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Dimethylsulfoniopropionate (DMSR)s one of t he Ear sufibcompoumdst abun
with more thar8 billion tonnegproducedannually by marine microorganisms and some plaagsan
antistress compoun@omparatively few higher plants were known to be high producers, including
Sugarcane, Sea Daisies and Cordgrasses. Through sampling a large variety of wild plants, we found
that all plants produce DMSP, albeit at low levels, including the model orgaméardopsis
thaliana.Additionally, DMSP production is increased in response to salt stress, sngges

functions as an osmolyte in higher plants. DMSP is known to be produocedltithe methylation
pathway, confirmed whelMMT- homozygous knockoW. thalianaproduced significantly less

DMSP compared to their wildtype counterparts, and were significantly more stressed in response to
salt. Furthermore, when released into theismmment, thisDMSPis a majorcarbonandsulfur

source for marine microbes through catabolism that yields the clantte gases and signalling
molecules dimethylsulfide (DMS) via DMSP lyase enzymes and methanethiol (MeSH) via DMSP
demethylationSpatina anglica an invasive cordgrass,s one of Earthdés highe:
DMSP and is responsible for the far higher DMSP levels per unit area in saltmarshreants

compared to surface seawat@patina, which does not cleave DMSP itself, is proposed to feed

this nutrient to its holobiome in return for vitamins, hormones and/or antibiotic activities. Here we
conducted stablisotope probing experiments witfC-DMSP to study DMSPnediated interactions
betweerSpatina and its holobiome. This work idéfied the abundant and important group of

marine bacteria, thRoseobactersas major degraders of DMSP in Bgatina rhizosphere via their

DMSP demethylatiomdAand DMSP lyas®ddL enzymes. Cultivationlependent work
supportedroseobactersvell known to catabolise DMSP and interact with algae, as key bacteria
assimilding DMSP in theSpatina rhizosphere, potentially interig with the plant, and libetiag

significant amounts of DMS and MeSH.
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Chapter I

Introduction



Biogeochemical Cycling Systems Overview

Biogeochemical cycling is the global movement of elements between organic and
inorganic reservoirs and is essential for life (Brusseau, 2019). The most widely
understood cycles are those of the elements that make up the basic components of
organic life andare therefore the most abundant in biological systegtsogen

oxygen carbon nitrogen sulfur andphosphorugEmsley, 2001).

These biogeochemical cycles share fundamental factors. Firstly, the movement of
elements between different systems of the Earth, known as reservoirs. The major
reservoirs are the atmosphere, hydrosphere (oceans and water courses), biosphere
(organic matter pedosphere (the soil) and the lithosphere (outer crust) (Selley, 2005).
Secondly, the movement (or flux) of elements between these states through the
anabolism and catabolism of different molecules, is driven by the constant movement of
matter towardshtermodynamic equilibrium (Fig. 1.1) as well as energy from solar
radiation (Brusseau, 2019). Finally, biogeochemical cycles do not exist within a closed
system. They are deeply interlinked and act as feedback loops for each other, which

regulate the flux btween reservoirs (Selley, 2005).
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Solar Radiation
B
i Sedimenta ock

\ C
\j

Metamorphic Rock

Soil/Seent \

Radioactive Decay

Figure 1.1 A simplified diagram showing the flux of matter between the different reservoirs.
Processes shown are A: Evaporation and Precipitation B: Aquifer Recharge C: Heat and
Pressure D: Mding E: Weathering F: Nutrient Cycling G: Evapotranspiration H: lon
Exchange. Adapted from Jacobsainal. 2000. Background image licensed from ©
EUMETSAT/ESA.

Feedback loops are well known within the context of bodily homeostasis, for example,
increased blood glucose is detected by beta cells in the pancreas, causing the liver to
cease glucose production (Koes&al.,2003). This is an example of a negative

feedback loop, in which the output of one system reduces the output of another and are
critical to preveting tipping points in which positive feedback loapahere the output

of one system increases the output of andttievm accelering the formatiorof

products to a point that it disrupts the flux of other systems (Selley, 2005). Another
example is th@rp operon, ubiquitous in bacteria, that is repressed when the piioduct

tryptophani is plentiful (Oxendeet al.,1979). A key example of positive feedback in
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biogeochemical cycling is that of increased-@®the atmosphere from volcanic

eruptions or emissions from human activity. This causes heat energy from solar
radiation to become trapped in the atmosphere, warming the planet and increasing the
rate of evaporation. Water vapour is itself a climate wagngas, so increased water

vapour causes a warmer atmosphere and sadonfinitum,unless a negative feedback

loop counteracts it (Friedlingstein, 2015). Another example of a positive feedback loop
is the increase in ground cover by plants in respanssntperature. In the arctic zones,
seasonally increasing ground temperatures cause more shrubs to grow, which insulates
the ground and further warms it, perpéiug a cycle until counteracted by another

factor (Sturmet al.,2005).

The importance of biogeochemical cycles for life on Edhtbrefore camot be

overstated. As such, research that seeks to understand these cycles and their interplay is
critical to understanding the impacts of change to these systems andimyete

future effects of such changédants and microbes both rely on these systems for

survival, as well as maintain the existence of these cycles. For example, the role of
plants as sources okygenand sinks focarbonthrough photosynthesis is well

characterised (Austen & Zanne, 2015). Additionally, microbes sanfoxidising

bacteria are essential for inorganic cycling within the lithosphere (Andreals

2013). The work focuses on the biogeochemical cycliubsfir, and the roles of plants

and microbes therein.

The Sulfur Cycle

Importance ofSulfurin Biological Systems

As previously statedsulfuris one of the crucial elements in the basic molecules of
biological systemsSulfuris an abundant, nemetallic element with an atomic number

of sixteen and in its native form, found as octamer rings (Fig. 1.2).
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Figure 1.2 a) The atomic structure dfulfur. The nucleus contains 16 protons (red) and 16
neutrons (grey), with 16 electrons (blue) arranged in their valence shells. B) The characteristic
octatomic crystals of native cycl& (note that not all electrons are shown). Diagrams not to
scale.

Sulfuris typically found in deposits afalciumsulfate (CaS@) oriron sulfate(FeSQ),

as well as in its pure form, as the result of volcanic actividye to its high méhg

point of 115.21 °C (Kleine & Hurlbut, 1985). These deposits have been of constderabl
interest throughout history, due to their many uses. The flammable nature etijfure

was known to early Greek and Chinese civilisations, leading to its early designation as
brimstone and use in crude incendiary devices as gunpowder (Kutney, 2007). The

earliestArabo-Latin written practices of alchemy, that led to the mwddiscipline of

chemistry, were centred around the puri f]

crca7568 50 C. E.) and ités |likely that much
create gold from base metals derived from the purificationlts#tes to its native,

yellow form (Ragai, 1992). The productionsafifuric acid (HSQs) from sulfur dioxide

(SO) and wateii known as the Bell processvas also a driver of the industrial
revolutionin Europe as HSQu is a key component of oil and fertiliser refining

processes (Kutney, 2007).

Sulfuris extremely important in biological systems. It constitutes approximately 1% of
the biomass of any organism as a key component of preteditizsin the amino acids
cysteine and methionirieas well as amng as a cofactor (Sievert, 2007). Cysteine and
methionine are chiral zwitterions in water (Fig. 1.3). Cysteine is crucial for protein
tertiary and quaternary structure stability due tsutiur containing side chain (thiol)
forming strong covalent disulphide bonds with each other (Brosnan & &1p2006).

This occurs through an oxidation reaction:
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2 HO,CCH(NHz)CH:SH + 0.5 QY ( BCOH(NH:)CH,S), + H0

The resuing disulfide bonds, or bridges, hold differesgictions of the protein

secondary together to form the tertiary structure and are a critical part of the formation
of proteins with hydrophobic cores (Sevier & Kaiser, 2002). Methionine is theimgtia
amino acid for protein primary structuresainkaryotegN-formyl methionine in
prokaryote¥ because its hydrophobic side chain allows transfer RNA (tRNA) and
Eukaryotic Initiation Factor 22{F-2) to associate in the correct conformation (Drabkin

& Rajbhandary, 1998). This hydrophobic side chain is alseyacomponent of
hydrophobic cores (Brosnan & Brosnan, 2006).

H H
) PASN ) | _C
00C—C” Hz “SH 00C—C H2 ¢~ CHs
| | H2
NH3 NHs3
Cysteine Methionine

Fig. 1.3 Condensed structural formula diagrams of the amino acydseine and methionine.
Consistent with all amino acids are the negatively chargaxboryl group, the positively
charged amino group and chirality (exdiyg glycine). The key difference is in the R group,
with cysteine having a thiol group bonded to tipecarbon whereas methionine has a
methylatedsulfur bonded to thg carbon

Additionally, sulfuris a crucial cofactor in the movement of electrons through the

electron transport chain in mitochondiiia@n-sulfur (Fe-S) clusters are a singi®n

atom, surrounded by fosulfur-containing cysteine residues (Restdal.,2021). These

are found in complexes I, Il and Il of the electron transport clhagatedin the

mitochondrial matrix, where they are known as Rieske proteins (Retse1964).

Her e, they -tfuonrnne |6leilnegc tcrhoani ns & t hat pass e
FADH2 to NADH, and then to Ubiquinone (Reatlal.,2021). FeS also function as
intracellularoxygensensors in aerobic organisms, as they are highly sensitive to

changes in @ leading to changes in oxidation state that can trigger cellular cascades
(Crack & Le Brun, 2021).

Another important role is that of intracellular signalling compounds. These are mostly
derived from secondasulfur metabolism the compounds downstream of methionine
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and cysteine (Chaet al.,2019). In plants, glucosinolates trigger pathways to respond to
reactiveoxygenspecies and brassinosteroids mediate growth enhancement pathways
(Chanet al.,2019). In bacteria, cellulaulfurregulatesulfur-metabolism genes and
upregulates quorum sensing sensitivity @wal.,2021). Furthermore, the characteristic
smell associated witbulfur-based compounds is a useful signalling molecule to
macrofauna, such as the highly potent thiols produced by members of the Skuyk fami
(Mephitidag to ward off predators (Wood, 1999).

Thus, the metabolic acquisition sidlfuris very important to biological systems. It is

rarely taken up in its elemental form, lpmbkaryotesuch as bacteria and archaea can
use inorganic sulfates (9 through a series of enzymatically driven redox reactions
known as assimilation (Sievert, 2007). Inorganic sulfate derives from the releasg of SO
from sedimentary rocks by natural weathering, as well as industrial processes (Schafer
et al.2010). SQ oxidises to SGF when in contact with air, which deposited in the

oceans and back to earth as acid raub(®) or as aerosols, known respectively as wet
and dry deposition (Marchetto, 2021).

Consequently, the high importance of sulfateciokaryotesuch as plants drives a large
industry ofsulfur-based fertilisers (Jordan & Ensminger, 198)lfur-deficient soils

are characterised by decreased aerial and root growth, withered and yellow leaves
(chlorosis) and poor immunity against pathogens (Jordan & Ensminger, 1959). This is
due to the high metabolic demand $oitfur by plants to generate cysteine and
methionine, as well as the growtbgulaing vitamins bidin and thiamine (Beglegt

al., 1999) and defence compounds such as glycosides (Tabatalz2007). The

global demand fosulfur is anestimated 246 million tonnes, with increases predicted
due to increasingly fertilisentense agricultural practices to meet rising food demands
(Maslinet al.,2022).

Once depositeghrokaryotegake up S@, which induces a series of reduction reactions
that convert SG¥ through intermediates adenosine phosphosulfate (APS) and sulfite
(SGs?) to sulfide (%) (Sievert, 2007). This constitutes an evolutionary advantage for
theseprokaryotesas they can derive energy from oxidative phosphorylation that uses
the oxygenreleased from Sg5 reduction (Le Faoet al.,1989). The resting $

reduces either the amino acid serin®eacetylseringo produce cysteine and water or
acetate respectively (Soda, 1987). Cysteine undergoes a series of-einxyame

transulfurylation reactions with methane thiol (€&H) to produce methionine (Soda,
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1987) (Fig 1.4). Methionine is a precursor for the molecule of interest in this study: 3

dimethylsulfoniopropionate.
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Fig. 1.4 The biochemical assimilation efilfur by bacteria, convéing environmental free
sulfateto amino acids cysteine and methionine, via the intermediates shown as skeletal
diagrams. Reactions are grouped as follows: red ar@wasddation, green arrows reduction
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and yellow arrows transulfurylation. Adapted fromNVawrzydskaet al.2015 and Kettlegt
al.,2014.

Dimethylsulfoniopropionate

3 - dimethylsulfoniopropionate (DMSP) is a tertiary sulfonium compound; a zwitterion
(Fig. 1.5) that is one of the most abundant orgatior compounds found in the marine
envronment, with annual production in the ocean estimated at 2.0 petagrams (Ksionzek
et al.,2016). It was first identified in the red algBelysiphonia fastigiatén 1948
(Challenger & Simpson, 1948).

+ CHs

C
N
0=C H2 C~ CHs

o
Figure. 1.5 The Lewis Structure for DMSP, showing the positive charge at the megufur
end and the negative charge at the carboxylic acid end of the molecule.

DMSP is a major contributor to the glolzallfur cycle from the marine emonment

due to the sheer amountsaflfurit contains globally and its microbial catabolig¢see

below). It was generally thought that the largest proportion of DMSP produe@&sm
phytoplanktorrich surface waters (Ashet al, 2017), but more recent studies indicate
that deeper benthic waters and oceanic sediments, such as saltmarshes, contain large
amounts of DMSP (Chergt al.,2023; Cursoret al.,2018). Indeed, there aredars of
magnitude more DMSP in diverse marine sediments per unit volume than oceans,
especially in salt marshes potentially due to the abundar@geasina grasses that are

high DMSP producers (Dacey al.,1987; Steudler & Peterson, 1984; Williaetsal.,

2019).

DMSP is the major progenitor of the volatile, climatgive gasedimethylsulfide
(DMS) andmethan¢hiol (MeSH),whose oxidation products form cloud condensation

nuclei (CCN)i micrometer sized particles that provide a surface in the atmosphere for
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water to condense on and form vapour. DMS is produced by the enzymatic hydrolysis
of the bond between tlsilfurion and thecarbonbackbone in DMSP, through DMSP
lyase enzymes (Fig. 1.6). Some of this DMS is then released to the atmosphere, whilst
most is assimilated by marine microorganisms or further oxidised to dimethyl sulfoxide
(DMSO). Thus, DMSO is both a source and a sinkOiIS. DMS can be generated by
the reduction of DMSO through algal and bacterial anaerobic respiration, (Zindler
Schlundtet d., 2015). Of these fates, an estimated 90% is assimilated by marine
microorganisms. (Archest al, 2002; Kiene & Bates, 1990; Zubkeval., 2012).

MeSH is produced from the demethylation of DMSP to the intermediate
methylmercaptopropionate (MMPA), which is then reduced to MeSHa@mnahldehyde
(Kiene and Taylor, 1988; Taylor and Gilchrist, 1991). MeSH is extremely volatile, and
is considered likely to contribute to CCN, albeit in a lower proportion to DMS (Kiene
and Taylor, 1988; Taylor and Gilchrist, 1991).

The oxidation and hydrolysis of the cleavadfur dioxide (SQ) from DMSO to sulfate
(SO¥?) andsulfuric acid (HSQy) allows thesulfur cycle to cotinue by the formation of

acid rain (Sievert, 2007). The similarity in seasonal concentrations of oceanic DMS and
atmospheric sulfate suggest that DMS is the major contributor of sulfate particles to
acid rain, estimated at 40% of all atmospheric sulfatecpestbeing contributed by

DMS catabolism (Nguyeat al.,1992). Overall, the contribution of DMSP to the global
sulfurcycle is vast, with an estimate of 10% to glodafurflux (Simé & PedrosAlid,

1999).
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Figure 1.8 The fates of DMSP and the marirsellfur cycle. The mechanisms of cloud
condensation nuclei (shown in top right of figure) make up a relatively small proportion of the
fate of DMSP. The majority of marine DMSP remains in the ocean, assimilated by bacteria
(mid) or cycling between DMS and DMSO {@nleft). Figure adapted from Yo¢R002.
Background Image licensed ©Adobe.Pixelschoen. Phytoplankton: www.secchidisk.org.
Zooplankton: www.encyclopaediabrittanica.org/ FLPA/Alamy

Claw Hypothesis anBisputes

The generation of DMS from DMSP was proposed as a negative feedback loop, known

as the CLAW hypothesis (Charlsehal.,1987). The CLAW hypothesis proposed that
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CCN, derived from DMSP, i tngmoeasdaeradiatioa E ar 1

back to the Earth and causing decreased oceanic temperature. It was proposed that this
is a way for DMSPproducers to regulate their eronment (Charlsort al.,1987). This
hypothesis has been the subject of del#atarther study by one of tharincipal

authors suggésdthat the positive correlation between the concentrations of DMS
produced in the tropical South Atlantic, the atmospheric DMS and the condensation
nuclei particles is evidence in favour of the CLAW hypothesis (Andgeak, 1995).

However, the hypothesis has been criticised for being oversimplified by tieglec
othersulfurcompounds as CCN, the role of DMSO in the DMS production cycle and
the complicated roles and inducers of DMSP in marine organisms (Green & Hatton,
2014). Conversely, the hypothesis has also been criticised as ovetiagtiimna
importance of the marine microbial component, sugggshat the natural cycle of
cloud evaporation is enough to maintain CNN in the atmosphere without being driven
by biological DMS prodction (Shawet al.,1998). Both criticisms were expanded on in
a heawvily critical literature review of the CLAW hypothesis (Quinn & Bates, 2011). In
addition to suppding these previous arguments against the CLAW hypothesis, the
authors also state that microscopic analysis of CCN particles show that the primary
component is sea salt. They suggest that the CLAW hypothesis is now redundant
(Quinn & Bates, 2011).

One of theprincipalauthors even proposed the ANCLAW hypothesis, sting that it

was a positive feedback loop and that ocean warming will lead to decreased numbers of
phytoplankton, thus decreased DMS and CNN (Lovelock, 2007). Therefore, although
the importance of DMSP in mariselfur cycling has been established, the CLAW
hypothesis as the mechanism of explaining how the cycle is maintained is debateable, at

best.
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Roles of DMSP

There have been many roles proposed for DMSP. Although each proposed role has
evidence to support it, none have been definitively established. The hypothesised roles
are mostly based on the relative concentrations of DMSP found in cells grown under
different conditions. There are no knockout mutants to confirm these roles and in
bacteria where knockouts exist, no phenotypes have been established for mutants
producing no DMSP under any tested condition (Cuetal.,2017).

DMSP for osmorequlation/compatible solute

The most probable role for DMSP is as an osmolyte, or compatible solute, of marine
microorganisms. Structurally analogous to the known osmolyte glycine betaine (Fig.
1.7), DMSP counters decreases in cellular water potential by rapidly acdimgula
inside cells from the extracellular @aranment through synthesis or the activation of
channels. This triggers excess positively chaggmtium(Na") to be excreted through

ion channels and prevents water efflux (Kirst, 1989; Van Bergéig.,2010). This is

an important compensatory mechanism for microorganisms because they cannot
maintain turgor pressure through import of water directly into the cytosol (Kempf &
Bremer, 1998).

/C\ e < /C\ I
] H ]
O ’ 0 H
DMSP Glycine Betaine

Figure 1.7 The Lewis Structures for DMSP and Glycine Betaine, showing the homologous
structure of thecarboryl and adjacenj carbon but the replacement of threcarbonin DMSP
with an amino group. Both molecules have a positive and negative dipole.

The correlation between DMSP and salinity has been demonstrated or suggested in a
wide variety of marine organisms. Intracellular DMSP was found to linearly increase
with increasing salinities in green macroalgHietrix spp., Enteromorpha bulband

Acrosiphonia arctéut significantly more so ibJlva rigida andBlidingia minima
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(Karstenet al.,1992). Furthermore, iealgae collected from the Weddell Sea was found
to have significantly higher intracellular concentrations in samples collected from
hypersaline ice pockets compared to those in the open waterdkaist1992).

A variety ofalpha andgammaproteobacterian marine ecosystems have been shown

to produce DMSP (Cursaet al.,2017; Liao & Seebeck, 2019), and its sheer abundance

in marine and coastal systems might indicate its use as an osmoprotectant. In samples of
the Alphaproteobacteria, Labrenzia aggregatallected from the Chiangjiang Estuary

and the East China Sea, intracellular DMSP concentrations were shown to significantly
increase along with salinity (Liet al.,2021; Suret al.,2021). Genes associatetth

DMSP were also found to be transcriptionally upregulated along the salinity gradient,
indicative of an osmoprotectant role (Satral.,2021). Direct manipulation of salinity

also shows similar results. For example, radiolabéfedMSP was added to sea

water samples containing a mixture of marine bacteria. It was found through liquid
scintillation couting that bacterial uptake of DMSP increased with salinity (Metard

Coté & Kiene, 2015). However, it is worthting that the filtration methods may not

entirely exclude other marine organisms in this study. Bacterial growth can also be used
as a proxy measurement for the effect of DMSP. A stud)ilmio species showed that
increasing DMSP proportionally increased the growth rakélnfo parahaemolyticus

at 6% NacCl, and the addition of DMSP compared to atreated control significantly
increased the rate at which exponential phase was reached in saline conditions (Gregory
et al.,2021).

