, DiTullio GR, Janech MG. Proteomic
Analysis of a Sea-Ice Diatom: Salinity Acclimation Provides New Insight into the
Dimethylsulfoniopropionate Production Pathway . Plant Physiol. 2011 Dec
1;157(4):1926—-41.

222. Kettles NL, Kopriva S, Malin G. Insights into the Regulation of DMSP
Synthesis in the Diatom Thalassiosira pseudonana through APR Activity,
Proteomics and Gene Expression Analyses on Cells Acclimating to Changes in
Salinity, Light and Nitrogen. PLoS One. 2014 Apr 14;9(4):e94795.

156



223. Belviso S, Thouzeau G, Schmidt S, Reigstad M, Wassmann P,
Arashkevich E, et al. Significance of vertical flux as a sink for surface water
DMSP and as a source for the sediment surface in coastal zones of northern
Europe. Estuar Coast Shelf Sci. 2006 Jul;68(3—4):473-88.

224, Zhang Y, Sun K, Sun C, Shi X, Todd JD, Zhang XH.
Dimethylsulfoniopropionate Biosynthetic Bacteria in the Subseafloor Sediments
of the South China Sea. Front Microbiol. 2021 Oct 11;12.

225. McParland EL, Lee MD, Webb EA, Alexander H, Levine NM.
<scp>DMSP</scp> synthesis genes distinguish two types of
<scp>DMSP</scp> producer phenotypes. Environ Microbiol. 2021 Mar
21;23(3):1656-69.

226. Song D, Zhang Y, Liu J, Zhong H, Zheng Y, Zhou S, et al. Metagenomic
Insights Into the Cycling of Dimethylsulfoniopropionate and Related Molecules
in the Eastern China Marginal Seas. Front Microbiol. 2020 Feb 18;11.

227. Cheng H, Zhang Y, Guo Z, He X, Liu R, Zhu XY, et al. Microbial
Dimethylsulfoniopropionate Cycling in Deep Sediment of the Mariana Trench.
Appl Environ Microbiol. 2023 Jun 12;

228. Carrion O, Pratscher J, Richa K, Rostant WG, Farhan Ul Haque M,
Murrell JC, et al. Methanethiol and Dimethylsulfide Cycling in Stiffkey Saltmarsh.
Front Microbiol. 2019 May 10;10.

229. Keller MD, Kiene RP, Matrai PA, Bellows WK. Production of glycine
betaine and dimethylsulfoniopropionate in marine phytoplankton. Il. N-limited
chemostat cultures. Mar Biol. 1999 Nov 5;135(2):249-57.

230. Vogt JC, Abed RMM, Albach DC, Palinska KA. Latitudinal gradient of
cyanobacterial diversity in tidal flats. PLoS One. 2019 Nov 13;14(11):e0224444.

231. Jonkers H. Turnover of dimethylsulfoniopropionate (DMSP) by the
purple sulfur bacterium Thiocapsa roseopersicina M11: ecological implications.
FEMS Microbiol Ecol. 1998 Nov;27(3):281-9.

232. Burmeister AR. Horizontal Gene Transfer: Figure 1. Evol Med Public
Health. 2015;2015(1):193—4.

157



233. Pesant S, Not F, Picheral M, Kandels-Lewis S, Le Bescot N, Gorsky G,
et al. Open science resources for the discovery and analysis of Tara Oceans
data. Sci Data. 2015 May 26;2(1):150023.

234. Nealson KH, Venter JC. Metagenomics and the global ocean survey:
what’s in it for us, and why should we care? ISME J. 2007 Jul 14;1(3):185-7.

235. Biller SJ, Berube PM, Dooley K, Williams M, Satinsky BM, Hackl T, et al.
Marine microbial metagenomes sampled across space and time. Sci Data. 2018
Sep 4;5(1):180176.

158



8 Supplementary information

Table 1. List of primers used in this study.

Cassette Fw
d

cassette from pBBR1MCS-5 for
WH8103 dsyC mutagenesis.