Multiple studies have indicated that DMSP functions as an osmoprotectant in diatoms.
For example, increasing salt concentrations from 35 practical salinity units (psu) to 70
psu resulted in an 85% increase in intracellular DMSP concentratiénagiariopsis
cylindrus(Lyon et al.,1996) and from 11 psu to 44 psu and increase of more than
5000% inCylindrotheca ClosteriuniVan Bergeijket al.,2010). Furthermore, in a

study of diatom rich mucus ropes produced by-feghing corals, the authors showed
tha these complex assemblages of exudate and diatom species produced up to 120 nmol
DMSP (Broadbent & Jones, 2004). The authors concluded that these elevated levels
were likely to be the result of diatom activity concetmigain the mucus layers at low

tide. An indirect approach is to measure gene expression of those involved in DMSP
production. A study of the temperate marine dialidmalassiosira pseudanashowed

that SAMsynthetase expression increased byf@® when salinity was increased,
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leading to a 3.80ld increase in SAMdependant methyltransferase, the first step of the

methylation pathway for DMSP synthesis (Ke#teal.,2014).

There is some tenuous evidence that-feehing corals have also been shown to
produce DMSP to levels suggestive of osmotic functions. A study of Cnidarian corals
from the Great Barrier Reef showed that members of the stony coral fAeribpora
produced between 3713341 fmol DMSP per photosynthetic cell, determined by
methanol extraction (Broadbeeit al.,2002). The authors deemed this to be an
osmotically significant level, although it is worthtimy that no threshold of osmotic
significance was ated. A study of dominant osmolytes by HPLC within corals
containing endosymbioti8ymbiodinium spmlinoflagellates from the Hawaiian coast,
determined that all species contained betweeni03L28 mmol.kg DMSP, which was
not detectable in the symbieteee control (Yancegt al.,2009). However, the authors
noted that these were relatively low amounts compared to other osmolytes, such as
glycine betaine (32.768.6 mmol.kg") and suggested that it might have other primary

cellular functions.

Many of the higher plants shown to produce DMSP are halotolerant to varying degrees.
Thus, it seems likely that salinity induced DMSP production to function as an osmolyte
like its nitrogerous compound glycine betaine.Nh biflora, increasing salinity to 400

mol nT® was positively correlated with the concentration of DMSP (Stetey.,1993.

It was further shown that increasing the salinitvinbiflora more specifically resulted

in increased DMSP accumulation at the chloroplasts, stigged3MSP functions as an

osmolyte to defend photosynthetic processes (Tressdt 1998).

The relationship between DMSP and salinityspatina spp.has less support, with
laboratory studies showing that salinity had no effect on DMSP producttn in
alterniflora but that there was an inverse relationship betwéengensupply and

DMSP concentrations in the leaf tissues (Coletal.,1995; Mullholland and Otte,

2000; Stefels, 2000). The authors suggested that this may be because of the significant
increase in glycine betaine detected reducing the requirement for DMSP as on osmolyte.
This would be contrary to studies in marine phytoplankton, which found that DMSP
concentrations were significantly higher the glycine betaine such that soffade

between the two osmolytes is not supported (Kelled.,1999). However, as glycine
betaine is a more dominant osmolyte in plants than DMSP (Pere¢k2009), it is

possible that a reciprocal relationship between glycine betaine and DMSP may exist in
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plants. However, one of the studies also found that DMSP concentrations were
significantly increased in the root tissues in response to increésagen(Mullholland

and Otte, 2000). The authors speculate that DMSP is translocated from the leaf tissues
to the root tissues, based on the localisation of DMSP to chloroplasts (Eakat

1998). This may be because the root tissues are the first exposed tissues to osmotic

stresses in the soil.

Furthermore, the lack of suppimig data from plants in their natural soil conditions
makes these conclusions somewhat reductionist. It is unknown whether other soll
components might affect the production of DMSP or what role rhizosphere
microorganisms might have on the relationship betvwiteogenavailability and DMSP
production. DMSP production has been reported to increase in response to drought in
M. biflora, Arundo donaandS. lycopersicuniStoreyet al.,1995; Haworttet al.,

2017; Catolaet al.,2016), suppding the theory that it has an osmoprotectant function.

DMSP for cryoprotection

Broadly related to osmotic protection is DMBRunction as a potential cryoprotectant.
DMSP concentrations have been consistently shown to be higher in polar species of
macroalgae than tropical or temperate (Biscko#il.,1994; Karsteret al.,1992; Kirst

et al.,1991), suggdsg an evolutionary advantage in freezing conditions. In addition,
Extracted DMSP from the polar macroalgaearctawas shown to stabilised bacterial
extracts of the enzyme lactatehgdrogemse during freezing and thawing (Karsetn

al., 1996). This suggests that DMSP may have a cryoprotecant function in macroalage,
however this method has limited usefulness for determining the scope DMSP as
cryprotectant within a bacterial cell. Although in bacteria, other compatible solutes have
been shwn to protect agast cold stress, such a glycine betainBacillus subtillis
(Hoffman & Bremer, 2011), there is no evidence to suggest DMSP has a similar

function.

In diatoms, the same study that determined DMSP increases in tioe siéaomF.
cylindrusin hypersaline conditions also noted that the DMSP concentrations
significantly increased in the sé& species compared to temperate species (eyah,
2011). This may suggest that DMSP is upregulated by multiple conditions, including
freezing. In phytoplankton, it has been suggested that DMSP can act as an antifreeze
compound lowering the temperature at which the cytosol freezes (Kirat,,1991).

Anotherstudy investigng the effects of méhg sea ice on DMSP concentrations in
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Phaeocystis antarticahowed that there was significantly more intracellular DMSP in
samples from sea ice than other marinarenments (Kameyamet al.,2020).
However, they attributed this to the hyysaline channels within the sea ice and that

DMSP acted as an osmoprotectant, rather than a cryoprotectant.

There is no direct evidence to suggest that DMSP has a cryoprotectant function in
higher plants, although in their review of DMSP in higher plants, €t suggest that
based on the distribution &f alterniflorain the northern hemisphere to regions as close
to the arctic as Newfoundland, it may have some benefit in maintaining cellular
integrity in response to freezing (O#eal.,2004). Therefore, DMSP as a plant

cryoprotectant is considered speculative and there is no research to confirm this.

DMSP as an antioxidant

Another protective role of DMSP and its catabolites are against oxidative gtitess.
subjected to solar radiationydrogenperoxide and high concentrationsomipperions

to induce hydroxyl radicals, it was found tlathuxleyihad between-a5-fold more

DMS per cell volume than controls (Suretaal.,2002). The authors suggested that
DMS andacrylatecan scavenge hydroxyl radicals. This is supported by the increase in
intracellular DMSP when cultures of the same species were exposed to dirécaity/
UV-B radiation, compared to an unexposed control (Slezak & Herndl, ZD@3kame
study that investigated the effects of salinity on various macroalgae also showed that in
all species, intracellular DMSP concentrations were higher in samples exposed to 55
photons.mol.if.se¢® compared to those kept in the dark (Karsteal.,1992). This
suggests thddDMSP has a protective role against fradicals generated by
photooxidation. The mitigation against damage by reacttygenspecies (ROS)
generated in response to UV was also demonstrated in the high producing
phytoplanktorPhaeocystis globosndHeterocapsa triquetraBoth phytoplankton
produced significantly higher intrehlorophyll DMSP and suffered less cellular damage
by lipid oxidation products than the low DM&PoducerSkeletonema costatum
(Gypenset al.,2020).

The Symbiodiniundinoflagellates found in the mantles of Giant Claifrsd@acnid spp).
are also proposed to produce DMSP as an antioxidant. Methanol extraction showed
intracellular DMSP concentrations to be significantly higher compared to molluscs
without symbionts (Hillet al.,2016). The authors also noted that within the same

species, DMSP concentrations were higher in the mantle tissues (37.4mol.g
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compared to the gills or adductor muscles (33.3 pmag 4.4 pmol.g,
respectively). They suggest that this is because DMSP has antioxidant properties that
protect against ultraviolet (UV) radiation stress (ldtlial.,2016).

In their review of the role of DMSP in corals and the ecological effects thereof, Jackson
et al suggest that corals are more likely to produce DMSP as an antioxidant (&ckson
al., 2020), owing to the higher quantity of research showing DMSP is upregulated in
response to bleaching, thermal and UV stress. For example, thé&caypbra

millipora was also found to have inversely correlated intracellular DMSO and
extracellular salt concentrationsvith decreased salt concentration leading to the
productionof singlet oxide radicals that are scavenged by DMS, treguh DMSO
(Gardeneet al.,2016). Also, previously mentioned, in their study of dominant
osmolytes in corals (Yancey al.,2009), the authors note the levels of DMSP

compared to other intracellular osmolytes is significantly lower, and suggest it is
produced for other cellular functions. Furthermore, headspace analysis of volatile
organic compounds (VOCSs) in mucus fréoropora asperavere inversely correlated

with dissolvedoxygenlevels (Swaret al.,2016). The same species was shown to have
significantly increased concentratiooSDMSP when nubbins of the coral were treated
as follows: increased temperature, direct sunlight and exposure to air compared to the
control nubbins (Deschaseaeixal.,2014). Nubbins exposed to increased salinity
showed no significant differences, leading the authors to conclude that intracellular

DMSP in coral has an antioxidant, rather than an osmotic, effect.

High concentrations of DMSP and DMSknthesis enzymes are localised to
chloroplasts and mitochondria in higher plants, as well as in macroalgae (Karaten
1992; Trossaet al.,1998). This supports the theory that DMSP protects against
oxidative stress, as these organelles generate reagtigenspecies (Otet al.,2007).

DMSP as a chemoattractant

Free DMSP in the marine enenment ha been shown to attract bacteria and
bacterioplankton (Milleet al.,2004; Seymouet al.,2010). It is suggested this is due to
thesulfur content, that gives it a strong odour. It has also been demonstrated that
Roseobactespecies associate with DMSP producing dinoflagellates (Miller & Belas,
2004). This is potentially due to tiRoseobacterability to detect DMSP or
downstream products and for DM$Rtabolsing bacteria, this confers an evolutionary

advantage. A laoratory study using isolates from the Northwest coast of the USA also
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found that the addition of 20 & Mp&MSP t
species caused betweenZ8% reductions in ingestion of the prey species by the
predator compared to a control (Fredericksbal.,2009). Additionally, Motile
phytoplanktorDunaliella tertiolectaandMicromonas pusilldnave been shown to move
towards high concentrations of DMSP in seawater (Seyetaair,2010). DMS is also
reported to be a chemoattractant in the heteroptrophic bakteadigenesstrain M3A
andVibrio alginolyticus the latter using high DMS concentrations to locate marine
algae of which they are pathogens (Amsler and lken, 2001).

Furthermore, the unique odour of DMS acts as chemoattractant macrofauna. Firstly, to
Procelliform seabirds that graze on the zooplankton that congregate around DMSP
releasing phytoplankton, such as Albatrosses, Petrels and Shearwaters ¢Balipca
2016). It is also a key component of the characteristic cdigsemell of the Dead

Horse Arum Helicodiceros muscivorjswhich attracts carrion flies in the family
Calliphoridaeas pollinators (Stensmyt al.,2002). Finally, the Black TruffleTuber
melarosporun) generates DMS as part of the complicated cascadetofgna

pheromone release and has been shown to be the primary compound bgig#hésid

dogs locate said delicacy (Taletal.,1990).

DMSP as a grazing deterrent

Almost in opposition to its role as a chemoattractant, both DMS and DMSP are reported
to be grazing deterrents in marine organisms. It seems that the product of DMSP
catabolism that confers a deterrent effect varies depending on the pradstor

interacton in question. On one hand, a laboratory studyntgghe effect of additional
acrylate DMS and DMSP on the grazing behaviours of three dinoflagellates and a
ciliate onE. huxleyishowed that all four predator species had their feeding inhibited by
theaddition of DMSP, whereas DMS aadrylatehad no significant effects (Stroet

al., 2003). The inhibitory effect of DMSP was determined to be bedausexleyi

releases DMSP on cell lysis and in response to mechanical stress from grazing (Wolfe
and Steinke, 1996; Wolfet al.,1997). Howeveracrylateis a toxic compound and
acrylatederived from DMSP catabolism has been shown to protect the marine
bacteriumPuniceibacterium antarcticurinom the ciliateUronema marinunfTenget

al., 2021).Acrylate concerrations were positively correlated with intracellular DMSP,
and membrandound DMSPlyase enzymes, causing the ciliate to shift towards preying
on bacteria that did not contain DMSP (Tetal.,2021).
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Similarly, to phytoplankton, DMSP has also been proposed as grazing deteB8ent in
alterniflora, although there is little experimental evidence to support this theory. A
study looking at the effects aftrogerous fertilisers irs. alternifloraincidentally
noticed that plants treated witlitrogenproduced less DMSP and were more likely to
be consumed by rats than those that were untreatedetGiite2004), but these findings
were never followed by any experiments on the effect of DMSP and rat grazing
behaviours. The same school of thought that suggests DMSP degradatioylate
would act as a grazing deterrent in macroalgae (Van Alstyne and Houser, 2003) has also
been proposed for higher plants (Giteal.,2004). In their review, the authors suggest
that degradation of DMSP to DMS aadrylatewould also deter herbivores from
grazing on the leavelpatina (Otteet al.,2004).

DMSP as autrient source

DMSP may also function as a nutrient source for marine microorgartimestimated
that between 390% of dissolved DMSP is immediately metabolised by marine
bacteria, depending on season and other biogeochemical parameters (Syahour
2010). This is likelybecaus®MSP is an easily accessible sourcearbonandsulfur,
and the sheer abundance of bacteria that contain Ddd&Polism genes supports its
importance as a nutrient (Cursehal.,2018; Suret al.,2021). It is also an essential
source ofsulfur, and a secondary sourceaairbon for SAR11 marine bactex;j that lack
the necessary suite of genes to otherwise assirsiite (Tripp et al.,2008). It is
estimated that DMSP constitutes 13% of the marine bactariabnload in surface
waters (Kieneet al.,2000).

A suggested function of DMSP in the Prymnesiophyte Blggoecystis spps that of a
storage molecule to sequestarbonandsulfur (Keller et al.,1989). High intracellular
concentrations of DMSP up to 260 mM were found inPhaoecystis globose

suggesing that considerable amounts are produced and retained (&tedlkr1989).

DMSP was also found in the secretory vesicleB.adntarticaand it was suggested that
they are released in regulated quantities to condense the excreted mucous that holds
phytoplankton blooms together (Orellagtzal.,2010).

DMSP has also been proposed as a sink for excdfss in higher plants, which is toxic
as it inhibits cytochrome c oxidase of the electron transport chain (Laters2013).
This would enable the plant to maintain a balancgutitirandnitrogen(Mullholland
and Otte, 2000). A study showing that DMSP production increased with higher
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concentrations of sulphide # anglicaconcluded that this was due to its function a
sulfursink (Diggeleret al.,1986). However, a later study suggested that the increased
DMSP concentration in plant tissues were
growth had been stunted by the excasdfur, this was insufficient evidence to

demonstrate DMSP functions as a sink (Otte and Morris, 1994).

DMSP Biosynthesis

DMSP-producing phytoplankton

Phytoplankton are widely regarded as the most important and prolific DMSP producing
organisms but the levels of DMSP they produce varies depending on the organism.
Haptophytes are generally considered to be high producers of DMSP as are
dinoflagellates (Miler & Belas, 2004). Of the haptophytes, the prymnesiophytes
Emiliania huxleyiandPhaecystis spmare major producers in estuarine and coastal
waters (Thariattet al.,2019; Yoch, 2002; McParland and Levine, 2017), producing
between 10800 mM DMSP crif cell volume (Keller, 1989). Dinoflagellates such as
Crypthecodinium cohnare also high producers in surface waters, with intracellular
DMSP concentrations measured at 376.9 mM DMSP ceil volume (Keller, 1989).
Furthermore, a bloom of the dinoflagell&kashiwo sanguineia 2016 resulted in the
highest DMSP concentrations recorded from a marine sample (&iehe2019). In
contrast, diatoms are generally thought to produce and accumulate low levels of DMSP
e.g.,Cylindrotheca closteriumh u p t o “Bféundccimuledp behthic regions of the
ocean (Bergiejlet al.,2003) andNitzschia frigida(1.7 pg celf) found in lower layers

of Arctic ice (Levasseuet al.,1994).

Thus, there is vast variability in the DMSP levels made withing these diverse algae.
Mostalgae are thought to utiligketransamination pathway due to experimental work
done in Rhodest al.,(1997) where representatives of these algae were shown to
accumulate the key DMSHB intermediate of the transamination pathway. Furthermore,
more recent work has showmost ofthese algae with genomic or transcriptomics
resources to contaiSYB and or TpMMT, diagnostic enzymes of the transamination
pathway (Cursomt al., 2018). Until any genes or enzyme are identified in the
decarboxylation pathway, (see below), it is impossible to predict how widespread this
pathway is in organisms. Given the high diversity of DMSP biosynthesising organisms
in the marine envonment alone, it is highly unlikely that this pathway is isolated to just

to the dinoflagellat€. cohnii
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DMSP-producingMacroalgae an@orals

Other DMSP producers include corals and macroalaeh are again predicted to
utilise transamination pathway on account of the transcriptomes containing the key
transamination pathway reporter getysB(Cursonet al.,2018; Gagest al.,1997).

Reef building corals are a symbiotic partnership between Anthozoan polyps and
intracellularSymbiodinium spminoflagellates. DMSP assays of polyp fragments
showed a range of DMSP concentrations, froni 560 nmol DMSP per polyp (Yost
and Mitchelmore, 2010). Both symbiotic partners appear to be able to synthesize
DMSP, depending on the species involved. Whenutated withSymbiodinium
bermudensghe anemondiptasia palidapr oduced an average of
freshweight DMSP compared to uninoculaggegmones that had no detectable DMSP
concentrations (Van Alstyret al.,2008). However, a later study showed that juvenile
polyps in species lackin§ymbiodiniunpartners Acropora milliporaandAcropora
tenuisi produced between 126 nmol n¥ DMSP (Rainaet al.,2010).

As previously mentioned, DMSP was first discovered in mage@a commonly known

as seaweed, and indeed the transamination pathway was also discovered in these
organisms (Rhodest al.,1997). The red algdeor rhodophyté Polysiphonia hendryi

has been shown to produce betweer(0426 fresh weight, whereas multiple species of
chlorophytes have been shown to produce significantly higher volumes of DMSP,
ranging from 0.181.68% fresh weight (Van Alstyret al.,2001). Brown algaé or
phaeophyte$ have aso been shown to produce DMSP, but at significantly lower levels
than other species. For examptecus vesiculosusas shown to produce DMSP at an
average of 0.033% fresh weight (Sa&tal.,2012). The DMSP synthesis enzymes

within these organisms have not been elucidpétd

DMSP producing Higher Plants

Compared to marine microorganisms, a relatively small number of higher plants have
been shown to produce high concentrations of DM initially it was only shown in
three taxonomically unrelated genera (Fi@):1Saccharum officianarum, Sgara and
Melanthera bifloraproducing betweef-70 umol g* DMSP (Hansoret al.,1994; Otte

and Morris, 1994; Paquet al.,1994).Prior to this thesis no gene/or enzymes for

DMSP synthesis had been identified in plants. Later studies have discovered other high
producing plants, such as aquatic Neptune gRasidonia oceanigawhose leaves

were found to contain between-265 ug g fresh weight (Richir, 2020). Subsequent
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Chapter 1Introduction
research has found a wide variety of flowering plants, that produce DMSP, albeit at two

to four orders of magnitude lower than that of the four highest producers. These include
crop plants, such as Maiz&ga maysand TomatoesSplanum lycopersicunfAusma

et al.,2017; Catolaet al.,2016). Much work needs to be done to see if these plants
contain the primary genes to allow them to synthesize DMSP. Due to the complexity of
plant genomes compared to that of microorganisms, it is also entirely possible that
DMSP might be a byproduct from the secondary activity of genes not primarily

associated with DMSP biosynthesis.
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DMSP synthesi®athways

In the photic zones of the ocean, the primary producers of DMSP are thought to be
eukaryotic marine phytoplankton. These can be divided into four major classes: the
green algae and the microalgae (diatoms, dinoflagellates, coccolithophdwesisgy
difference between these microalgae is the composition of their cell walls: diatoms are
silica based, dinoflagellates are cellulose based and coccolithophores have calciferous

exoskeletons (Lalli and Parsons, 1993).

Three major pathways for DMSP synthesis have been proposed GidMISP
abundance was thought to globally increase 250 million years ago, with the emergence
of DMSP producing dinoflagellates and the pathways diverged broadly in two families;

40



the green methylation lineage containing higher plants and the red transamination
lineage containing algae, diatoms and bacteria (Bukbek.,2017). However, it is

worth nding that this hypothesis does mansiderthe comparatively understudied
decarboxylation pathway.he methylation pathway associated with higher plants
splitting into two different proposed pathways and bacteria using it instead of the more

typical transamination pathway (Willianes al.,2019).
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Figure 19: Summary of DMSP pathways: the products, genes (italicised) and reaction type.
Green arrows represent the methylation pathways used by higher plants (pathway 1 used by
Melanthera biflorand pathway 2 used ypatina sppand Saccharum spped arrows

represent the transamination pathway used by macroalgae, diatoms and bacteria and yellow
lines the unknown pathway used by the dinoflagell@mypthecodiniurAdapted from Williams

et al.2019.
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The Transamination pathway

The transamination pathway was initially identified using pulse chase experiments and
radiolabelled?®S methionine in the green macroalgiea integinalis, to determine the
intermediate metabolites in this pathway (Gagal.,1997). The isolated intermediates
were analysed by mass spectrometry. The authors determined that the amine group of
methionine is transferred tohgdrogenatom donated by NADPH to generate ammonia
and replaced by asxygenatom in a transamination reaction, réisig in the unstable
molecule 4methylthio2-oxobutyrate (MTOB). MTOB is rapidly reduced te 4
methylthio2-hydroxybutyrate (MTHB), (Dickschadt al.,2015; Gagest al.,1997).

MTHB is methylated to 4dimethylsulfonio)2-hydroxy-butanoate (DMSHB) by a&
adenosinanethionine (AdoMet) dependent MTHRBBethyltransferase enzyme. This is

the rate limiing and first committed step of the pathway (Cursbal, 2018).

Furthermore, it is the only step for which genes/enzymes have been identified, see blow.
The final step of the transamination pathway is the decarboxylation of DMSHB to
DMSP, with the first enzyme ratified for this step found recently in th@blaizterium
Gynuella sunshyii, termed [3YD (Wanget al.,2023). Through radiolabelling

experiments, it was determined that this final step of the pathway is also a committed
step (Gaget al.,1997).

There are multiple gene/enzymes identified for the MTHB&hyltransferase enzyme

but only one other gene/enzyme of the transamination pathway. Additionally, there are
no genes linked tBsyBexpression, either up or downstream, elucidated. The first of
these waslysBidentified in the marine alphaproteobactdrébrenzia aggregataand
subsequently in ~ 100 other marine alphaproteobacteria (Curson et al., 2017).
Incidentally, that seminal study was the first to show that bacteria could produce DMSP.
BLAST analysis of théSYB protein showed homologues in marggkaryotes

including in most dinoflagellates, haptophytes and corals and some diatoms (€urson
al., 2018). More recently an isoform MTH8methyltransferase was identified in the
diatomThalassiosira pseudonapand termed TpMMT (Kageyane al.,2018).
Consequently, the presenceldyBalone is considered sufficient to positively identify
DMSP producing species. Relevant to this project, none of these N6(THB

methyltransferase genes are found in any plant genomes or transcriptomes.

Recent studies have also demonstrated that DMSP is produced by a small proportion of

marine and coastarokaryotegFig. 1.9), such a®ceanicola batensisave been shown
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to produce DMSP and cleave it to generate DMS in the East China Sea (€uakon
2017). Of these, some species suck.dsuxleyiandLabrenzia aggregathave been
shown to contain botBsyBandknown DMSP catabolic enzymes, suchAdsmaland
dddL, respectively (Johnstaat al.,2016; Zhonget al.,2021). Since the recent
identification of DMSP producing bacteria in notahlyaggregataa recent study
established procedures to enrichif@nd isolate such bacteria from a variety of
envronments soures, most relevant to this study, salt marsh sediments (Wilkhas
2019).Novosphingobium spmas shown to produce DMSP in salarsh enironments
(Williams et al, 2019). Furthermore, Gammaproteobacteria artth@loacteria, such as
Halomonas spandAggrococcus spespectively also produce DMSP in marine
envronments (Liao and Seebeck, 2019; Williamslet2019). Fasciriangly,
Novosphingobium sppackedDsyBin their sequenced genome, which supports the
hypothesis of their containing a tiirct DMSP production gene/enzyme and/or pathway
(Williams et al.,2019).
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The Methylation Pathway

The methylation pathway found in some bacteria is the only ratified DMSP production
pathway found in plants. However, there are two variations on the pathway proposed
(Fig. 19).

The first intermediate of the methylation pathway (Fi§) tvas determined to be S
methylmethionine (SMM) in botM. biflora andS. anglicaby isotopelabelling studies.
Using“C, pulsechase experiments showed a kinetic pattern consistent with the
methylation of methioninéTab 1.1) The product was determined to be SMM through
Fast Atom Bombardment Ma§pectrometry (Hansaoet al.,1994; Kocsist al.,1998).
Similar techniques were used to determine the next steps in the pathSvagniglica

but using®S as the radiolabelled element. Through this, DM8fne was determined
to be the next intermediate (Kocsisal.,1998). The enzymes-@ethylmethionine
decarboxylase (SDC) and DM&itnine oxidase (DOX) were proposed following a
series of radiolabelled enzyme assays that showed these enzymes had significantly
higher activity inS. anglicawhen supplied with methionine comparedstopatens

which does not prodecDMSP (Kocsis and Hanson, 2000).

SDC was identified following the measurable release of iGlwing the conversion

of SMM to DMSRamine. The enzyme activity was assayed using-Lhyer
Chromatography (TLClo detect conversion of SMM to DMS&mine. DOX was

proposed based on the high rate of conversion from DifSiRe to DMSPaldehyde

and the increase in DMSP concentration when NADP was added. The enzyme activity
was characterised using fractionation assagetermine the volume of DMSP

aldehyde extract produced. The final step ingathway, BADH or DDH, was

determined by iorexchange chromatography and TLC to follow the conversion of the
conversion of DMSRldehyde to DMSP (Trossat et al., 1296
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Table 1.2 Summary of parameters for each enzyme in the Methylation pathway baséelamthera biflodfar MMT and DDH, Spatina alterniflordor SDC and
DOX (Jamest al.1995; Kocsis and Hanson, 2000; Trosskal.1996). The cofactors and inhibitors listed are those that resulted in the greatest increase and
decrease in activity, respectively.

Enzyme Specific Activity (pmol Vmax (nmol mintmg! Optimal Conditions Cofactor Inhibitor
h mg? protein) protein)
MMT | 3.9 0.1 (nkat mgl protein) pH 7.2 Cysteine N-ethylmaleimide
25 ecC (NEM)
SDC | 23.9 0.28 pH 7.2 Pyridoxal5 -®hosphate = Ornithine
23 eC (PLP)
DOX/POP2 10800 0.37 pH 8.0 U ketoglutarate Glycolate Oxidase
23 eC
ALDH/BADH/DDH1/DDH2 @ 99600 76200 pH 7.0 NAD/NADP 2- Aminobutyraldehyde
25 eC
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However, inM. biflora the same experiments that determined SMM to be the first step
in the pathway also showed that there was a significant level of interconversion between
methionine and SMM, and thaverall,the DMSP production pathway did not produce
high concentrations of DMSP (Hansenal.,1994). As the intermediates associated
with decarboxylation of SMM were not identifiedMh biflora, the researchers used

15N labelled methionine to identify downstream products. They determined that the
amino group of SMM derived fro the radiolabelled methionine was predominantly
incorporated int@lutamate (Rhodest al.,1997). The presence of radiolabelled
glutamate is consistent with a transamination reaction, leading them to propose the
alternative pathway dfansamination restihg in 4DMS-2-oxobutyrate (DMSOB) as

the intermediate (Fig. 9). The radiolabelling and pulssthase experiments had been
used to determine that DMS#dehyde was the final intermediate product in the
methylation pathway (James al.,1995). The researchers concluded that the next step
in the pathway to get from DMSOB to DM&#dehyde must be decarboxylation
(Rhodeset al.,1997).

The methylation pathway, identified in plants, was also recently found to operate in
diverse bacteria (Liao and Seebeck, 20/@tiams et al, 2019). In these bacteria,
SMM was found to enhance DMSP production and not transamination pathway
intermediates. Some mariagphaproteobacteria such asNovosphingobiumand
adinobacteria such asStreptomyces mobaerensisere found to utilise this pathway
and enhance DMSP production under raised salt conditions (Liao and Seebeck, 2019;
Williams et al.,2019) Homologues to the plamimtwere identified in the genomes of
these diverse DMSProducing bacteria at 2680% sequence homology levelsnont
from Melanthera biflora(a plant known to produce DMSP) (Liao and Seebeck, 2019;
Williams et al.,2019). The corresponding geneNonvosphingobiumand
alphaproteobacteridlhalassospira profundimariwas designatechmtN(Williams et

al., 2019) andnmtN were shown to no longer produce DMSP. The bactematN
sequences are shorter than their plant homologues, singgbst they have evolved
independently (Williamet al.,2019).

Importantly, nmtNin S.mobaerensiandNovosphingobiurare linked to genes that
encode the enzymes for the downstream steps in DMSP synthesis via the methylation
pathway (Fig. 1.11). These clusters of genes, or operons, indicate that each step of the

DMSP biosynthesis pathway are regulategbrdinately The other genes in these
47



operons are one of the criteria that determines homtti&l genes are divided into

three groups (Pergf al.,2022). In reverse order, Group Il are largetN sequences,
more than double the length of masttN sequences, that are commonly found in
plants. Group Il are those found in the following organisms, that whilst functional are
not predicted to produce DMSP: the arch@aadidatus Woesearchaept@andidate

Phyla Radiation (CPR) bacteria, and the ro#dimeta steineriFinally, Group |
comprisesll remainingmntN genes, split into subcategories based on the presence or
absence of the nambosomal peptide synthesis gene within the operon (Beab,

2022).

Indeed, these enzymes fr@®nmobaerensise r e s hown t olchtalwice 80 ¢
activity when expressed . coliand a mutation in th€halassospira profundimaris

mmtNgene significantly knocked down DMSP productibheseMmtN enzymes are

classified depending on the mettadceping atom, within the substrate and comprise

O-, N+, G, andSdirected methyltransferases (Liscondtel.,2012). Of these, th&

methyltransferases will be of interest in futarapters.
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Fig. 1.11: Gene maps showing genomic locationspoftNin selectednmtNcontaining bacteria. The species names of the bacteria are indicated with their strain
identifier. ThemmtNgene is shown in orange within the operons. Grey arrows indicate genes that are not currently known or predicted to bedinv@SP
synthesis. Gene are to scale. (Williaetsal. 2019).
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Most recently these genes encoding DM&BRine aminotransferase and DMSP
aldehyde deydrogemase fromStreptomyces mobaraengisao and Seebeck, 2019)
were found to be part of a neibosomal peptide synthase producing DMSP as an
intermediate in the production of a virulence factgpathogenic betaproteobacteria
Burkholderia(Trottmanet al, 2020). This first demonstration of DMSP as an
intermediate in toxin production, also identified novel SMM decarboxylase)(&nd
Met Smethyltransferase (BB) enzymes confined toBurkholderia,and proposes that
DMS is produced during the production of the cyclopropanol warhead (Troéinaun
2020).

The Decarboxylation Pathway

There is a putative decarboxylation pathway potentially used by the dinoflagellate
Crypthecodinium cohniiThe first step of the reaction was determined by r&rditing
experiments to be an oxidative decarboxylation viadthionine decarboxylase
conveting methionine into 3methylthiopropanamine (MTPA). This enzyme was
purified fromC. cohniiextracts but its identity is unknown (Kitagu@tial.,1999). The
final intermediate was predicted to ben3ethylmercaptopropionate (MMPA)
(Dickschattet al.,2015), but this has not been ratified and it is unknown why MMPA
was predicted. It is noteworthy that the transcriptom@.afohniicontains fiveDsyB
homologues, therefore this mechanism of DMSP synthesis requires further study
(Cursonet al.,2018).

DMSP Transport

DMSP transport is largely unknown in organisms other than bacteria. Within bacteria,
the type of transporter used to move DMSP into and out of cells varies depending on the
species. There are two main types of transpefteDMSP; the ATPbinding cassette
proteins (ABC) and thbetainecarnirtine-choline transporters (BCCT). ABC

superfamily proteins are ubiquitous transmembrane proteins that require energy in the
form of ATP to move molecules against their concentration gradient fRees2009).
Theseproteins have a highly conserved obligate dimer structure of substrate binding
domains for the molecule of interest, hydrophobic cores spanning the membrane and an
intracellular nucleotide binding domain that dephosphorylates ATP (Dicksthht

2015). The DMSPspecific transporter DpXWYV, first identified inRuegeria pomeroyi

was found to be an AB@ansporter through structural analysis€Lial.,2023). The
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substrate binding domainNIPX is found in bacteria across the globe, suggggshat
DmpXWV type transporters may be the most widespread Dil&#sporter in pelagic
bacteria (Liet al.,2023). Furthermore, downstream of DM§@se genesBukholderia
ambiferiaencodes ABC transporters predicted to transport DMSP €8ain, 2012).
Additionally, osmolytespecific ABC transporter®puB and QouC in Bacillus subtilis
were also shown to have a high affinity for DMSP, amongst other compatible solutes
(Teichmanret al.,2017).

BCCT superfamily proteins specifically transport osmolytes across cell membranes as
symporters, moving the substrate against the concentration by coupling the movement
to a molecule moving with the concentration gradieat antiporters that move two
molecules against opposing concentration gradients (Dicksttzt, 2015; Ziegleret

al., 2010). These proteins usually consist of three separate monomers, each with 12
transmembrane sections that make up a hydrophobic core (Z¢gle2010). BCCT
trangorter genes are associated vatld DMSP lyase genes id-proteobacteriasuch
asHalomonas spp., Marinomonas spp., SulfitobacteasdRoseovarius nubinhibens
(Sunet al.,2012). This was also shown in tbgroteobacteriaVibrio spp.through

BCCT knockout mutants that had diminished growth in DM&taining bacteria
compared to the WT control (Gregaeyal.,2021).

DMSP Catabolism

As previously discussed in the roles of DMSP, the breakdown of DMSP into DMS, is of
critical importance to the globaulfur cycling, the formation of CNN and suppiog

the trophic structures of both marine and terrestrial systems. There are two DMSP
catabolic pathways; demethylation and cleavage (Cwetsah,2011a). These are

thought to be mainly associated to bacterioplankton once DMSP has been released into
the marine envonment by phytoplankton through viral lysis (Het al.,1998), natural
cellular death (Stefels & van Boekel, 1998)azing by zooplankton (Wolfe & Steinke,
1996) or excretion in faecal pellets (¥tal.,2023) (Fig.1.12). However, selected

species of both macrand micrealgae contain DMSP lyase enzymes, suctlaa

mutabilis that contains aAlmal homologue designated UM030_0039.1 (Pesante

al., 2023).

There is a growing body of evidence to suggest that marine phytoplankton have a
greater role in DMSP lysis to DMS than was hitherto thought. In vitro studies of the

coccolithphoreEmiliana huxleyshowed that they are capable of comparatively low
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levels of DMS production (0-150 nM DMS.h') (Steinkeet al.,2002). Despite these
low levels per organisms, large numbers of phytoplankton are associated with DMS
spikes and the functional DMSP cleavage enzpjineal was identified irE. huxleyi
(Alcolombri et al.,2015). Other dinoflagellates closely relatedetduxleyihave also
shown to be DMS producers, suchSasnbiodinium microadriaticurfYost &

Mitchelmoore 2009) andsephyrocapsa oceani¢&ranklinet al.,2010).

The demethylation pathway is exclusively a bacterial process, that is thought to be the
most prevalent DMSP catabolic pathway. It is predicted to account for up to 80% of
global DMSP catabolism (Kieret al.,2000). In this pathway, DMSP undergoes a four
step series of reactions, stag with the removal of one of the methyl groups catalysed
by the demethylase enzyrendA (Howardet al., 2006). This reaction requires
tetrahydrofolate (Fk) as a cesubstrate/methyl acceptor molecule, and results in the
production of methylmercaptoprionate (MMPA) and methyHs (Reischet al.,

2011b). DMDA, was first identified irRuegeria pomeroythe modeRoseobacteras a
glycine T-cleavage enzyme, but was found to have high specificity towards DMSP
(Howardet al.,2006). Further study provdaimdA to be consistently present in
Roseobacterand SAR11 bacteria (Hérnandetzal.,2020; Zenget al.,2016). These are
abundant in the marine emenment, making up an estimated-20% of the marine
bacterial community (Brinkho#t al.,2008) and supports the view that DMSP
demethylation is the major catale pathway. After initial demthylatigriMMPA next
undergoes two stages of reduction: first demethiolationnte®ylmercaptopropionyl
CoA (MMPA-CoA) by the DndB enzyme, then MMPACOA to methylthioacrylow

CoA (MTA-CoA) by the DndC enzyme (Reischt al.,2011b). Finally, MTACo0A
undergoes hydrolysis to form the end prodacetalcehyde, methanethiol (MeSH),

COz and Coenzyme A (Gé or HSCoA) by the enzyme mdD (Bullock et al.,2017;
Reischet al.,2011b). MeSH is a particularly important end product, as it is a volatile,
climate active gas iits own right DMS, contribting significantly to atmospheric SO
concentrations (Novadt al.,2022). MeSH is also the major source of redusidtur
scavenged by SAR11 bacteria, as they lack the necessary genes to assithildte
reduce sulfate tbydrogensulfide (Moran & Durham, 2019).

Initially, all these enzymes were identifiedR1 pomeroyialthough an additional
enzyme homologue torbdD, known as AuH, has also been identified Roseovarius
nubinhibengCursonet al.,2011a).Indeed DmdABCD enzymes are found consistently

across marin®oseobacters a diverse range of emgnmentsi from the Blue Lagoon
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in Iceland to the Caribbean Sea (Petursdottir and Kristjansson, 1997; Gonzalez et al.,
2003; Bullock et al., 2014), which is consistent vithseobacterssing the
demethylation pathway to break DMSP down into DMS and MeSH to meestitieir

andcarbonneeds through sulfate assimilation (Skaal.,2019).
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Fig. 1.12 Pathways of DMSP synthesis and degradation. DMSP can be synthesised by both
phytoplankton and bacterioplankton from methionine flet). Enzymes from phytoplankton

and bacteria are shown in green and blue, respectively.
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Formoste nzymes, the c¢cl eavage pat kavonsulfure s ul t

bond in DMSP to produce DMS and a 3CGproduct; mainlyacrylate but in the cases

of DAdD and OddX, 3-hydroxypropionateCoenzyme A (HpCoA) andacryloyl-CoA
respectivelyBullock et al.,2017; Cursoret al.,2011b; Liet al.,2021).The exceptions

to this areDmdA and an unknown enzyme that oxidises DMSP, which generate the 4C
products MMPA and DMSOP respectively @tial.,2021). In contrast to DMSP
demethylation with onlDmdA, there is huge biodiversity in DMSP cleavage, with 10
distinct DMSP lyase enzyme having been isolated to date. The DMSP lyase enzymes

belong to one of 5 protein families (Tab 1.2).

Firstly, the largest family is the cupin superfamily, with a characteristic Harrek e b
structure (Leket al.,2017). OddL, DddQ, DddW andDddK containcopperions in their
active site at the @rminal domain, known as cupin pockets (Cursbal.,2011a),
however for the remaining DMS&leavage enzymes, their structures remain unknown.
These cleave DMSP intcrylateand DMS .Acrylateand 3HP can be converted to
acryloyl-CoA by demethiolation or hydrolysis respectively, which is further reduced to
propionytCoA as an essential component of the bacterial methylmat@oél pathway
(Bullock et al.,2017; Reisclet al.,2011b).

Secondly, the M24 metallopeptidase family. The sole known member of this family that
lyses DMSP is @dP, which cleaves thearbonsulfur bond to generatacrylateand

DMS (Cursoret al.,2011a). It is slightly structurally different to other members of its
family, as the gene encodes for a simple lyase, rather than a peptide hydrolaset(Wang
al., 2015) and does not require metal cofactors (Cues@ah,2011a). Despite being a
family of one, it is in fact one of the most frequently encountered DMSPslyase

marine metagenome analysis (Cursoh . 281l1a; Todce t . 2811). ,

Thirdly, the aspartate racemase superfamily, that can also corespattatez D-
aspartate (Yamauclat al.,1992).Almal is also the sole member of this family and like
the two families before, also produces DMS and/lateas its ceproduct, bycatalysing
prot on r e mmaban(Alcormbriét &l.e2016).Fourthly, the Type Il acyl

CoA transferase family, so named because it transfers an acyl group onto DMSP to
cleave it (Cursomrt al.,2011a). This is the only enzyme that release’3and DMS

and is name@®ddD, (Cursoret al.,2011a). Finally, thecyl-CoA synthetase
superfamily that catalyses an aceBdA reaction and thus is the only indirect method
of DMSP lysis (Alcolombret al.,2015). In all known cleavage systems, DMS is

released into the em@nment.
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Table 1.2Accession numbers of previously ratified enzymes involved in the cleavage of DMSP

to show the range of both enzymes and bacterial species identified. Adapted fretalLiu

2022.

Protein Superfamily

DddD

DddL

DddP

Type Il acyl
CoA

transferase

Cupin

M24
Metallopepti

dase

Co-
product
3HP-
CoA

Acrylate

Acrylate

Ratified strains

Marinomonassp.
MWYL1

Oceanimonas

doudoroffii

Psychrobactesp.