Primer Description Sequence
Forward primer to check inserts in
M13 Uni (- PMALC2X-1039 and pLMB509-
43) GFP. AGGGTTTTCCCAGTCACGACGTT
M13 Rev (- Reverse primer to check inserts in
29) pMALC2X-1039 pLMB509-GFP. CAGGAAACAGCTATGACC
Forward primer to check inserts in
T7 Fwd pET vectors. TAATACGACTCACTATAGGG
Reverse primer to check inserts in
T7 Rev pET vectors. GCTAGTTATTGCTCAGCGG
Forward primer to clone left flank
WH8103Left | of dsyC from Synechococcus sp. attcgagctcggtacccgggACCGTGGAT
Flank _Fwd WH8103. GCCTTCTCAGGGGAG
Reverse primer to clone left flank
WH8103Left | of dsyC from Synechococcus sp. tttttatgcaCCAGCATCAGTTCCGGTT
Flank_Rev WH8103. ATCTCGAAAG
Forward primer to clone right flank
WHB8103Righ | of dsyC from Synechococcus sp. cttttcggggAAGATCCACCACACATC
tFlank _Fwd WH8103. CTCCTTGAGGTAG
Reverse primer to clone right flank
WHB8103Righ | of dsyC from Synechococcus sp. tgcatgcctgcaggtcgactGGTCAGTGC
tFlank_Rev WH8103. GGATGGCAGCCCCAA
WH8103Gent | Forward primer to clone gent ctgatgctggTGCATAAAAACTGTTGT

AATTCATTAAGCATTCTGCCGACA
TG

WH8103Gent
Cassette_Re
v

Reverse primer to clone gent
cassette from pBBR1MCS-5 for
WH8103 dsyC mutagenesis.

ggtggatcttCCCCGAAAAGTGCCACC
TGGCGGC

Forward primer to clone left flank

Cassette Fw
d

cassette from pBBR1MCS-5 for
WHB8020 dsyC mutagenesis.

WHB8020Left | of dsyC from Synechococcus sp. aacaatttcacacaggaaacagctatgacatga
Flank Fwd WH8020. ttacgcaatcggtgtgcccagggtttc
Reverse primer to clone left flank
WHB8020Left | of dsyC from Synechococcus sp. ttacaacagtttttatgcagggctgcaacacgac
Flank_Rev WH8020. gtttg
Forward primer to clone right flank
WHB8020Righ | of dsyC from Synechococcus sp. caggtggcacttttcggggtagagcccgatatga
tFlank_Fwd WH38020. atgtc
Reverse primer to clone right flank
WHB8020Righ | of dsyC from Synechococcus sp. cagtgccaagcttgcatgcctgcaggtcgactct
tFlank_Rev WH38020. agagagaaggagatttiticgtcaaattattg
WH8020Gent | Forward primer to clone gent

aaacgtcgtgttgcagccctgcataaaaactgtt
gtaattcattaagcattc

WHB8020Gent
Cassette_Re
v

Reverse primer to clone gent
cassette from pBBR1MCS-5 for
WHB8020 dsyC mutagenesis.

acattcatatcgggctctaccccgaaaagtgcca
cctgg
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Forward primer to clone T.

IMS101pMAL | erythraeum IMS101 dsyC from

dsyC Fwd pMALC2X-1039. gtgcatATGACTGAAGCAGTTAC
Reverse primer to clone T.