J466
Halomonassp.
HTNK1
Sinorhizobium
fredii NGR234
Burkholderia
ambifariaAMMD
Pseudomonasp.
J465
Sulfitobactersp.
EE-36
Rhodobacter
sphaeroide®.4.1
Labrenzia
aggregata
LZB033
Ahrensia marina
LZD062
Roseovarius
nubinhibendSM

Accession

number

ABR72937

AEQ39135

ACY02894

ACV84065

AAQ87407

WP_01165

9284

ACY01992

ADK55772

YP_351475

KP639184

KP639183

EAP77700

Reference

Toddet al.,
2007

Cursonet al.,
2012

Toddet al.,
2010
Toddet al.,
2007

Cursonret al.,
2010
Cursonet al.,
2008

Cursonet al.,
2009

Liu et al.,
2010
Toddet al.,
2009
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DddQ  Cupin
DddW  Cupin
DddY  Cupin

Acrylate

Acrylate

Acrylate

Ruegeria
pomeroyiDSS3
Phaeobacter
inhibensDSM
17395
Oceanimonas
doudoroffiiDSM
7028
Oceanimonas
doudoroffiiDSM
7028

Aspergillus oryzae

RIB40

Fusarium
graminearumPH-
1

Ruegeria
pomeroyiDSS3
Roseovarius
nubinhibendSM
Roseovarius
nubinhibendSM
Ruegeria
lacuscaerulensis
ITI1157
Ruegeria
pomeroyiDSS3
Alcaligenes
faecalisM3A
Desulfovibrio

acrylicus

Acinetobacter

bereziniae

WP_04402
9245
AF091571

AEQ39091

AEQ39103

BAEG62778

XP_ 389272

WP_01104

7333

EAP76002

EAP76001

WP_00597
8225

AAV93771

ADT64689

SHJ73420

ENV21217

Toddet al.,
2011
Burkhadtet
al., 2017

Cursonet al.,
2012

Toddet al.,
2009

Toddet al.,
2011

Li et al.,
2014

Toddet al.,
2012
Cursonet al.,
2011b
van der
Maarelet al.,
1996
Li etal.,
2017b
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Ferrimonas WP_02811 Leietal.,

kyonanensi®SM 4584 2017b
18153
Shewanella ABP77243 Cursonet al.,
putrefaciensCN- 2011a
32

DddK  Cupin Acrylate Candidatus AAZ21215 Sunetal.,
Pelagibacter 2016
ubique
HTCC1062
Candidatus WP_02803
Pelagibacter 7226
ubique
HTCC9022
alphaproteobacter AFS47241.
um_HIMB5 1

DddX  Acyl-CoA Acryloyl Marinobacterium WP_08433 Alcolombriet

Synthetase -CoA jannaschii 2639.1 al., 2015

Pelagicolasp. WP_10938
LXJ1103 4856.1
Psychrobactesp. WP_06803
P11G5 5783.1
Sporosarcinasp. WP_08124
P33 2855.1

Almal Aspartate Acrylate Emiliana huxleyi XP_005784 Alcolombriet

Racemase CPMP1516 450 al., 2015

There is also evidence to suggest that other groups of organisms contribute significantly
to DMSP lysisFunctional DMSP lyases have been identified in the macroalgae
Polysiphonia paniculatéNishigucchi & Goff, 1995) antlllva curvata(De Souza &

Yoch, 1995), but the output of DMS and genes encoding them have yet to be ratified
(Reischet al.,2011b). Additionally, two species of terrestrial Ascomycota fungi have

also been shown to catabolise DMSP. The filamentous Aspgrgillus oryzaeused
commercially as a ferméing agent in the production of miso and sake (Matsushima,

2020) and the highly toxic pathogen of wheat and baHegarium graminearium
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(Goswami & Kistler, 2004), have both been shown to catabolise DMSP through the
decarboxylation action afddP(Toddet al.,2009). There is no evidence to suggest that
higher plants catabolise DMSP, so far.

Knowledge Gaps and Research Aims

The importance of DMSP in both aquatic and terrestrial systems to gldhalcycling

is well understood, however the systems underpinning DMSP production in terrestrial
systems is by no means as well characterised as the marireerent. As there is a

growing body of evidence to prove that terrestrial systems such as salt marshes are very
high producers of DMSP, and likely to contribute significantly to glsh#Ur cycling,

this project aims to uncover the critical role of plants and their assbcragspheres

in the biosynthesis of this important climate active gas. This work aims to investigate

the following research gaps:

1. The prevalence of DMSP production within higher plants and the
relationships between high producers.

2. Ratification of the genes that encode for enzyme required for DMSP
biosynthesis and the regulation of pathway.

3. The mechanisms of DMSP production within plants, with a focus on the first
step of the methylation pathway.

4. The parameters that affect DMSP production in higher plants, with a focus
on the model organiswrabidopsis thaliana.

5. The relationship between rhizosphere bacteria and the higheSplatina
anglicain a uniquely high DMSroducing terrestrial emonment, the

saltmarsh.
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Media Recipes

Table 2.1 Media Recipes and Essential Additives used, with formulas calculated per litre. All
company names and product codes are given in backets.

Media Name Formula Per Litre

Basal Media Dipotassiunmhydrogen233.2 mg (Fisher
P/5240/53)
Tris 48.6 g(Fisher BP 1521)

Luria Broth (LB) NaCl 10 g(SigmaAldrich S9888)

Tryptone 10 Formedium TRPO03)
Yeast 5 gFormedium YEAQ2)

LB Agar As above with Agar 15 g (Sigma 0504
Marine BasaMedia (MBM) Basal Media 250 ml

SeaSalts 20g(Formedium FSS10)
MBM Agar As aboveagar 20 g (Sigma 05040)

Y, Murashige & Skoog (MS) Agar MS with Vitamins 1.1 g (Duchefa
Biochemie M0222)
Sucrose 10 g (Thermo Scientific
J65148.A1)
Agar 8 g (Sigma&5040)

Super Optimal broth with Catabolite = SOC Broth 31.5 g (Formedium

repression (S.0.C) S0OC0201)
Vitamin Supplement for MBM p-Aminobenzoic Acid 50 mg (Sigma
A9878)

Biotin 20 mg(Sigma B4639)
Cyanocobalamin 1 mg@verck V6629)
Folic Acid 20 mg(Merck F8758)
Nicotinic Acid 50 mg(Sigma N4126)
Pantothenic Acid 50 m¢sigma P9153)
PyridoxineHCL 100 mg(Merck
P5669)
Riboflavin 50 mg (Sigma R4500)
Thiamine 50 mg (Acros 148990100)
Yeast Tryptoné&Sea Salt§YTSS) Tryptone 2.5 dFormediumTRP03)
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YTSS Agar

Sea Salts 20 Formedium FSS10)
Yeast Extract 4 gFormedium YEAO2)
As above with Agar 15 g (Sigma 0504

Polymerase Chain Reaction Programmes

Table 22: Phusion PCR reaction conditions.

Step
Initialisation
Denaturation
Annealing
Extension

Final Extension

Temper at u Time (sec)

98
98
72
52
72

30
10
45
20
300

Table 23: Bounce PCR Reaction Conditions

Step
Initialisation
Denaturation

Annealing

Extension

Final Extension

Table 24: Colony PCR reaction conditions.

Step

Lysis
Denaturation
Annealing
Extension

Final Extension

Temper at u Time (sec)

94
94

120
30

60 decreasing by 1 40

for 15 cycles, then

increasing by 0.6
for 25 cycles.

72

72

210
360

Temper at u Time (sec)

98
98
53
72
72

600
10
20
120
300

Repetitions
1

30

30

30

1

Repetitions
1

40

40

40

Repetitions
1

30

30

30

1
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Table 2.5 PCR Conditions for the amplification of extractAdthalianaDNA to genotype MMT- and

WT plants.

Step

Lysis
Denaturation
Annealing

Extension

Temper at u Time (sec)

94
94
54
72

180
30
30
30

Repetitions
1

35

35

35
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Table26Pr i mer Sef@déncé&enesSdare denoted in bold and both associated @ri mers
not bold.

Gene/ Primer Name Forward Primer Reverse Primer

MMT gtggaagacttaggtatgGCGGTGAATGGA GTGGAAGACTTAAGCTCATTTATCAACCAT
SDC/DAPDC gtggaagacttaggtatgGCGGCTACAC GTGGAAGACTTAAGCTTACAGACCTTCA
DOX gtggaagacttaggtatgGCCAAGATTAC GTGGAAGACTTAAGCTTACTTCTTCTGA
ALDH gtggaagacttaggtatgGCGATTCC GTGGAAGACTTAAGCTCACAGCTTTG
BADH gtggaagacttaggtatgGCAAATCG GTGGAAGACTTAAGCCTAATTCTTTG
DDH1 gtggaagacttaggtatgGCGTTTCG GTGGAAGACTTAAGCTTAAAGCCAAGC
DDH2 gtggaagacttaggtatgGCAGCTC GTGGAAGACTTAAGCCTATATCCAAG
MMT IF.01 GTAGGATGCATACCTCAGG -

LBbl GCGTGGACCGCTTGCTGCAACT
GoldengatelL2 GCGGACGTTTTTAATG -

BM0189

27F AGAGTTTGATCCTGGCTCAG -

1429R - GGTTACCTTGTTACGACTT

515F GTGCCAGCMGCCGCGGTA -

806R - GGACTACNVGGGTWTCTAAT
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Agarose Gel Electrophoresis

Unless otherwise specified, PCR products were loaded into the wells of 1% Agarose
Gel (10 g of Agarose per 1L of 1x TiiscetateEDTA (TAE) buffer) alongside 6 pl of

2-log ladder (1 kbp+ ladder with loading dye). The gel was run at 120V for 35 mins and
pod-stained in 0.5 pg/ml ethidium bromide for betwee®®mins. DNA was visualised

using Typhoon FLA 9500 laser scanner at a wavelength of 532 nm.

Making ChemicallyCompetent Cells

E.coiDH5U (Il nvitrogen) were strea®0donfor om ¢
LB-Agar and incubated at 37 C, overnight. Single colonies were removed from the plate
using aseptic techniques and inoculated into 5 ml LB. Cultures were incubated at 37 °C,

1 rcf until OD600 of 0.6 was reached. Cultures were incubated on ice for 15 mins, after
which cells were spun down 3580rcf, 10 mins at 4 °C and the pellet resuspended in

20 ml 0.1 M Cadl Cells were incubated on ice for 30 mins, then spun down as before
The pell et was resuspended in 250 @I 1M
Al iquots of 100 ¢l w@® amestonedad®,°C.f | ash fr oz

Transformation of Competent Cells

To transform cells with the appropriate construct, 1 pl of cloned product was added to

20 pl of competenE. coiDH5U gl ycer ol stocks of cell s
mins. The cells were transformed by heat
recovered on ice for 1 min. To each transformation reaction, 500 pl of warm S.O.C

media was added, and cells allowedito ow at 37 e Crcihor@0minss ha ki n

Gas Chromatography

Head space analysis was conducted on all sarapleg 2 ml glass vials containing 300
pl liquid samples and sealed wigTFE/rubber crimp capsinless otherwise specified
To measure DMS in liquid samplesals were crimp sealed immediate@gdincubated

at 22°C for 24 h in the darkhe head space was then directly measured.

To measur®MSP sampledirst underwent alkaline lysi&OMSP was first lysed to
DMS with the addition of 100 pl 10 M NaOH to 200 pl cultuxéals were sealed and

incubated as before, before the head space analysed.
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Prepared samples in vials were assayed usifgC using a flame photometric detector
(Agilent 7890A GC fittedvith a 7693 autosamplemyith head space samples carried
throughan HRINNOWax 30 m x 0.320 mm capillary column (Agilent Technologies
J&W Scientific)using hydrogen as a carrier gBeak areas at approximately 2.9 mins
retention time were recorded as indicative of DMS production. DMSP concentrations
(nmol) were determined using the formula:

N QIR Q

Y & Lwa

00 "Y& & £@ 0w
WhereR = the GC calibration curve as set by measuring standards of known DMSP

concentration.

Eight-point calibration curves of DMS standam®duced by the alkaline lysis of
known DMSP standards in watdhe curve was produced using known concentrations
of DMSP ranging from 0.015 nmol to 30 nmol, added to 100 pl 10M NaOR2@dqhl

sterile water, then incubated as before.
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1400 - y=1.8123x
R*=0.9996
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Figure 2.1:A typical eightpoint calibration to calculate the concentration of DMS, which is
also used as a proxy measurement for calculating the concentration of DMSP. The R
measurement is the gradient of the line, determined by the formula y=Rx+c.

Calibration curves of MeSH were producedpsgparing astocksolutionof 50 mM by
weighing 0.035g sodium methanethiolate in 10methanol. A range of standards were
then produced by serial dilution of the stock solutiofh ml of methanol The liberated
MeSH was measured using the puagettrap methodas described in Frankligt al.,
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(2010) Sulfur gases were sparged from the sample with nitrégarwhich gaseous

nitrogen is bubbled through the sampénd trapped in a loop of tubing immersed in

l' i quid nitrogen. The trapped gases were ¢
analysed by GCFranklinet al.,2010; Williamset al.,2019)
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Figure 2.2: A typical eighpoint calibration to calculate the concentration of MeSH. The R
measurement is the gradient of the line, determined by the formula y=Rx+c.

The detection lim&for headspace DMS and MeSH were 0.@foland 0.10 nmol

respectively.
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Introduction

Sulfur Uptake in Higher Plants

A small proportion of a plants requirement alfur are met through absorption of
atmospherisulfur containing gases, such as3-and S@(Aghajanzadelet al.,2016;
Herschbaclet al.,1994; Sueet al.,2002). The gases enter the leaves through the
stomatal openings, the rate of which depends on the atmospheric concentrations of the
gases and the metabolic needs of the plants (Noland & Kozlowski, 19€9;aBy

1996). The S@undergoes rapid hydration in the cytosol of the mesophyll cells,
producinghydrogensulfite (HSGy) that is either reduced and enters the chloroplasts or

is oxidised and enters tisallfur assimilation cycle (Noland & Kozlowski, 1979).8l

by contrast, is poorly soluble but rapidly dissociates in the atmosphefeatudHHS

(By et al.,1996). It is therefore uncertain whether th&SHlirectly enters the cell, of the

HS is oxidised to another gaseous compound before uptake.

Most of thesulfur plants need is taken up as inorganiasky the roots
(Chorianopoulou & Bouranj022; Liet al.,2020; Reret al.,2022). This occurs
through specific Sulfate Transport proteins (SULTRS), which are a large and diverse
family of membrane spanning proteins (Detgal.,2016; Takahashi, 2019). All
members of this family have a tramembrane subunit with twelve domains, and-a C
terminal sulfatebinding subunit, known as an astgma factor (Dinget al.,2016).
SULTRSs are split into four dict groups, depending on their affinity for $Cand
mechanism. Group 1 are higffinity H*/SQs> symporters, which are expressed in
sulfur deficient conditions (Takakasét al.,2012; Takahashi, 2019). Group 2 are the
comparatively abundant, leeffinity Na'/ SO2 symporters, that are expressed under
optimal soil conditions (Dingt al.,2016; Takahashet al.,2012). Group 3 are the most
functionally diverse, with representatives found in chloroplast membranes as well as
root cells, but are generally known to be anion-aatisporters (Dingt al.,2016;
Takahashet al.,2012, Takahashi, 20). Finally, group 4 are the vacuolar ABRgpe
transporters, requiring energy in the form of ATP to translocaté 8Gm the cytosol

in the vacuole for storage (Dirgg al.,2016; Takahastet al.,2012, Takahashi, 2019).
The expression of the genes for SULTRs is regulated by the cellular concentration of
sulfur-containing compounds, suchglathathionine (GSH) andysteine, as well as the
Ethylenelnsensitive family transcription factor known 8kIM1(Li et al.,2020;
Takahashi 2019).
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Figure 3.1 The four known categories @ulfur transporter found in plants cells and their
substrates (adapted from Takahasgtial. 2012).

SULTRSs are not required to translocatesSfbom root to shoot, after absorbing it from

the soil (Takahashi, 2019). Instead, absorbegf Siifuses directly from the epidermis

to the xylem, which moves S®along with water to thieaf xylem parenchyma cells,

via capillary action (Takahashi, 2019). From there,°Séditers thesulfur-assimilation

cycle in the chloroplasts and vacuole via Group 3 and 4 transporters (Takahashi, 2019;
Yeo & Flowers, 2012).

The Role ofSulfurin Higher Plants

Outside of DMSP synthesis, thalfur-containing compoundluthathionine (GSHijs a
key regulator of plant hormones. Salicylic acid is a phenolic plant hormone that
stimulates plant responses to abiotic stresses, such-aptimal temperatures and salt
stress (Hassoon & AbdulsattAbduljabbar, 2020). GSH is found as a redox ceupl
plants cells, where the reduced form is in a higher proportion to the oxidised form
(Noctoret al.,2011; Rausch & Wachter, 2005). When abiotic stress results in the
formation of reactiv@xygenspecies, the ratio of reduced GSH: oxidised GSSG
decreass, which increases the levelssalficylic acid produced (Hasanuzzametral.,
2018; Kiinstleet al.,2020). Jasmoniacid is a plargrowth reguléing hormone, that
acts as an inhibitor of other plant hormones to limit growth under abiotic stress
conditions (Wanggt al.,2020). Jasmonic acid also plays a key role in plant immunity,
by stimulding production of defensive secondary metabolites in response to pathogens
or wounding (Caarlst al.,2017). Increased GSH levels in response to invasion or
injury have been shown to increase productiofasionicacid (Kunstleret al.,2020).

Lastly, ethylene is a gaseous hormtimegt governs the lifespan of plants by inducing or
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inhibiting senescence (Igbet al.,2017).Sulfuris critical for the synthesis of ethylene.

The ethylene biosynthesis pathway requires not only Methionine in its activated form,
SAM, but SAM itself is upregulated by GSH (Kunstitral.,2020).

CASPASE

CASPASE

Figure 3.2: Diagram of phytohormone interaction and induction of cell death (senescence)
genes and secondary metabolite production genes in response to salt stress. (Adapted from
Gallego, 2023).

Additional to the role ofasmonic acidsulfuris also critical for other plant immune
responsesSulfur-induced immunity against fungal diseases is a-tsbwn
phenomenon (Bloerat al.,2015; Wanget al.,2022). Crystal of sulfate have been
commercially applied since the earlyM&entury (Forsyth, 1810), with the most famous
product beingopper(ll) sulfatei CuSQ or Bordeaux Mixturé being applied to treat
Botrytis cinereanfections in vineyards (Mén, 1933). Whilst the primary mode of
action isthe C#* ions impeding fungal enzyme activity, the 8@omponent has been
shown to improve disease resistance in plants su¥htiavinifera with a highsulfur
requirement (Bloenet al.,2015; Rausch & Wachte2005; Wanget al.,2022). This
may be due to increased cysteine productiodrabidopsis thalianaplants with the
last enzyme of the cysteine biosynthesis pathwegcetylserine(thiol)lyase were
shown to be more susceptibleBotrytis cinereanfections, as the hypersensitive
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response to pathogens relies on cysteine to be triggered (LetsigR000).
Additionally, methionine is required fétwydrogenperoxide generation, an important
molecule for plant defence signalling cascades (Kunstlal.,2020).Sulfuris also an
essential structural component in amiicrobial compounds, such as phytoalexins, that
directly attack pathogen cell membranes by binding to, and disgypgell walls via

their sulfur-containing side chains (Glazebrook and Ausubel, 1994; Kusttédr,

2020).

Sulfuris also essential for the regulation of other important micronutrients in plants
(Chorianopoulou & Bouranis, 202Botassiunions (K') are required for S&
unloading from the xylem to the cytosol by Group 3 arémohange SULTRsS
(Chorianopoulou & Bouranis, 2022) and wheudfuris deficient, the intracellular
concentrations of Kalso decrease (Reigt al.,2016).Sulfur andiron (Fe) also have
well-established interactions in the formlain-Sulfur clusters, that are essential
cofactors in thelectron transport chains of chloroplasts anditrogenfixing root
nodules (Fonseceat al.,2020; Wanget al.,2022).Sulfuris also critical in cheling
heavy metal ions, that are toxic in large quantiti&sofianopoulou & Bouranis, 2022;
Zakariet al.,2021). S@* binds to heavy metal ions, suchraanganesand
molybdenum, to form immobilised sulfate compounds that can be excreted from the
cells (Zakariet al.,2021).

All these functions demonstrate the agricultural and economic importasa#wf and
why the study of the metabolism @ifilfurin all its forms, including DMSP, by plants

can yield potential benefits.

Plants that have been shown to produce DMSP

Traditionally it was believed that DMSP synthesis was exclusively a property of marine
microorganisms. However, three species of land plants were found to be high producers
of DMSP- producing between-80 pmol g' DMSP (Hansoret al.,1994; Otte and

Morris, 1994; Paquedt al.,1994), comparable to levels found in marine sediment
(Williams et al.,2019). The three species selected fairigfor DMSP production

were chosen for their halotolerance only, as no genes for DMSP synthesis in plants have

been idatified.

Saccharum officianarupor sugarcane, are economically important tropical grasses
used primarily to produce sugar and biofuel in equatorial regions (Zhang and Li, 2015).
Of the first three plants demonstrated to produce DMSP, sugarcane is the only one not
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to grow in saline soils. Samples of leaf tissue from wildtype Sugarcane plants were
shown to produce up to 6 pmot @MSP using gas chromatograpmass spectrometry
(GC-MS), twenty times the concentration in other grasses studied (Re@igi994).
This relies on treatment with B0 M NaOH to cleave the DMSP into DMS aaxctylate
The volatile DMS gas is then detected by gas chromatography.

These concentrations were confirmed in a later study using capillary electrophoresis
(Zhanget al.,2004). Capillary electrophoresis separates DMSP and other compounds
based on their charge, size and solubility in a buffer solution (Zétasg 2004). The
researchers suggested that as the concentrations of DMSP whrlel teigher than

glycine betaine, DMSP is likely to have replaced glycine betaine as a major compatible
osmolyte in this cropped plant (Pageetl.,1994). There have been no furtherdsts

on DMSP production and cycling associated to sugarcane.

Moving to Spatina (also known as Sporobolus), which is the most studied of the
DMSP-producing plantsSpatina are a family of halotolerant grasses, known
colloquially as Cordgrasses, found in coastal regions and saltmarshes across the East
coast of the Americas and the coasts of Western Europe (Doody, 2012), including the
saltmarshes of the Norfolk Coast. Theg acologically important as both an invasive
species and a means of mitigg coastal erosion (Doody, 2012), and as such their
mechanism of hatolerance came under early discussion (Laet@l.,1977). Not all
species oBpatina produce DMSP. Whilst concentration 678 umol g* fresh weight

of DMSP have been reported in the leaf tissues. @fiterniflora, S. anglica, S. foliosa
andS. maritima(Otteet al.,2004: Otte and Morris, 1994), no DMSP production has
been found irS. cynosuroides, S. patemsS. versicolol(Otte and Morris, 1994:
Rousseaet al.,2017). Thisnay be the consequence of DMSP producing species
possessing specific genes suites thereof, that ngoroducing species do not. Although
the genetic pathway for DMSP production has not yet been elucidated, genomic
comparison betweefpatina spp.to identify genes only present in DMSP producing

species may help identify candidate genes.

Melanthera biflora(also known a¥Vollastonia biflorg is a member of the aster family.
Commonly known as Sea Daisies, they are a halotolerant species found predominately
on IndePacific salt strands (Storey al.,1993). Samples d¥l. biflora from Japan,

Samoa and the UK were shown to produce betweetblfmol g* fresh weight in the

leaf tissues when grown in a controlled ironment using FasAtom Bombardment

and Mass Spectroscopy (FABMS) (Hanstral.,1994). This detected DMSP by
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exposing samples to high energy atoms, tegpuin ions that are identified by their

mass to charge ratio. The concentration of DMSP doubled when treated with 80% w/v
artificial sea water (Hansaet al.,1994).M. biflora is not to be confused with Sea Aster
(Aster tripoliun), a Eurasian aster found in salt estuaries. Wildtype samples from
Norfolk, England have also been shown to produce lower levels of DMSPO®&.02

umol g? fresh weight in leaf and stem tissues (Williagtsl.,2019).

Seagrasses have also been shown to produce DMSP. NeptundP@Gsidsnjia

oceanica is a higher plant forming large underwater fields in the Mediterranean
(Borges & Champenois, 2015; Ricleiral.,2020). Neptune Grass leaves were found to
contain between 2365 ug g' fresh weight by gas chromatography analysis (Richir,
2020), and showed an intracellular increase during the summer months (Borges &
Champenois, 2015; Richét al.,2020). The researchers did not draw any specific
conclusions on the role of ISP inNeptune Grass baubmmented that the intracellular

concentrations were higher than that of any other higher plant (Ricli; 2020).

More recent studies have shown that the range of higher plants producing DMSP is
broader than originally thought. A study using Headspace Solid Niixt@ctioni a
variant of GC that using silicetipped fibre needles to extract liquid from GC vials and
converts it to gaseous analyiefund that leaf tissues &olanum lycopersicum
(Tomato) produced 1 ug hDMSP when subjected to drought (Catetaal.,2016). The
same researchers also found that the mildly halotolerant subtropicahguas® donax
(Elephant Grass) produces more DMSP when drought stressed41g gt dry

weight in comparison to 0-8.0 pug g dry weight in control plants), although compared
to other higher plants, this is at the lower end of the DSMP concentration spectrum
(Haworthet al.,2017). Another important crop plant shown to produce DM3eas
mays(Maize). Both root and shoot tissues of seday old seedlings produced between
0.57 1.0 nmol ¢ freshweight of DMSP in control conditions (Ausiizal.,2017).

DMSP conentrations increased to between-2.6 nmol ¢ freshweight when

seedlings were treated with 100 mM NaCl and grown in anoxic conditions (Aatsma
al., 2017).

There are many other plants reported to have detectable DMSP concentrations. A
review of wild type plants collected in the Netherlands by Aust&.,showed a wide
range of monocots and dicots had trace DMSP concentrations in their leaf tissues using

gas chromatography (Tab. 3.1).
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Table 3.1: Review of all species assayed for DMSP production and the maximum

concentration of DMSP detected. DMSP concentrations were detected by NaOH/GC with the

following exceptions?FABMS, bCapillary Electrophoresis andHS-SPME.

Species

Alopecurus

pratensis

Anthriscus sylvestris

Artemisia maritima

Arundodonax

Aster trifolium

Brassica napus

Bromus hordaceus

Cannabissativa

Carex

appropinquata

Carex echinata

Carex nigra

Convallia majalis

Dactylis glomerata

Common Name

Meadow Foxtail

Cow Parsley

Sea Wormwood

Elephant Grass

Sea Aster

Rapeseed

Soft Brome

Hemp

Fibrous Tusock

Sedge

Star Sedge

Common Sedge

Lily of the Valley

Cat Grass

Maximum
DMSP

concentration

(umol g*

freshweight)

2.3 x10°

2.1 x10°

9.0 x10*

1.0

0.8

1.0 x10°

2.8 x10°

1.0 x10°

1.8 x10°

7.0 x10*

5.0 x10*

1.4 x10°

9.7 x10°

DMSP

Production

Level

Medium

Medium

Low

High

High

Medium

Medium

Medium

Medium

Low

Low

Medium

Medium

Publication

Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Haworthet al.,
2017
Williams et al.,
2019
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017

74



Dryopteris dilatata BroadBuckler

Elytrigia atherica

Equisetum arvense

Festuca rubra

Holcus lanatus

Iris pseudacorus

Juncus effusus

Juncus gerardi

Leucanthemum

vulgare

Limoniumvulgare

Lolium perenne

Melanthera biflora®

Narcissus

pseudonarcissus

Poa annua

Posidonia oceanica

Puccinellia
maritima

Quercus robur

Fern

Sea Couch

Common
Horsetalil

Red Fescue
Yorkshire Fog
Grass

Yellow Iris

Soft Rush

Saltmarsh Rush

Ox-Eye Daisy

Common Sea
Lavender
Perennial Rye
Grass

Sea Daisy
Wild Daffodil
Annual
Meadowgrass

Sea Grass

Common

Saltmarsh Grass

English Oak

1.5 x10°

4.0 x10*

1.7 x10°

1.2 x10°

8.0 x10*

4.8 x10°

4.2 x10°

7.0 x10*

5.0 x10*

1.8 x10°

1.7 x10°

15

1.0 x10°

2.4 x10°

130

1.4 x10°

3.9x10°

Medium

Low

Medium

Medium

Low

Medium

Medium

Low

Low

Medium

Medium

High

Medium

Medium

Very High

Medium

Medium

Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Ausmaet al.,
2017
Hansoret al.,
1994
Ausmaet al.,
2017
Ausmaet al.,
2017
Richiret al.,
2020
Ausmaet al.,
2017
Ausmaet al.,
2017
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Ranunculus repens Creeping 9.0 x10* Low Ausmaet al.,
Buttercup 2017

Sacharum Sugarcane 6.0 High Paquett al.,

officianarum® 1994

Solanum Tomato 6.1 x10° Very Low  Catolaet al.,

lycopersicunt 2016

Spatina alterniflora Smooth 48 Very High  Otte and Morris,
Cordgrass 1994

Spatina anglica Common 21.7 Very High  Otte and Morris,
Cordgrass 1994

Spatina foliosa California 8.2 High Otte and Morris,
Cordgrass 1994

Spatina maritima  SmallCordgrass Presence - Otteet al.2004

confirmed but

not quantified

Taraxacum Common 6.0 x10* Low Ausmaet al.,

officinale Dandelion 2017

Zea mays Maize 1.0 High Ausmaet al.,
2017

Whilst an increasingly wide variety of species of higher plants have been identified as
producing DMSP (Tab. 2.1), there is a lack of experimental evidence in model plant
systems such asArabidopsis thalianandNicotiana benthamianaviodel organisms

are beneficial for research due to their short lifespans, ease of transformation and small
genomes (Cesarirat al.,2020).Simplegenomes and low ploidy levels, combined with
fully sequenced genomes make gene identification more efficient compared to plants
such as octoploi&patina spp,with no sequenced genonieis unknown whether these
plants have the capability to produce DMSP at all, and if so whether DMSP is produced
under normal growth conditions or is inducible by differentimment cues. In

addition, for all the plants species in which DMSP has been detected, the majority use
NaOH cleavage of DMSP to DMS, which is then detected by gas chromatography. This
method does not directly detect DMSP, which leaves open the possilatipMs is

produced from a different precursor molecule.
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The broad range of plants tested by Aushal.,suggests that many more species than
are currently recognised may produce DMSP. However, when taxonomically comparing
high producers amongst themselves, two families are more commonly represented:
PoaceaeandAsteraceaeHowever, membership of these families is not in itself

indicative of high DMSP production. For example, whilst Maize and Cordgrass are high
Poaceaeproducers, Yorkshire Fograss and both Common and Star Sedges are low
producers (Tab3.1). Futhermore, whilst Sea Daisy and Sea Aster are Agjaraceae
producers, Oxeye Daisy is a low producer (Tak.l). Additionally, Neptune Grass is a
very high producer, but is a membeRufsidoniaceagrather tharPoaceaes the

common name implies. Therefore, there is no taxonomic link for DMSP production, and
it is a poor predictor.

Without a strong taxonomic link, the next most obvious link between high DMSP
production is enwonmental factors. As previously discussed, DMSP is suggested to be
an osmolyte, which would indicate that plants in salinerenments must be high
producers. Whilst this is true f@patina spp.,Neptune Grass and high producing
Asters, this is not true for Sugarcane (Tal). Sugarcane does not grow in coastal
regions and is a glycophytany plant not considered a halophjlghowing low

tolerance for sal(Wahidet al.,1997). Furthermore, known halophiles such as Sea
Lavender and Common Saltmarsh Grass are medium producers, four orders of
magnitude lower thaBpatina anglica(Tab.3.1). This suggests that @mnmental

factors are also poor predictors of DMSP production.

This perhaps leads to the conclusion that high producers may have increased quantities
of DMSP production genes. As such a wide range of plants have been shown to produce
DMSP even to low levels, it is probable that there is a ubiquitous suite of genaetha
upregulated in high producers. Gene regulation is a complex mechanism, occurring at
multiple stages of gene expression: epigenetic, transcriptionalraostriptional,
translational and/or postanslational (Hoopes, 2008). It may also be thaiddition to

such a suite of genes, high producers may have extra genes that are not found in
medium or low producing plants. This is why the establishment of a DpA&dRcing

model organism with a sequenced genome and is amenable to genetic manipulation is

essential to determine the genetic pathways of DMSP production.
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Aims and Objectives

The aims of this chapter were to explore a range of commercially and scientifically
important plants for their ability to produce DMSP, including model organisms. Having
ascertained suitable model organisms that produce DMSP, this chapter further aimed to
determine the optimal experimental procedures to assay DMSP production in plants;
growth requirements for DMSP production, sample preparation techniques and how

DMSP production and or transportation might be impacted by plant growth stage.

Methods

Sampling

Plants were sampled from the following locations in Norfolk, UK; Stiffkey Saltmarsh
(52.957907, 0.923546), The University of East Anglia (UEA) lake (52.618567,
1.235058) and The Worstead Estate (52.763619, 1.453913) (Tdle®2erMay and
Juy 2020. The mean daily temperature for this period was 18 °C, with a mean daily
rainfall of 9.6 mm. Where plants species could not be obtained from wikbacultural
envronments, samples were purchased as commercial products or grown in a controlled
envronment for 4 weeks at 23°C, 16 h photoperidthole plant samples were

removed, before being transferred to the lab for immediate anatysi$ cases, the
sampling sites were within a oteur drive from the laboratory, ensuring samples were
fresh when processeflubterranean tissues (roots and tubers) were rinsed with
deionised water to remove rhizosphere soil before further processing. Tissue was
homogenised bygrinding fresh, unfrozen aerial tissue with a pestle and mortar and
transferring immediately to a to 1n&l glass crimpiop gas chromatography vials to an
approximate depth of 200 pl. Vials were weighed using a Fisherbra6@ B&lance to

4 decimal places before and after addition of homogenised plant tissue to determine

fresh weight of tissue in the vial.
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Table 3.2The species assayed for DMSP production and the method by which they were
obtained. Species were selected based on one or more of the following properties: is a
commercially important crop plarg is a model organism of scientific interésts a basal land
plantcand therefore more likely to be reliant on osmolytes, is a species likely to be
halotolerantd so may produce DMSP as an osmolyte and/or is known for a kigfur

contente.

Species Name

Allium ampeloprasun-®
Allium cepa@®

Allium sativum®@#©

Aloe barbadensisar. Miller
a

Anthriscus sylvestrig
Apium graveoleng
Asparagus officinalis*®
Avena sativet

Bellis perennis?

Beta vulgaris?¢
Brassica napus-®
Brassica oleraceaar.
Botrytis 2

Brassica oleraceaar.

Capitata @

Brassica oleracear. Italica

a,e

Brassica oleraceaar. Italica

APur pl eéngS3Er ou

Calystegia sepiurf
Coffea arabica?

Dactylis glomeratéf
Daucus carotef
Epilobium hirsutum¢®
Eupatorium cannabinum?
Foeniculum vulgare?

Heracleum sphondyliund

Common Name

Leek
Red Onion
Garlic

Aloe vera

Cow Parsley
Celery
Asparagus

Oat

Common Daisy
Beetroot
Oilseed Rape

Cauliflower

Cabbage

Broccoli

Purple Sproting
Broccoli

Hedge Bindweed
Coffee
Cocksfoot

Carrot

Great Willowherb
Hemp Agrimony
Fennel

Hogweed

Method of Obtaining
Sample

Commercial product
Commercial Product
Commercial Product
Grown at UEA

UEA Lake
Commercial Product
Commercial Product
Commercial Product
UEA Lake
Commercial Product
UEA Lake

Commercial Product

Commercial Product

Commercial Product

Commercial Product

UEA Lake

Grown at UEA

UEA Lake
Worstead Estate
UEA Lake

UEA Lake
Commercial Product
UEA Lake
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Hordeum vulgare?d
Jacobaea vulgari§
Lepidium sativun?
Leucanthemum vulgaré
Limoneum paradoxicunt
Luzula sylvatica

Malus pumila®

Malva sylvestrig!
Marchantia polymorpha®
Matricaria discoidea®
Medicago truncatula®
Musa acuminata®
Nicotiana benthamiang
Phragmites australig
Pinus sp¢

Pisum sativun?

Poa annua
Polypodiophyta sp:
Quercus rubert
Salicornia europaed
Secale cerealé
Solanum tuberosunt
Sorghum bicolor2d
Spatina anglicad
Trifolium repens?
Urticaria dioica @

Vitis vinifera @

Zea mays-©

Barley

Ragwort

Cress

Ox-Eye Daisy
Sea Lavender
Great Wood Rush
Apple

Common Mallow
Marchantia

Wild Chamomile
Barrel Clover
Banana

Benth

Common Reed
Pine

Pea

Annual Meadowgrass
Fern

English Oak
Samphire

Rye

Potato

Sorghum
Common Cordgrass
Common Clover
Nettle

Grape

Maize

Worstead Estate
UEA Lake
Commercial Product
UEA Lake

Stiffkey Saltmarsh
UEA Lake
Commercial Product
UEA Lake

Grown at UEA

UEA Lake

Grown at UEA
Commercial Product
Grown at UEA

UEA Lake

UEA Lake
Commercial Product
Worstead Estate
UEA Lake

UEA Lake

Stiffkey Saltmarsh
Worstead Estate
Commercial Product
Grown at UEA
Stiffkey Saltmarsh
UEA Lake

UEA Lake
Commercial Product

Worstead Estate
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Arabidopsis

Generation of\. thalianaseedlings

Arabidopsis thalianavildtype Colombia (CeD) seeds were treated using a solution of
sodiumhypochlorite, Triton and deionised water applied for 12 mins to sterilise. This
was removed and the seeds rinsed with sterile water five times befiimg plato solid

Y4 MS Agar Methods.

Seeds were stratified by wrapping the pl
minimum of 48 hours. The foil was removed, and plates transferred to a Sanyo Versatile
Enviroome nt Test Chamber at 23 eC, 16 h phot
for 7 days.

Growth ofA. thalianaseedlings on DMS#hducing media

Seedlings were removed from the plates using flateslised forceps and 15 seedlings
were placed 30 cm from the top of a 100 mm square plate containing 50 ml of ¥4 MS
Agar, approximately 5 mm apart. The root tip was marked on the plate with a black dot.
Thi s was repeated for all 6 treatment con
growth cabinet for 7 days before root growth was measured from black dot to root tip.
Root and shoot tissue were harvested separately using a sterile scalpel antbpatiled

15 plants per plate in previously weighed 1.5 ml Eppendorf tube. Tubes were weighed
again to determine the mass of fresh weight (g) for the total tissue from each plate.
Tissues were homogenised in the Eppendorf tubes using a plastic tissue hsanogen
tool, before transferring to a 1.5 ml glass critop gas chromatography vial to an
approximate depth of 200 pl. Vials were weighed using a Fisherbra@® B&lance to

4 decimal places before and after addition of homogenised plant tissue to determin
fresh weight of tissue in the vial.

Final concentration per plate of 100 mM NaCl and 0.25 méthionine were

determined from pilot studies that tested the effects of different concentrations on
growth. The NaCl was added to test if saline conditions would induce DMSP
production. Methionine was added as DMSP precursor molecule. A final concentration
of 1.5 mM MgSQwas added to the media as indicated as this concentration was shown
to be optimal for growth (Guet al.,2015).
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Time Coursé&Experiment

To determine the optimum developmental stage at whi¢halianashould be
harvested for maximum DMSP concentration per g fresh weight, a time course
experiment was set up. Seedlings were grown and plated on-XgitSas before, with
the following life stages selected for their ease of identification (Liévet.,2016)

Table 33: Life stages oA. thalianaand the identifying physiological features to determine
when each stage is reached. Days at which each stage is reached aftgrtpastratified
seedlings onto ¥ M@\gar are averages determined across the time course experiment.

Life Stage Identifying Feature Average Time (days)
Early Growth First fully formed true leaf 10
Vegetative Growth First full formed rosette (5 14

adultleaves and 3

transitional leaves)

Budding First unopened flower buc 20
Flowering First fully opened flower 24
bud
Fruiting First intact silique of >0.5 28
mm

Each life stage had 15 seedlings per separate plate, to avoid contaminaaikindpy

plants of different life stages from the same plant. Each plate per life stage only

contained seedlings of that had been sterilised and stratified together, to ensure a
comparable sting growth stage. Plants were grown in a Sanyo Versatile@&ment

Test Chamber at 23 eC, 16 h photoperiod
days.

Preparation techniques for Gas Chromatography of Plant and Soil Samples

To determine the most efficient method of sample preparation that does not compromise
tissue concentrations of DMSP, fresh homogenised shoot and root tissudsaliana

were compared to flash frozen tissues. Fresh tissues were separated into shoots and
roots using a sterile scalpel and prepared as before. Frozen tissues were first separated
in shoots and roots in 1.5 mL Eppendorf tubes, then flash frozen in hidqroden The

tissue was ground to powder using a sterile plastic tissue homogeniseEjppndorf
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tubes. The harvested plant tissue powder was mixed with 600 uL of sterile water and

200 L aliquots transferred to 1.5 mL glass critmp gas chromatography vials.

To establish whether th@ants also produce DMSO®&ssays were prepared An
thalianashoot and root tissue (Pascethl.,2020). Homogenised fresh tissues were
transferred to 1.5 mL glass crirt@p gas chromatography vidlsithout lids)and100

pL of dH.0 added Vialswereh e at ed t o 8ddo remBveésioualDMS) mi n
Vials were allowed to cool to room temperature befoi@ 20 of 0.33 mMtin (II)

chloride (SnCl}) was added. The vials were immediately crimpmetbrm a gas tight

seal ancheated t®5 °C for 90 mins to reduce DMSO to DMShé'samplevas then
assayed bgaschromatographyutomatic injection method 530 HP
PLOT_SPLITDMS2_MESH_0.1M.