IMS101pMAL | erythraeum IMS101 dsyC from

dsyC Rev pMALC2X-1039. gcacgaattcAAGCTCAGTTTTTC
Forward primer to clone

WH8103pMA | Synechococcus sp. WH8103 dsyC

LdsyC Fwd from pMALC2X-1039. gctcatATGGGTACTACCAAC
Reverse primer to clone

WH8103pMA | Synechococcus sp. WH8103 dsyC

LdsyC Rev from pMALC2X-1039. gcttagaattcAAGCTCAACCTGG

WH8020Mut | Forward primer to check mutation

Check Fwd | of dsyC in WH8020. CTCCCAGCTTTGCCTCC

WH8020Mut | Reverse primer to check mutation

Check _Rev of dsyC in WH8020. CCAACAAGGCCATGATGATC

WH8103Mut | Forward primer to check mutation

Check Fwd | of dsyC in WH8103. CAAGCTGAATCCCCTGAAGA

WH8103Mut | Reverse primer to check mutation

Check _Rev of dsyC in WH8103. GGGCACAACGAACGGC

LyngbyadsyC | Forward primer to check for dsyC

_Fwd in L. aestuarii UTEX 2515. GCGCGCATATGCAAACTGAATAC

LyngbyadsyC | Reverse primer to check for dsyC | CGATGAATTCCTATTTTTTGCTAA

_Rev in L. aestuarii UTEX 2515. AATGC

Synthesized genes used in this study

>Synechococcus sp. WH8103 dsyC
ATGGGTACTACCAACGGTTGTGCTGCTGACTCTGTGGCTGCAACTTACTATGACTCTCAGGATGCGG
ACCAATTCTACGAACAGGTGTGGGGTGGTGAGGACATTCATATTGGCCTGTACGCAACGCCGGACG
AAGCCATCGCAACTGCGTCTGACCGCACCGTTCACGCTCTGCTGGATCTGGCAGACCCACTGCCGCA
AGGTGGTTGTGTGGTCGATCTGGGTGCAGGCTATGGTGGTGCATCTCGTCGTCTGGCACGTTGGAG
CGAACGTCCGGTGCACGCTATCAATATTTCTGCTGTTGAGAACGACCGCCATCGTCGTCTGAACGTA
GACGCTGGTCTGGACCAGCAGATTACTGTGCACGACGCATCCTTCGAACAGGTTCCGGTTGCGGAC
GCATCTGCTGACCTGGTGTGGAGCCAAGACGCCATCCTGCACGCTGGTGATCGTGCAACTGTGCTG
GCTGAAGTTTCTCGCCTGCTGAAACCGGGTGGTTGTTTCGTATTCACCGATCCGATGGCAGCCGATG
GTGTTGAAATGGGCCTGCTGCAACCGATTCTGGATCGTATCCACCTGCCGGATCTGGCTTCTCCGGC
ACGTTACAAAGCGTGGGGTGAAGCTGTAGGCCTGACCATGGAAGTTTGGGACGAACGTACCGAAAT
GCTGGTTCGCCACTACGACCGCGTTCGTCAGGATACTCGCCTGCGTCGTGCGGAACTGGAAACCTCC
ATCTCTTCTGGCTATCTGGAACGCATGGACGTGGGCCTGGGTCATTGGGTGGATGGTGGTCAACAG
GGTCGTCTGAGCTGGGGCCTGATGCGTCTGCGTAAACCAGGTTGA
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>Trichodesmium erythraeum IMS101 dsyC
ATGACTGAAGCAGTTACTATCGCCCAGAAATATTACGATAGCACTGAAACTGATAAACTGTATGCTG
CTATCTGGGGCGGTGAACACATTCACTACGGTATTTACACCCGTCCGGACGAACCGATCCATGATGC
GTCACTGAGCACGGTAAAAACCATTGCACAGACCCTGAAAAAAATCGACCAAAACTCCCGTGTTATC
GATCTGGGTGCAGGTTATGGTGGCGCAGCGCGTTACCTGGCTAAAACTTACGGCTGTAGCGTTTGCT
GTCTGAACCTGTCTCAGCTGCAAAATCAACGTAACGGCCAGCTGAACCAGGAACAGAACCTGGACC
CGCTGGTGGAAATTACGCAGGGCAGCTTCGAAGATATCCCATACCCGAACAACTCTTTCGACATCGT
GTGGTCCCAGGATGCTATCCTGCATTCTGGTGACCGTTGTCTGGTGTTCCAGGAGATTAAACGTATC
CTGAAACCGGGTGGTGAGTTCATCTTCACTGATCCGATGGAAAGCGAAACCTTCCCGCCGGGTGCA
CTGCAAACGGCTTTTGATCGTCTGGGTATCAGCGACATGGGCAGCTACCGTTTCTACTCTCAGACCCT
GAAAGACCTGGGTTTCGAGGAACTGAACTTCATCGATCTGTCTCAGAATGTGGCCATCCACTACCGT
CGTTTTCGCGAAGAAGTTCAAAAACGTTACAACGAAGTAGTGAAGCTGACCTCTACGGAATTTGTTG
ACAAAACCCTGGATTCTATCCAGCCGTGGATCGAACGTTATGAGCAGGGCTACATGCAGTGGGCTA
TCCTGCATTTTCGTCTGCTGGAGAAAAACTGA
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