To establish whether DMS detected is the breakdown product of plant intracellular
DMSP, or DMSP from residual soil, bulk and rhizosphere soil samples were collected
from A. thalianatissues and pooled. Dry soil was weighed into 1.5 ml glass ¢opp

gas chromatography vials using a sterile spatula and a Fisherbrétddagnce to 0.3

g. Fresh homogenised shoot and rothalianatissues were harvested as before, and
0.3 g weighed into each vial. To each vial, 300 pL of 10 M NaOH were added and
immediately sealed by crimping. Vials were left in the dark for overnight to allow DMS

gas to generate and the sample assaygadghromatographyas before.

StatisticalAnalysis

Concentrations of DMS production for all experiments were tested for normality using
ShapireWilke tests. Data sets not normally distributed were transformed using Log

and reanalysed for equal variances (Level
(Kolmogorov+Smirnov Test). Normally distributed data sets underwent Analysis of

Variance (ANOVA) for DMSP production, with peebc Tukey analysis for pawise
comparisons betwedhe same tissues with different treatment conditions. Pairwise
comparisons between rscand shoot for the same treatment condition were analysed

usi ng StTast Patatsdissthatiwere not normally distributed and could not be
transformed were analysed using KrusWadllis with posthoc DunnBonferroni

corrections for pairwise companiss.

Statistics were carried out in R (R Core Team, 2014), SPSS Version 28.0 (IBM, 2021)
and Microsoft Excel (Microsoft Corporation, 2018).
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Results

To understand how plants produce DMSP, it was necessary to further study the wide
range of plants that might produce DMSP and compare their concentrations thereof.
This studydetermined only the concentrations of DMS found in higitentsderived
from DMSP, in a range o107 5250 nmol DMSP ¢ fresh weightandnot DMSOP.

This was to try andncover if there are any overlooked taxonomic oliremmental

links to DMSP production. Plants sampled were divided into three categories: crops and
plants of scientific interest, basal land plants and wild pl&uaisthe purposes of this

chapter, basal land plants are defined as primitive plant species that have a requirement
to grown near wateand gymnosperms. Plants of scientific interest are synonymous

with model organisms in plant research.
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87

The crop and scientifically important plants produced significantly higher

concentrations of DMSP than the wild, halotolerant plants (Dunn Test, p < 0.001) but
there were no significant differences between crop plants and basal land plants, or basal
land gants and wild plants (Dunn Tests, p = 0.559 and p = 0.465, respectively). All the
plants sampled across all categories were significantly lower than the three known high

producing species. anglica Sugarcane and Sea Daisy.

There was a lot of variability across replicates of the same plants and between species.
To account for the large variation, plants were pooled into two categories; halophytes
andnorfhal ophytes (Tab. 3. 2) anTést.thempeaemed UuUSi
significant differences between DMSP concentration$€3$t, p = 0.580)This

confirms that there are no clear taxonomic orramvnental differences between high

DMSP-producing plants and other species.

Understanding DMSP in the model organi8nmabidopsis thaliana

Out of the plants surveyed, model organisms includirabidopsis thalianavere

shown to produce DMSP, albeit to significantly lower levels Bpatina anglica.

Having established that. thalianasamples liberated DMS when incubated with NaOH,
it was necessary to determiii¢he concentrations of DMSP were derived from the
plant or if they were from the solil, as there is the possibility that rhizosphere bacteria
might degrade DMSP to DMS, or that there sulur containing compounds making up

the elemental profile of the soil.
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Figure 34: The mean concentrations of DMSP in freAhthalianaoot and shoot tissues,
alongside the soil they were grown in (n = 54). Error bars are + 1 SEM.

Fresh shoot tissues produced significantly higher concentrations of DMSP than the soil
( St u d €lTest, ©=s0.003), but there was no significant difference between fresh root
ti ssues and t-est ps0.111). ThisSrdigates that thesDWEFected is
from the plant tissues and not the soil they were grown in. Although there were no
significant differences between root and shoot tissues, DMSP concentrations were
higher in the roots. This is the first of repeated results that demonstrate DMS

concentrations are higher in the root tissues than shoot tisstiegbidopsis thaliana
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Knowing that the DMSP was from the plants themselves, it was then necessary to
determine if the differences in DMSP concentration were dependent on the method of

tissue homogenisation and GC preparation.
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Figure 3.5: The mean concentrations of DMSPANthalianashoot and root tissues for freshly
homogenised tissues, flash frozen and fresh tissues treated with GnEb4).

There were no significant differences between shoot and root tissues for the different
treat ment c¢ on dTests; ©ontol p E G381, Brezantpé .510, SpG
0.420), but again there was a higher concentration of DMSP detected in fresh and frozen

tissues, consistent with the previous result.

Fresh shoot tissues and those treated with SwGtluced significantly higher
concentrations of DMSP than frozen shoot tissues (Tukey Test, p = 0.025 and p = 0.012
respectively) There was no significant difference between fresh shoot tissues and those
treated with SnGl(Tukey Test, p = 0.788). This suggests that the DMS detected by GC
may not be the result of alkaline lysis of DMSP, but rather DMSOP. There were no
significant differences between root tissues for any treatment condition (ANOVA, p =
0.543). This demonstred that the freezing process reduces the DMSP detectable, and

the fresh tissues are optimal for analysis.
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ConsequentlyA. thalianaaerial tissues were analysed by Liquid Chromatoghpgs
Spectrometry, teerify that the DMSwvas derived from DMSP, witpreliminary results
recorded
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Figure 3.6 Mean ntegration of therelative concentrations of Methionin@glue) SMM
(orange) DMSP (grey) and glycine betainéyellow) present inA. thalianaaerial tissues
detected by LEMS. Error bars+ 1 STE. (Personal communication).

Although significantly lower than glycine betaine, DMSP was detectal#le timaliang
indicating that the DMS detected by GC is the consequence of alkaline lysis of DMSP.
Additionally, the presence of the precursaslecule Methionine and the intermediate
SMM suggests that DMSP is biosynthesised through the methylation patfiveag.
preliminary results were from personal communications tla@dnass of samples used
were not supplied to determine the concentration of DNMt&Rould be noted that
although this strongly indicates titae detected DMS is derived from DMSP, the use

of a purgetrap GC system would be required to determined if any PkSent was
derived from DMSP.

This was considered sufficieavidence teestablish that fresh tissues are optimal for
DMS production and thahe DMS produceccomesfrom DMSP. Thus,we examined
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how DMSP might be differentially accumulated in the roots and shoots over different

periods of its growth cycle.

To determine the effects of growth on DMSP concentration, pairwise comparisons of

between the life stages across the tissue types were performed
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Figure 37: Concentration of DMSP produced By thalianaoot tissue (hmol per gram fresh
weight) for five life stages, grown on MA&gar without additional NaCl or DMSP precursors
(n =115. Error bars are + 1 SEM.

Plants in the early and vegetative stages of growth accumulated significantly higher
levels of DMSP per g fresh weight than those in the later growth sRRgets in the
early stage produced significantly higher DMSP concentrations than those in the
vegetative stages (Tukey Test, p < 0.01) and budding, flowering, atidgrsiages
(Tukey Test, p < 0.01).
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Figure 38: Concentration of DMSP produced By thalianashoottissue (nmol per gram fresh
weight) for five life stages, grown on M8&gar without additional NaCl or DMSP precursors
(n=115. Error bars are + 1 SEM.

Shoots in the early stage produced significantly higher DMSP concentrations than those
in the vegetative stages (Tukey Test, p = 0.035) and budding, flowering, dimgfrui

stages (Tukey Test, p < 0.01). There were no significant differences between budding,
flowering, or fruting stages, for either roots or shoots. Therefarabidopsis thaliana

plants should be harvested betweerld@ays postermination to maximise detectable

DMSP concentrations.

In the early, vegetative and flowering stages of growth, root tissues produced

significantly higher concentrations of DMSP compared to shoot tissues at the same
stage of growth (Studentds T Test, p = 0.
There werano significant differences between root and shoot DMSP concentrations in
budding and frding stages. This is consistent with the previous results that also found

DMSP concentrations were higher in the roots.
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DMSP Production in response to Salinity and DMSP Precursors

Having established that young plants produced significantly higher concentrations of
DMSP, we moved on texamine whether eimonmental conditions such as salinity and
increased DMSP precursor (Methionine) concentration can influence the accumulation
of DMSP in plants.
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Figure 39: Mean concentration of DMSP produced Bythalianashoot (green) and root
(orange) tissue (nmol per gram fresh weight) for each DMSP precursors and the addition of
NaCl (n = 120). Error bars are + 1 SEM.

In all conditionsA. thaliana plants produced significantly more DMSP in their roots
compared t o t hetTest, p<h.00d forsall conditionsyl €his suiygestsT
that DMSP is produced in the roots and translocated to the shoots, or that DMSP
synthesis is upregulatead the roots. This is also consistent with previous results that

show root production exceeds shoot production.

There were no significant differences in shoot DMSP accumulation across any of the

treatment conditions compared to each other or the control (ANOVA, p = 0.83).

A. thalianaplants treated with NaCl produced significantly more DMSP than control
plants (unpairedtest, p = 0.04), suggisg that DMSP is upregulated by salinigy.
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thalianaplants treated with Methionine also produced significantly more DMSP
compared to the control (unpairetest, p = 0.04) indidang that DMSP is synthesized
from Methionine, in common with marine microorganisms. Significantly more DMSP
was produced in root tissue in plants treated with salt and methionine compared to salt
only (unpaired-test, p < 0.01), but there was no significdifference in DMSP

production between salt only and methionine only (unpaitedtf p = 0.59), showing

that the rgulatory effects are cumulative.

The addition of sulfate had no effect on DMSP production, compared to the addition of
Methionine. There was no significant difference in DMSP production between plants
treated withmagnesiunsulfate only and the control (unpairetest, p = 0.21). Looking

at each pair of treatment conditions, there were no significant differences between salt
only andmagnesiunsulfate only (unpairedtest, p = 0.13) or methionine only and
magnesiunsulfate only (unpairedtest, p = 0.10)This suggests that plants lack the

ability to utilisesulfur outside of being contained in Methionine for DMSP production.

It is, however, consistent with previous studies that determined Methionine was the first

step of the DMSP production pathway3nanglica Sugarcane and Sea Daisy.

Discussion

Proposed Explanations for Selected High DMSP Producers

The first finding of this study is that a wide variety of previously untested plant species
can produce DMSP, proving that DMSP production in higher plants is a more common
phenomenon than had previously been thought and is not limited to a few coastal

speies (Fig 3.3).

However, there was extremely high variability within the replicates of the species
sampled, making direct comparisons between mean DMS detected less robust. This is
likely due to three factors; small sample sizes, inability to control faramaental

factors and variability in the time between hatigsand assaying. Although a

minimum of three biological replicates with two technical replicates were taken for each
species and tissues, plants were not controlled fare@mental factors such as age,
hydration or fertilisation. To grow all the species sampled within a controlled
envronment was beyond the scope of this study, but for further investigation, taking a
greater number of replicates would minimise in species variability. Furthermore,
although care was taken to minimise differences in time between tiagvasd

assaying, it was not always feasible to use the machine exactly 24 hours after alkaline
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hydrolysis of samples. Samples therefore had to be flash frozen and stored, which
significantly reduces the DMS detected in aerial tissues (Fig 3.4). It is therefore
recommended that for further study, only fresh tissues are used.

This high variability between species may be why on average there was no significant
difference in mean DMSP concentrations betwesophytic wild plants and

glycophytic crop plantéTab. 3.%). This is a surprising finding, as the prevailing

wisdom is that DMSP functions primarily as an osmolyte in higher plants. However, the
generally high variability combined with some hitherto unknown high producing
species in the glycophyte group are mayéicaused the lack of differences, which may
not be reflective of overall trends in plant populations. Perhaps a more likely
explanation is that these plants use other compatible solutes, gigtimsbetaine, as
their primary osmolyte (Ghosdt al.,2021; Singhet al.,2022). Where DMSP
concentration increase with salinity (Fig8)3.it may be that DMSP has another role in
coping with general stress, such as a signalling or antioxidant role.

High variability notwithstanding, all the plants analysed had orders of magnitude lower
levels of DMSP thaispatina anglica(52281.64 nmol DMS@™! FW). As previously
commented, this might be the consequence of increased upregulation of ubiquitous
DMSP production genes, possibly the consequence of functional redundancy, or have
extra genes that are not found in medium or low producing plants. Fodjdiag train of
thought that low DMSP producing plants do not use DMSP as a primary osmolyte,

possiblySpatina anglicadoes.

Although the findings are reassuring that any DMSP detected comes from the plants
themselves, and not the surrounding soil (Fig), 3t was unlikely that the DMSP

would be made in the soil. The significantly higher DMSP in the plant tissues compared
to the soil are indicative of intracellular synthesis. If DMSP was transported from the
soil, the difference in concentrations wouldrbech lower, as molecular transport

across a membrane will always tend towards equilibrium. This hypothesis could be
tested i studying DMSP synthesis rates in plants, to track the progression of DMSP

concentrations.

The lack of significant difference in detected DMS in plants treated with,SnCl
compared to those that were only subjected to alkaline hydrolysis is less promising (Fig.
3.4). This means that the DMS detected may not be from DMSP, but rather DMSO.

This seems very unlikely, given that DMSP and its precursdreimethylation
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pathway were detectable by LCMSAnthaliana(Fig 3.6). This demonstrates that even

if the plants are capable of synthesising DMSO, they certainly biosynthesise DMSP and

thus alkaline lysis and headspace analysis is an appropriate tecligber
investigation using techniques that can discriminate between precursors, such as
Nuclear Magnetic Resonance (NMR) or HPWGuld be beneficial to confirm this

finding.

It is probablythat plants that can produce DMSP may also produce DMSO. A study
analysing the ratio of DMSP to DMSO in Neptune Grass showed that DMSP:DMSO
was a 3:1 ratio in the leaf tissues (Champenois & Borges, 2019). Additionally, both
DMSP and DMSO were found in dissues oSpatina anglica although the authors

attributed this to DMSP degradation to DMS and its subsequent oxidation (Husband &
Kiene, 2007). The presence of DMSO and the ratios of DMSP:DMSO are likely to vary

between species, and aglsthe proportion oDMS detectedhatcomes from DMSP or
DMSO is also likely to vary between species. This highlights the necessity to
understand the genetic pathways that lead to DMSP synthesis in higher plants, to

determine which precursor produces DMS detected, and if both, in what poporti

Unexpected Medium Producers of DMSP

Of the species sampled, the following were still lower in their DMSP production to
Spatina anglica(102.79 nmol DMSRy FW) but were significantly higher than
average of our sampleBrassicaoleracea ar . it al i tn@g6oPO@Mdpl6d
DMSPg?! FW), Coffea arabicg101.33 nmol DMSRy! FW), Hordeum vulgar€95.12
nmol DMSPg-1 FW) andMusa acuminat§100.31 nmol DMSRy! FW). These would

be considered medium producers (Tab. 3.1) but are hitherto untested species and
therefore useful in furthering the understanding between DMSP production and

taxonomy or the enronment.

Brassicaoleracea ar . it al i tng 60 Pegcomme n$ p rtibgm o wn
Broccoli, is an annual brassica, selected for its anthocyeasad pigment (Moneet

al., 2010). Broccoli has been extensively studied for its high content eemoymatic
antioxidants, particularly polyphenols in the flavonoid family (Faller & Fiahlo, 2009;
Lin & Chang, 2005). Brassicas are known for their dependensalfur metabolism
(Friedrichet al.,2022) and the production ¥OCs, including DMS (Akpolat and
Barringer, 2015; Dannat al.,2015). The high quantities of DMS may be due to the

overall high production of antioxidants to scavenge ROS in SpgBroccoli. DMSP
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has been shown to localise to chloroplasts in higher plants, which are organelles under
high oxidative stress, suppiorg the theory that DMSP may function as an antioxidant
in higher plants (Otet al.,2007; Trossagt al.,1998).

Another explanation for the high concentrations of DMS measured as a proxy for
DMSP in Sproting Broccoli is that it is a breakdown product of the high concentrations
of sulfur-containing compounds, for which Brassicas are well known. Brassicas produce
the compound $nethyl cysteine sulfoxide (SMCSO) (CoeBateet al.,2019; Franket

al., 2018). SMCSO is broken down intracellularly by cysteine lyase to methanesulfenic
acid (Franket al.,2018). Methanesulfenic acid is further broken down to methanethiol,
which dimerises to form DMS (Coodgateet al.,2019; Franket al.,2018). A

limitation of this study is that DMS released from SMCSO would not be driven off by
tissue treatment with NaOH, designed to cleave DMSP to DMS. Therefore, the high
DMS in Sproting Broccoli, and indeed the other brassica species sampled, may not be
the result of high intracellular DMSP concentrations.

Coffea arabicacommonly known as Coffee, is a flowering plants native to the basalt
rich alkaline soils of the Eagtfrican highlands (Arndt & Menzies, 2005; Moettal.,

2020). Coffee might produce DMSP in response to the alkalineoement of its

native soils, as alkaline soils have excessivedd¢aumulation around plant roots,

known as pooling (Hayward and Wadleigh, 1949). Production of DMSP as an osmolyte
to cope with Napooling would provide an evolutionary advantage for Coffee plants,
and indeedhey are one of the few plants that thrive on alkaliasalt soils (Singtuest

al., 2021). Furthermore, Coffee beans have been shown to produce DMS in the green
(unprocessed) stage (Leitner & Ringer, 2020). In a study duifier-containing

aromatic compounds that flavour coffee and the effects of thengasocess, flash

frozen coffee beans were subjected to-K8E andsulfur chemiluminescence detection.
The only detectable VOC in the raw, green beans was DMS (Leitner & Ringer, 2020).
However, anothrestudy using Xray absorption near edge structure (XANES)
spectroscopy determined that the predomisatlitircompound in coffee beans was
DMSO (Lichtenburget al.,2007), suggesg that the measured DMS may not have
been the result of DMSP production. This confirms the growing evidence from this
study that GC, using DMS as a proxy, is not sufficiently robust to draw conclusions

about the intracellular DMSP content.

Hordeum vulgaregcommonly known as Barley, is a temperate grass and the fourth most

cultivated cereal, globally (FAO, 2018). Barley had the highest measured DMS of all
97



the crop plants sampled. Again, whether this is the consequence of DMSP production
within the plants is debatable. A study of SMM and MMT in Barley suggested that
Barley does not accumulate DMSP (Pimegital.,1998), however there is no
experimental evidence to corroborate this statement. Furthermore, the study did
determine the presencetbk enzyméVIMT, which is the first step of DMSP

production. SMM is produced in the embryo of Barley during germination, which is
synthesised to DMSP during the development of malt (Annes & Bamforth, 1989),
indicating that in the embryo at least, Barley has the capability to produce DMSP.

The final high producer wadusa acuminatacommonly known as Banana. Banana
plants are an important crop and the largest herbaceous flowering plant, native to South
East Asia (Williams, 2017). Although the benefits of DMSP production in bananas are
not immediately apparent, there are some possigéanations why this might prove to

be an evolutionary advantage. Firstly, tropical plants are more at risk of osmotic stress,
as they are closer to their upper thermal tolerance limits, which leads to increased
evapotranspiration and thus cellular plasmolysis (Cranat.,,2011; Setinellaet al.,

2020). Having additional osmolyte production in the form of DMSP may be beneficial
in amelioraing these effects. Additionally, banana is known to be a ru¢sa known

as a pioneenypecieshardy and fasgrowing species that are the first to colonise
disrupted areas, where all other biomass has been destroyed (Agiheshiz010)

Banana camapidly coloni€ barren soils following severe abiotic stress, sagh

wildfires and flood damage (Mara al.,2010). Wildfires increase the pH of soils,

leading to alkalinsodiumpooling (Agbeshiet al.,2010) and flooding will

dramatically increase the water content of soils, both of which make having high
osmolyte production an advantage. Indeed, several ruderal species (Fig. 3.1, blue

columns) were found to produce DMSP, albeit at lower levels.

However, there is always the possibility that the DMS measured might come from other
sources. A study of banana plant holobionts showed that in all compartments (bulk soil,
rhizosphere, pseudostem and leaf) the dominant bacterial classes wereaAtpha
Gammaproteobacteria (:85% and e43% respectively) (Biret al.,2022). Although

the study did not detail the species within these classes, representafiyf@sapaind
Gammaproteobacteriaare well characterised as DMSP producers and degraders
(Carrionet al., 2023; Liuet al.,2021). Therefore, the possibility that the DMS detected

was a consequence of bactesialfur metabolism cannot be discounted.
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The range of families in these medium producers is consistent with our previous
conclusion that there is no strong taxonomic link for DMSP production and is therefore
not a good means of pretlitg DMSP production. Additionally, none of these plants

are known halophytes and only Coffee and Banana have natural tolerance to saline
adjacent envonments, suggéisg that a single emsonmental factor, such as salinity, is
also an insufficient predictor of DMSP production. As climate change increases soill
salinity due to satwater intrusion, it may be that future studies will find increased
DMSP production in a variety of plants as a coping mechanism and the link to saline
environments will be a stronger predictor, but currently these results show that we are
no closer to being able to predict high DMSP production. This again demonstrates the
need for robust genetic analysis of model organisms, to determine if specific genes are

present in high producers, or if a ubiquitous suite of genes are upregulated.

Developing a model for DMSP assaying by GC in higher plants

Another critical finding of this study is that wildtypeabidopsis thaliangroduces

DMSP (Figs. 3.43.8), although the concentrations are considerably lower than in the
other species reported in Tab. 3.1 (namamlar compared to micrmolar

concentrations)A. thaliang or MouseEar Cress, is a widgpread Brassica, prominent

as a ruderal species and model organism (Durvasalia, 2017). As previously stated,
Brassica species are known for DMS production (Akp&l&arringer, 2015; Dannet

al., 2015)and if further experimentation with different conditions demonstrateg\that
thalianacan be triggered to produce higher concentrations of DMSP, it could prove to
be a useful model organism to study how plants synthesise and use DMSP. Compared to
the most commonly studies plants in relations to DMS&patina sppi A. thaliana

has considerable benefits: it has a fully annotated genome, it is diploid as opposed to
hexaploid and even dodecapl@gatina (Rousseaet al.,2017) and comparatively

easy togrow and maintain.

The ideal stage to harvest thalianafor the highest levels of DMSP was found to be at
the earliest stage of growth before the formation of a full rosette (Fg.This is in

keeping with other studies that suggest that DSMP concentrations are inversely
correlated with plant age. This was investigated overmdhth period irfPosidonia
oceanicaand the researchers found significantly higher DMSP concentrations in shorter
(younger) leaves (Richat al.,2020). The authors suggest that this may be to deter
grazers during the growth stages. During the early photosynthetic stages, plants

upregulate amino acid synthesis to meet the protein demands of growing cells
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(Hildebrandtet al.,2015). An increase of methionine in these stages may therefore
contribute to increased DMSP synthesis. Increased production of DMS may also be a
consequence of plant growth hormones upreggdMSP production. In a study of
Spatina alterniflora, DMSP production was found to increase in response to additional
Salicylic Acid (Kiehn & Morris, 2010). Salicylic Acid is a hormone commonly
associated with plant immunity, but also stimulates vegetative growth and flowering
(Demspey & Klessig2017). However, other plant hormones are not shown to have any
effect on intracellular DMSP (Kiehn & Morris, 2010).

In determining the best tissue to sample for DMSP production, root tissues consistently
had higher detectable DMS than shoots (Figsi 38). The overall higher

concentrations of DMS in the root tissue compared to shoot tissues (Fig3.8).4s

contrary to other research that demonstrates DMSP production in other species is
increased in leaf tissues only and not in the roots. It has been proposed that DMSP
production in leaf tissue is higher because DMSP localises to the chloroplastst(Trossa
et al.,1998). However, roots contain leucoplasts, that may be able to synthesise or
localise DMSP, as they have the same structure as chloroplasts except for a lack of
pigment (Bartoret al.,2018). Although research M. biflora has also demonstrated

that isolated root tissues can still produce3s5umol g* freshweight concentrations of
DMSP (Otteetal.,2 004) , it doesndt explAtihalianavhy t he
tissues is significantly higher than in shoot tissues and of those reported in isolated root
tissues. It may be that A thalianathe roots are induced to increase DMSP production
as they are the most sensitive tissues to ionic stressuéfoddeficiencies (Narayaet

al., 2022).

Another possible explanation for this may be the result of DMSP translocation from the
photosynthetic tissue to the roots. This has been reportuhitina alterniflorain

response to 2 mM in the @nenment (Mulholland and Otte, 2000), and as the base
nitrogencontent of MS Agar is 60 mM (Zhareg al.,2019) this could have contributed

to the higher concentrations in the root tissue. Given that plants assimildtet!sO
principle DMSP precursor, via their roots (Chorianopoulou & Bouranis, 202,

2020; Reret al.,2022), it is plausible that DMSP production is localised to the roots.
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Understanding the effect of DMSP Precursoretectable DMS

Although sulfate is the principle DMSP precursor, our findings suggest that increased
SOs? does not increase intracellular DMSP, whereas increasétonine does (Fig.

3.8). This may be because plants were harvested at the early growth stage of
approximately 7 days post germination. The enzyme that catalyses the first step of the
pathway, adenylation of S®to APS, is ATPsulfurylase (ATPS) (Davidian &

Kopriva, 2010). However, it has been shown that ATPS activity does not start until
three weeks post gaination inGlycine ma Adams & Rinne, 1969). Thug,. thaliana
plants might have been harvested too young for the assinsialfedto be activated.

The addition of methionine bypasses this step, which might allow for plants to

synthesise DMSP faster.

This does demonstrate that DMSP is upregulated by the presence of the methionine
precursor, consistent with previous pathway analyses that concluded plants use the
methylation pathway (Hansat al.,1994; Otte and Morris, 1994; Paqe¢tal.,1994)

and not another pathway, such as thaethylthio2-oxobutyrate (MTOB) pathway

used by coral (Rainet al.,2013). In the context of previous experimentation into the
DMSP production pathway, it is perhaps unlikely that plants use the Demethylation or
Decarboxyation pathways, but without proper identification of the enzymes involved,
this cannot be ruled out. It is possible that like bacteria that use multiple DMSP
production pathways (Williamat al.,2019), plants may also show family or species
level variation in the DMSP production pathways. Therefore, eltiogithe genetic
pathway of DMSP synthesis in the model organdgaibidopsis thalianas the most

logical next step in research.

Global Implications of Higher Plant DMSPoduction

Although these findings have not discovered a new DMSP producing plant that is
comparable t&patina anglicg or Sugarcane, it has nevertheless opened a new line of
thought into the importance of terrestrial systems in glsblflir cycling. Current
estimates suggest that pl anThempeoa,REB up 80
the majority of which are terrestrial. Even if most plants only produce a small

concentration of DMSP, the sheer volume of terrestrial plants globally will have an
enormous impact on the global flux of DMSP cumulativélyus, this study is at the

beginning ofan exciing new paradigm, that shows terrestrial systems are of far more

importance to globaulfur cycling, and thus global cooling, than previousigught
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Introduction

Economic and Biological Impacts of Salinization

Salinization is the increase in dissolved solutes inrenments, predominantly of Na

ions e.g., in underground, watieearing rock layers or soil (Brindha & Schneider,

2019). Naturally occurring saline layers, or aquifers, are found beneath freshwater
aquifers (Martens & Wichmann, 2007). When the fluxes between the different areas of
thehydrosphere and lithosphere are altered, such as increased evapotranspiration (Fig.
1.1), freshwater aquifers can become contaminated with saline water (Brindha &
Schneder, 2019). Anthropogenic climate change is also increasing the rate of
salinisation, as rising sea levels lead to saltwater intrusion further inland (Moore &
Joye, 2021) and fertiliser leaching increases the ionic load (Fohrer & Chicharo, 2011).

Salinization of land is one of the leading threats to arable agriculture, with an estimated
1/3 of currently irrigated land affected by salinity levels too high for most plants to
tolerate(Jamilet al.,2011). This is defined by the electrical conductivity of soil {EC
dSm™?), with a conductivity of greater than 4.0 and a pH of less than 8.Singsiul
conditions that restrict the yields of most crops (Aletchl.,1988). This causes a

significant reduction in yields, with glycophytic crops such as beans, rice and maize
experiencing yield reductions of between@ @, (Pantat al.,2014). Indeed, 60% of

the calories consumed by humans come from three species; rice, wheat and maize, none
of which are halotolerant (FAO, 2022; Khanal.,2006; Zorbet al.,2018).

Furthermore, extreme salinization causes soil degradation to such an extent that even
halophiles struggle to grow, leading to the abandonment of previousiated land

(Panteet al.,2014). This is most prominent in regions that are already economically and
agriculturally fragile; such as the Bay of Bengal, the Aral Sea Basin, an8&hdran

Africa (Qadiret al.,2009; Vasheet al.,2010; Zingoreet al.,2015). The economic
importance of yield loss and land abandonment are critical, with an estimated&2.39
million cost in three European countries due to yield reduction (Montan&@(a),

and a global cost of £21 billion due to land losses (FAO, 2Rafget al.,2021).

Therefore, a greater understanding of the mechanisms of halotolerance in higher plants

is critical to mitigaing against the effects of salinization.
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Plants and halotolerance

The earliest response to increased uptake af@maental Na is theCalcium

signalling cascade (Fig. 4.1). In response to incressédimuptake in root cells,
sphingolipid molecules bind to N&iggering increased uptake of Caia transporters

such as MOCAL and ANN4 (Paet al.,2016; Zhacet al.,2021). The increased
intracellular C&" concentration is detected by a complex networadéiumdependent
protein kinases (Fig. 4.1), that phosphorylate sensor relay proteins, such as calmodulin,
which in turn interact with signal transducing kinases (CIPKs) (Tamtlal,2023).

This swiftly triggers the SalDverly Sensitive (SOS) pathway, detected by
S0OS3/SCaBP8 complexes that signal to S&@&Rumtransporters to extrude Nfrom

the cytosol to restore osmotic balance (Tanstegl.,2023; Zhacet al.,2021). Another

early point of salt stress detection is loss of turgor pressure within the cells, detected by
cell wall proteins such as Ferronia Receptor kinases that also trigger rapidfia to
mobilise the SOS pathway (Liab al.,2017; Zhacet al.,2021).

Plants have a complicated and varied response tetsadts inducedalciumsignals.

The most immediately deleterious effect on plant cells is the loss of turgor pressure, or
plasmolysis, caused by loss of water from the vacuole to counter the incredsmmhbla
(Langet al.,2014; Parlet al.,2016; Zhacet al.,2021). To maintain turgor pressure,

adin cytoskeletal filaments rearrange in the cell wall, to form a stabilising network
around the protoplast (Largg al.,2014). Additionally, to offset thencreased Na
concentrations, plants reduced water loss by closing their stomata in response to
reactiveoxygenspecies (ROS) (Past al.,2016; Zhacet al.,2021), such as hydroxyl
radi cal hydiwgefpproxae(dO,) (Kesawakt al.,2023). Salt stress induces
organelles primarily the mitochondria and chloroplasts (Kesaetadl.,2023) to

produce ROS, which although can be damaging, have a secondary function as signalling
molecule to initiate downstream stress response cascadesetZg@021). Under
moderate salt stress conditions, plants will also produce antioxidants to ameliorate the

damaging effects of ROS, such a glutathionine and peroxidases (Kesawat, 2023).
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Figure 4.1: Summary diagram of cellulealciumsignalling in response to salt stress, and the
movement between membraeund organelles within the plant cell (adapted from Patta
al.,2021).

Phytohormones are also a critical secondary response to salt stress. Abscisic acid is an
isoprene derived molecule that rapidly accumulates in response to increased
intracellular Na concentrations (Chest al.,2019). Abscisic acid mobilises cytosolic

C&* channels to maintain SOS signalling, as well as induci@ Bynthesis to trigger
stomatal closure (Chesat al.,2019; Ullahet al.,2017; Yuet al.,2020). Auxin, also

known as indole-acetic acid, slows root meristem elongation to limit the surfeez a

for Na" uptake (Chert al.,2019), as well as upregtilag antioxidant production to
counter ROS damage (lglesietsal.,2010). Salicylic acid has also been shown to

induce antioxidants in response to sipendent ROS production, notably the synthesis
of salicylate hydroxylase (Borsai al.,2001). Salicylic acid also has some more
idiosyncratic responses to salt stress. Firstly, salicylic acid induces germination in salt
stressed\. thaliana(Leeet al.,2010), perhaps to ensure reproduction before plant death
due to salt stress. Additionally, salicylic dgrotectaitrogenfixation from being

inhibited inMedicago truncatulainder high salinity (Palmet al.,2013), by producing

antioxidant enzymes in root nodules.
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Plant osmolytes are a key response to salt stress and are not limited to DMSP (Fig. 4.2).
These low molecular weight compounds have multiple functions; to act as signalling
molecules for phytohormones (Singhal.,2022), scavenge ROS (Ghasthal.,2021;
Singhet al.,2022) and increase intracellular osmotic pressure (Aettah,2011). The

major osmolytes in plants are sugar derivatives, such as trehalose and mannitol, which
are easily water soluble to rapidly establish isotonic cellular conditidmssft al.,

2021; Singlet al.,2022). Plants may also produce amino acids as osmolytes, notably
proline (Ghostet al.,2021; Singhet al.,2022). In response to salt stress, proline rapidly
accumulates in the chloroplasts, to act as a prsiarttle for downstream higénergy
processes involved in protection (Kavi Kislatral.,2022) and maintaining

NADP*/NADPH ratios, critical for photosynthetic electron transfer (Hare & Cress,
1997). Arguably though, the quintessential osmolyte is the DMSP homoldgciegg

betaine.

o . CHs c T
~ ~
OZIC/Hz ¢~ CHs O:(ll/Hz ITI—H
) H
0 2 O  H
DMSP Glycine Betaine
OH OH
| |
H2 H2 ) | C
HON. / N /C\ C 00C— G~ H, ~ CH2
C H> OH \ /
é)H '}l_ CH2
H
Mannitol Proline

Figure. 4.2: The Lewis Structures of common plant osmolytes, all of which exhibit the
characteristic shortarbonchains and overall small molecular weights.

Glycine betaine is a structural homologue to DMSP. It is produced by the oxidation of
choline (Nahaet al.,2016; ValenzuekSoto & FiguerogSoto, 2019) in the cytoplasm
and transported to the chloroplast thylakoid membranes (Valer2o®a& Figueroa

Soto, 2019). Glycine betaine protects plants cells agasmsbticstress not only by
maintaining chloroplast isotonicity, but also by upregntaexpression of Bamily
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repair proteins that stabilise the tertiary structures of photosynthetic electron transport

proteins in response to oxidative stress (€aa.,2012; Murateet al, 2007).

The Smethionine Methyltransferase pathway for DMSP _synthesis and its Role in Plant
Halotolerance

The S methionine Methyltransferase pathway of DMSP biosynthesis is thought to
dominate in higher plants (see Chapter 1). The first enzyme of this patietiyonine
Methyltransferase (MMT) is a ubiquitous enzyme in higher plants (Raretcia

2001), and has multiple functions above DMSP synthesis. MMT methylates methionine
to yield SMM (Fig. 4.3), in a reaction that requires SAM as the methyl donor (Amir,
2010). SMM can then be used as a methyl donor itself, to generate methionine from
homocyseine, requiring the enzyme homocystegamethyltransferase (HMT) (Amir,

2010; Ranochat al.,2001). This SMM cyd is necessary to prevent depletion of the

free methionine pool, by excessivaa8enosinanethionine (AdoMet) synthesis, as a
compensatory mechanism for the lack of an AdoMet specific negative feedback loop
(Ranocheet al.,2010). SMM itself is considered both a sink and a transporter for excess
sulfurmolecules (Hesset al.,2004). Additionally, MMT is required for the conversion

of inorganicselenium to bioactive gaseous forms, such as dimethylselenide (Tagmount
et al.,2002), an essential element foriamacid formation, such as selenocysteine

(Hall et al.,2022).

107



Acceptors:
DNA, RNA, Proteins, Methylated
Neurotransmitters Acceptors

AdoMet AdoHcy

PPi + Pi

ATP mmT Adenosine

SMM

Methionine Homocysteine

THF CH3-THF

Figure 4.3: The SMM Cycle, embedded within the Methyl cycle. Reactions requiring the
enzyme MMT are in blue. Adapted from Kocsisal.2003.

The MMT structure is typical of the methyltransferase family enzymes, with a highly
conserved 130 amino acid Class | Rossratthregion which binds SAM (Garet al.,

2013; Schluckebieet al.,1995). This is characterised by altdéing -hJe | i ces and
pl eated sheets, fsdremitnd | a ndkebodeabeitbert sila,recc ()
known as the core motif (Mi@n & McMillan, 2002). These may be found as dimers

and trimers (Pengt al.,2022).
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Figure 4.4: The 3imensional crystal structure of the bactermmTnhomotrimer from
Roseovarius indidOB 7vv), with the characteristic Rossmaifsld shown as alternating -

helices (spirals) and-pleated sheets (arrows) on each domain (coloured pink, green and blue).
Each monomer is composed of gstrands and elevep-helices.

Within the core motif, methyltransferases show considerable variability, texgep
Motif |1, whi edop(Ganetal, K 0BnMVatn& WMeMilany2002),

which is assumed to stabilise MVEAM interactions (Pal & Dasgupta, 2003).
Additionally, there is a consensus sequence at tterminalend (Fig. 4.4) known as
Motif | (Ganaet al.,2013), which is &haracterised by a glycirgense region
(D/ExGxGxG) and is highly conserved across plant, bacterial and archaeal MMT and
mmtNsequences (Long, 2021; Kozbetlal.,2005).

The presence of MMT has been associated with halotolerance in plants and bacteria.

The presence of the MMT homologuemtN is a reliable indicator of DMSP

biosynthesis in marine and salt marsh bacteria (Liao & Seeback, 2019; Wéliains

2019). In higher plants, SAM e pendent MMTO6s have been fo
to halotolerance in Australian Saltbugtir{plex nummularig, as the glycine betaine

pathway is reliant on SAM as a methyl donor, necessifdMT as part of its

regulatory mechanisifTabuchiet al.,2005). In Cotton plants3ossypium spp.

increased numbers of identified methyltransferase genes are associated with salt

tolerance, because of increased secondary metabolite production and increased cellulose
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fibre production (Hafeeet al.,2021). TheSmethioninemethyltransferase has also

been shown to confer increased salt tolerance in the model orgarabidopsis

thaliana In Col0 ecotypéA. thaliang plants with theMmtgene knocked out had
significantly lower germination rates and shoot fresh weights compared to wildtype
plants (Ogawa & Mitsuya, 2012). Additionally, transgefidhalianawith
overexpresselmtshowed increased salt tolerance (Ezdlal.,2016; Liuet al.,2014;

Maet al.,2017). Col0 plants transformed witllmt from BroomsedgeAndropogon
virginicus) showed increased tolerance to reactixggenspecies (characteristic of salt
stress) and heavy metal concentrations, compared to the wildtype ¢Eaak2016).
FurthermoreA. thalianawastransformed wititMmtgenes from Sweet Potatpdmoea
batatad and Sugar BeeBgta vulgari$ in separate studies. Both studies found that
transgenid\. thalianaplants had significantly increased root and shoot fresh weights,
and significantly decreased chlorosis and tissue death compared to wildtype plants (Liu
et al.,2014; Maet al.,2017). These results suggest thiamntis a critical gene to study

for the production and importance of DMSP and other osmolytes in plants, but also that

A. thalianais a good model organism for such study.

Aims and Objectives

To cortinue the work in establishing. thalianaas a suitable model organism for
DMSP biosynthesis in higher plants and ratify the genes in DMSP synthesis in higher
plants, the following aims were established:

1. To compare planimtgenes to known bacteriaimtNsequences, to establish
sequence similarity and find suitable candidate genes for knock out work.

2. To generate transgeritscherichia coliexpressing plan¥imtgenes and to
characterise the MMT activity of the re8ng strains.

3. To generatd\. thalianamutant plants wittMmtknocked out and to measure the
difference in DMSP concentrations and compare phenotypes, when grown in

saline conditions.
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Methods and Materials

Cloning ofA. thalianaDMSP synthesis genes inscherichia coli

Generation of Synthesised Genes

CandidateArabidopsisthaliana Mmtgene sequences were identified from The
Arabidopsis Information Resource (TAIR) and then compared to the following bacterial
mmtNsequenceising BLAST:Roseovarius indicuBSM26383 and halassospira
profundimarisDSM1734 (Liao & Seebeck, 2019), to compare sequence homology.
These specificnmtNsequences were selected due to thiamilarity to plantMmt
sequencesyith a minimum of 30% sequence homoldgythe Nterminal domain and
amino acidcount greater than 1000, to give greater t2@¥% query coverage of the
much larger planmt proteins This was in accordance with findings of previous
studies (Williamset al.,2019), to minimise effort in searching for the bemtdidate
bacterid speciesThe best candidat&. thalianaMmt sequence was selected by highest
query cover, followed by highest percentage identibe gene locus number ftire
selectedA. thaliana Mmiis AT5G498101.

To test the function oA. thaliana Mnt, it was introducednto an organism that does not

have any DMSP Synthesis capabilities. Gene sequences were domesticated by silently
mutding bases to remove internal restricti ol
ribosome binding site added for pET vector cloning. Gene sequences were synthesised

by Invitrogen GeneArt and diluted to 100 ng/pl.

Goldengate Cloning and Transformation

EscherichimcoDH5U was used as the host organisr
Goldengate Cloning. Synthesised DNA products were used as templates in a Phusion
PCR (see Chapter 2). A master mix of 11.9 ul water, 4 pl Phusion 5x HF Buffer, 1.6 pl

2.5 mM dNTPs, 0.5 pl 100%imethylsulfoxide (DMSQO), 0.5 pl 50 mM Mgeand 0.2

pl Phusion DNA Polymerase was made. To each 18.7 pl aliquot, 0.5 ul of synthesised
DNA and 0.4 ul each of 20 uM gene specific forward and reverse primers (Tab. 2.4)

were added. Phusid?CR reaction mixes were incubated in the thermocycler, using the
Bounce PCR method (Mugford & Hogenhout, 2018) according to the method detailed

in Chapter 2 (pag4?2).

Successful amplification was checked by running all 20 ul of the Bounce PCR products

on a 1% Agarose gel (see Chapter 2, p)e
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Mmt DNA wasrecovered from the gel bysualising with 8254 nm ClearviewV

transilluminator(CleaverScientific)andcuting out the bandf appropriate size from

the gelwith a scalpelThe DNA wasextracted by adding 300 pl of QC buffer to the
and i32rcf o2 antnsinch Mutit- Thésm8™ e C wi t h

Shaking IncubatorOnce the gel was dissolved, 100 ul of isopropanol was added,

removed band

followed by 10 pl of silica dioxide. The mix was inverted, and DNA allowed to bind for
2 mins. The silica pellet was resuspended by centrifugi6g%rcf for 13 sec and the

supernatant removed. The pellet was resuspended in 500 ul of Column Wash Solution,

vortexed and centrifuged @540rcf for anothe 13 sec. The supernatant was removed,

and the DNA eluted in 20 pl of water, the pellet thoroughly broken up and incubated at

70 eC for 2

mi ns . The

e 18400rcf o2 mms to Eelietc t

the silica, and the DNA extracted from the remaining supernatant.

The extracted DNA product was measured using a Nanodrop and DNA with

wa

concentrations greater than 100 ng/ul were diluted to 100 ng/ul. Goldengate assemblies

were constructed as follows

Table 4.1 Goldengate Cloning reaction components, the reaction level at which each
component required and the individual volumes for a 17 pl total reaction volume.

Component

Plasmid 41264 Vector
Backbone

Plasmid pMal 1039
Vector Backbone
Extracted DNA
Assembly Piece

10x NEB T4 Buffer

10 x Bovine Serum
Albumen (BSA)

NEB T4 Ligase (400000
cohesive end unit/ml)
Bpil restriction enzyme
Bsal restriction enzyme

Distilled water

Goldengate Level
0

Oand 2

0and 2
Oand 2

0and 2

0 and 2

Volume (pul)
1

1.5
1.5
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The assembly reaction mix was placed in
mins followed by 16 eC for 4 minstnmgor 25
at 50 eC followed by 80 eC for 5 mins ea:

Following the level 0 Goldengate reaction, 1 plofthaliana Mntwas added to 20 pl
of chemically competer. coiDH5U t o transform t hem.

Selection of Positive Colonies

Transformed cells were plated on LB Agar containing the appropriate antibiotic
(spetinomycin for level 0 constructs and ampicillin for level 2 constructs) and final
concentrations of 100 ug/ims o p r o g lythiogddactopyranoside (IPTG) inducer and

40 pg/ml 5bromo4-chloro-3-indolyl-b-D-galactopyranoside (3§al) pigment to
performbluewhi t e screening. Plates were incuba

White colonies were tested for successful cloning into the plasmid using colony PCR. A
reaction mix of 5 pl of Promega GoTag® G2 Green Master Mix, 3 pl of water, 1 pl of

each appropriate forward and reverse primers from 20 uM stock and 1 white colony
weregenerated. Each selected colony was streaked onto LB Agar with the appropriate
antibiotic before addition to the reacti
overnight. Colony PCR reaction mixes were incubated in the thermocycler (see Chapter

2, paged?).

Plasmid DNA Purification and Sequencing

Successful colonies containing the level 0 construct were grown in 5 ml of LB broth
with5plofspeino my ci n at st ock conceniércRDNAon o0V e
was purified using Promega Wizard ® Plus SV MiniPrep DNA Purification System and

the concentration measured using NanoDrop. DNA with concentrations greater than 100
ng/ul were diluted to 100 ng/ul. This extracted DNA was then used as the assembly

piece for level 2 Goldengate, which was repeated as above (see Table 4.1 for

components).

To ensure that the cloned gene was of the correct sequence and quality, 8 pul of DNA
were combined with 1 pl of the appropriate primer (goldengate 2 for level 0 and
BMO0189 for level 2) and 8 ul of sterile water. This was sent to Eurofins for Sanger
Sequenaig. Sequencing results were viewed using BioEdit software and compared to

the insilico plasmid map for each construct using Ape Plasmid Editor. Sequences were
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compared to each other and reference databases using Basic Local Alignment Search
Tool (BLAST).

Protein Extraction and Purification

Tab 4.2 Protein Purification and Extraction Buffer Formulas (exclusive ofx@Ho make up
the total volume).

Buffer Name Volume (ml) Formula
Laemelli Buffer 20 Bromophenol Blue 0.004g
Glycerol 4 ml
Dithiothreitol 1M 4 ml
SDS 0.8 ml
Tris (pH 6.8) 0.5M 5ml
Lysis Buffer 1000 DTTIM 1 ml
EDTA 0.5M (ph 8.0) 2 ml
NaCl 11.7g
Tris-HCI| 1M (pH7.4) 20ml
SDSPAGE Running 1000 Glycine 14.42 g
Buffer SDS 10 ml
Tris 3.28 g
SDSPAGE Resolving 10 APS 10% 200 pl
Gel Bis-Acrylamide 6.7 ml

Tetratmethylethylenediamine 10 ul
Tris 1.5 M (pH 8.8) 5ml
SDS 0.2 ml

SDSStacking Gel 2.97 APS 10% 60 pl
Bis-Acrylamide 1.005 ml
Tetratmethylethylenediamine 6 pl
Tris 1.5 M (pH 6.8) 1.5 ml

SDS 60 ul
Washing Buffer 1 1000 EDTA 0.5M (pH 8.0) 2 mi
NaCl11.7g
Tris-HCI 1M (pH 7.4) 20ml
Washing Buffer 2 1000 NaCl 11.7g

Tris-HCI 1M (pH 7.4) 20ml
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E. coliBL21 was transformed with the pmal1039 Goldengate level 2 plasmid
containingAmmt or the empty plasmid as before and grown on LB Agar with 100
mg/ml carbenicillin overnight at 37 °C. Single colonies were inoculated into 10 ml LB
with 100 mg/micarbenicillin and 0.1%jlucose at 37 °CL6 rcf for a minimum of 2.5 h,
until ODsoo Of 0.6 was reached. Half the replicates of each treatment condition were
then inoculated with 5 pl IPTG to induce protein expression, the others with 5 pl of
dh20O as a control. All cultures were then incubated at 16 °Cf,&ernight.

Protein was extracted from cultures by addition of 20 pl Laemelli buffer to 100 pl of
culture and boiling at 95 °C for 10 mins to lyse bacterial cells.

SDSPAGE gels were made as described to a 1.5 mm thickygssuring between
glass platesising themPAGE® Gel CastefMillipore) to generat@3 mm x 101mm
gels(seeTab. 4.2for components The resolving gel of 10% acrylamide wasured
first andallowed to solidify for 45 minutes with an isopropanol co@mce set, the
isopropanol cover was removed by micropipette thedstacking gel of 5% acrylamide
was poured on to@ 15 well combnserted, an@llowed to solidify for 1 hour. Plates
were insertedhto a vertical gel tank and covered with running buffer. The first well
contained 5 [1of protein ladder, with 20 pl of sample added to subsequent wells. The
gels were run at 130w an mPAGER Gel tank (Millipore)for 2 hours to allow for
sufficient resolution of proteins. Gels were then removed andspaisied with
Ultrabrilliant Blue dye at rcf, until the dyeurned brownGels werevisualisedBiorad

GelDoc XR+ image system with Image L&bsoftwareversion6.1 for Windows

To purify proteinsusinga Maltose Binding Protein columi200 ml of cultures were
pelleted by centrifugation at 4 °8400 rcf for 20 mins. Pellets were resuspended in lysis
buffer (Tab 4.2) and lysed $-M® High Pressure Cell Disruptiofrench presgGlen

Mills). Samples were separated into soluble and insoluble fractions by centrifugation at
18000rcf for 30 minutes, and the soluble fractions were then incubated for one hour with
amylose resin (New England Biolabs E8021S) washed with washing buffer (Tab 4.2) four
times. After incubation with amylose resin samples were centrifuggDacf for 1 min

and the supernatant removed. The resin was washed four times with washing buffer, and
then poured into an empty PD10 with filter (Cytiva). Wash buffer was allowed to run
through, followed by a wash with washing buffer 2 (Tab 4.2). Columns vhere t
incubatel for 5 minutes with 10mM maltose (Sigmddrich 636353-7) dissolved in

washing buffer 2 and eluate collected.
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Phenotyping of MMT Homozygous KnogRutA. thaliana

Generation of mutant plants and Genotyping

MmtHomozygous knockou. thalianaCol-0 seeds of the germplasm line
SALK_023362C were ordered from the Arabidopsis Biological Research Centre. The
Mmtgene at locus AT5G49810 was generateddgeobacterium tumefaciens
transformation, allowing for a tDNA insert in the fifth exon to disrupt gene function.

Successfully transformed plants were selected using kanamycin (Adbak®003).

1Kb

—

Insert Border MMTrvs6
IF.01

Figure 45: To scale diagram of the MMT gene where black boxes denote exons and white
spaces denote introns. The tDNA insert to knock out the function of the MMT gene is shown
above in exon five.

Plants were grown from sterilised seeds on ¥:Ag@r (See ChapterizMethods and
Materials). To verify the homozygotdmt knockout phenotype, DNA was extracted
from adult plant leaf tissue using the protocol outlined in Edwetrds,1991. A single
leaf of fresh weight betweer®mg was placed in 200 L of extraction buffer (10%
Edwards Solution in TE Buffer) and crushed. The solution was centrifud&i@0rcf
for 5 mins to separate the plant material from the supernatant and the recovered.

Table 4.3: OneStep DNA Extraction Buffer (Edwardst al. 1991) components, made up using
dH20.

Solution Component Concentration (mM)
Edwards Solution Tris-HCL (pH 7.5) 200

NaCl 250

EDTA 25

SDS 0.5% of total reaction

volume

TE Buffer Tris-HCL (pH 8.0) 10

EDTA 1
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Extracted DNA was amplified using a reaction mix of 5 pl of Promega GoTag® G2
Green Master Mix, 7.5 pl of water, 1 ul of each forward prient IF.01 and reverse
primer LBb1 from 20 uM stock and 0.5 pl of supernatant from the DNA extraction.

Reaction mixtures were amplified in a thermocycler (See Chapter 2).

All 15 pl of the amplified DNA were loaded into the wells of a 2% Agarose Gel (20 g
of Agarose per 1L of 1x Trif\cetateEDTA (TAE) buffer) and run as before.

Growth of MMT- and WTA. thalianaand their responses to salt stress

Arabidopsis thalianavildtype Colombia (CeD) seeds were treated using a solution of
sodiumhypochlorite triton and deionised water applied for 12 mins to sterilise. This

was removed and the seeds rinsed with steslier five times before piimg onto solid

Y4 MS Agar in round plates. Seeds were stratified by wrapping the plate in aluminium
foil and storing at 4 eC for a minimum o
transferred to a Sanyo Versatile omme nt Test Chamber at 23

photoperiod with 800 W fluorescent lights for 7 days.

Seedlings were removed from the plates using flateglised forceps and 15 seedlings
were placed 30 mm from the top of a 100 mm square plate containing 50 ml of %2 MS
Agar at salinities (Tab. 4.4), approximately 5 mm apart. This was repeated for all five
treatment conditions, for botimt and WT plants. Plates were placed upright in a 23
eC growth cabinet for 10 days.

Table 4.4: Supplementation of 5M NaCl to ¥ M@ar to attain phenotyping concentrations
for a total volume of 50 ml.

Final NaCl H20 NacCl
concentration (mM)  Added (ul) added (pl)

0 2000 0

50 1500 500
100 1000 1000
150 500 1500
200 0 2000

Root and shoot tissue were harvested separately and pooled for all 10 plants per plate in
previously weighed 1.5 mL glass crirbgp gas chromatography vials. Tubes were

weighed again to determine the mass of fresh weight (g) for the total tissue from each
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plate. Once weighed, 300 puL of 10M NaOH was added, to convert DMSP to DMS by
alkaline lysis. The vial tops were immediately crimped to form a gas tight seal. Vials
were left in the dark for overnight to allow DMS gas to generate and the sample assayed

by Gas Chromatography
Results

The protein sequences of ratified bacterial DMSP synthesis enzymes from the
methylation pathway (Liao & Seebeck, 2019; Williaetsal.,2019) were used as

probes in BLASTP searches againstAh¢halianagenome to identify candidate plant
DMSP synthesis enzymeEBhis was because althoulyimt activity had been identified

in plants as the first step of the methylation pathway (Haasah,1994; Kocsit al.,
1998), no gene ratified gene sequences existed for any of the known high producing

plants and no reference genomes existed.
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Figure 46: Phylogenetic analysis of the relatedness betwigkethionine MethyltransferaseMmt) and Methione S-methyltransferase enzynm@mtN sequences.
Organisms are grouped as follows: Green = Plant, Blue = Bacteria, Red = Archaea, Orange = Fungi. Identified clades {derivéngjngle common ancestor)
are outlined and numbered. The left tree was generated from analysistbfyltranferase sequences in full. The right tree was generated using theriNinal

domain. White circles at the end of a branch refers tdvant sequence. Black circle refers tormmtNsequence (Long, 2021, reproduced with permission).
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Roseovarius indicusimtNwas selected from bacterial Clade 1 (Fig. od)use as

probe because it is a well characterised DMSP producer using the methylation pathway.
mmtNgenes from bacteri@treptomyces mobaraensisd Thalassiospira profundimaris

(not to be confused with the diatoiihalassiosira were also selected for comparison,

due to their knowmmtNactivity in DMSP biosynthesis (Kageyaratal.,2018; Liao

& Seebeck, 2019). These were then compared again&trihegene, identified from

the TAIR database.

Table 45:; Similarity Matrix of percentage identity between the candidAtahalianaMMT

gene and selected bactenmamtNsequences. Query represents the percentage dkthe

thalianagene overlapping the bacterial reference genes. % represents the percentage of
matching base pairs over the aligned genes.

R. indicus S. mobaraensis T. profundimaris
Query % Query %  Query %
MMT 25.00 26.12 23.00 24.37 23.00 28.52

AtMMT_AT5G4981a

The query cover foA. thalianaMmtsequences compared to all the reference sequences
were low (<30%), suggénag that they are not closely relatédis is to be expected as
plant MMTs are doublelomain proteins, and sequence homology is therefore only
expected at the conservedat®iminal methyltransferase domain, that makes up the
entirety of the single domaMMT N proteins. Additionally, the percentage identities
betweenA. thalianaMmtand the reference sequences were low (<30%), stiggdsat

the primary sequences are not well conserved. This is likely due to evolutionary

divergence of domains, although the active site conserved.

Having established that tenmtcandidate gene has some, albeit low, levels of
sequence homology, tenmtgene was synthesized and introduced into the model
bacteriaE. coithrough goldengate cloning. colihas no DMSP synthesis activity, so

any activity post transformation must be due to the presenfsmwoit
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Chapter 4 Plant Methionine Methyltransferases and their Role in DMSP Biosynthesis
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Figure 47: SDSPAGE showing overexpression of AMMT ik&. coliLane 1) UnpurifiecE.
coliWT induced with IPTG 2) UnpurifiedE. coliWT without induction 3)E. colitransformed
with empty pmal1039 + IPTG 4E. colitransformed with the empty pmal1039 plasmid
IPTG 5) E. colitransformed with pmal1039/AMMT + IPTG 6) E. colitransformed with
pmall039/AMMT - IPTG 7) Purified protein extract fronE. colitransformed with
pmall039/AMMT 8) Purified protein extract fronE. colitransformed with empty pmal1039.

E. coliBL21 was successfully transformed with pmal1039 AMMT expression

induced by the addition of IPTG. Controls were included to which no IPTG was added.
As can be seen in Fig. 4.5, bands at approximately 135 kDa (in lanes 5, 6 and 7)
represent the overexpressed MMT protein. This estimated size is consideralidy sm
than the predicted 164 kDa of the plant MMT and may be due to protein folding in its
native state, the protocol not fully denaturing the protein and/or the MMT enzyme being
processed/degradedtn coli. TheE. colicontaining only the empty vectoxgressed
maltose binding protein, visible at 40 kDa (Lanes 3 and 8), but no bands corresponding
to anyMmtgenes. The WE. colinegative control alsshowed no MMTsized bands.

This demonstrates thEt colican express plant methyltransferases as a proof of

concept.

The next step was to seelf coliexpressing AMMT could produce SMM from

Methionine as the first step of the methylation pathway.
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Figure 48: Intracellular SMM concentrations of WE. coli, E. cotransformed with the
empty pmall039 vector arid. colitransformed with pmal1039 containing the AMMT grown
in liquid culture with additional Methionine. Cultures induced with IPTG (+) were done so
before inoculation into the methionireontaining growth media. Error bars are £ 1 SEM.

E. colitransformed with pmal1039 containidgnmtproduced significantly more SMM
compared to untransforméd coliandE. colitransformed with only the pmal1039
vect or (-fsta)p<e0r@l)) whicAdid not produce any detectable SMM. This
suggests that methionimesuccessfully converted to SMM, which is converted to
detectable DMS by alkaline lysis at 80C.

The effect of salinity oi\. thalianaMMT- mutant phenotype and DMSP _production

To further demonstrat@mtfunction as the first step of DMSP biosynthesi&in

thaliana, Mmtknockout plants (henceforth referred tavsit-) were tested for their

DMSP synthesis capabilities and salt tolerance compared to WT plants. Firstly, the
plants grown from mutant seeds need to be proven homozygous knockouts, to ensure
there is ndVimt activity.
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Figure 49: Agarose gel to confirm that thA. thalianaVimt- strain is a homozygous knockout
mutant. The Gel Electrophoresis of extracted and ampliffedhaliandDNA confirms the WT
in the WT lane, and théVimt plants (Lanes 1, 2 and 3).

The presence of the 1.2 kb amplified region in the WT DNA and its absenceMimthe

DNA indicates that the plants grown from the mutant seeds are indeed homozygous

knock out (Alonsetal.,2 0 0 3) . Thi s i-Tsy pken oPMhR 0a sa nad Ai Vi
met hod of confirming the paa2&ED).CTeRisuseta a t |
combination of a gene specific priTyper palil
PCRO tests for the ability to amplify a
heterozygous mutants, but emab2015). ithislso moz y g «
because the bacterial tDNA insert in the amplified region is 24,000 bp (Bxrker

al.,1983; Gieleret al.,1999), making the DNA too large to effectively amplify,

resuting in the 1.2 kbp region in the WT.

Thisisusedirt o mbi nati oD NWi PICRDhe TlTs tests for
specific smaller region between the gene specific forward primer (IF.01) and a standard

|l eft border primer that anneals to a 25 |
et al.,2015) The smaller bands in mutants of 500 bp are indicative of this region.

The WT and homozygous knockddimt- A. thalianaplants were then grown on a

series of increasing salinitie® determine if there were phenotypic differences that
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might indicate increased susceptibility to salt stress. Additionally, the intracellular
DMSP concentrations were tested, to see if there were a) differences between DMSP
production between WT ardmt- plants and b) if DMSP production scaled with

increasing salinity.
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Figure 410: Phenotypes oA. thalianglants harvested after 10 days of treatment on-i&ar
with additional NaCl. The lefthand column shows WT plants grown on 0 mM (A), 50 mM
(C), 100 mM (E), 150 mM (G) and 200 mM (I). The righ&ind column showsImt plants
grown on 0 mM (B), 50 mM (D), 100 mM (F), 150 mM (H) and 200 mM (J).

Phenotypic differences are mostttist at 50 mM NaCl, wher®mt plants (D) have
shorter roots and moderately more wilted leaves than the WT (C). This indicates that
Mmt plants are more susceptible to salt stress. This is also evidenced in 100 mM and
150 mM NacCl conditions, where mokémt- plants were bleached and did not progress

past the cotyledon (F and H) stage compared to WT (E and G).
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Figure 411: Mean root length of WT (green) anMimt- (yellow) A. thaliangplants grown on increasing concentrations of NaCl (n = 60 for each treatment
condition). Error bars are £ 1 SEM. Significance is denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Mmt plants did indeed have significantly shorter roots compared to WT in 0 mM, 50
mM and 100 mM NacCl conditions (p < 0.001, < 0.@®@ =0.030 respectively).
Although not statistically significantly different in 150 mM and 200 mM (p = 0.216 for
both), the general trend Mmt- having shorter roots was consistent. Furthermore, root
length was inversely proportional to NaCl concentrations, stiggdabat stunted root

growth is indeed a consequence of salinity.
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Figure 4.22: A) Mean root fresh weight and B) Mean shoot fresh weight of WT (green)Mnmd (yellow) A. thalianglants grown on increasing concentrations
of NaCl (n = 60 for each treatment condition). Error bars are + 1 SEM.
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There were no significant differences between root or shoot fresh weights, when
pairwise comparisons were made (Mahtitney U, p = 0.820 for both data sets), but
interegingly both WT andvimt plants had greater tissue masses in 50 mM NacCl
compared to 0 mM NaCl. This might be due to low level NaCl stinmgjanutrient and
water uptake to ameliorate the effects of NaCl, whereas at higher concentrations (100
mM 1 200 mM), the NaCl is sufficiently high to cause tissue damagetiresir

decreased biomas

To determine if DMSP concentrations were affected by salinity and if knocking out the
Mmtgene did indeed prevent DMSP production, plant material was subjected to
alkaline lysis and assayed for DM8rived by alkaline lysis of DMSBy gas
chromatography.
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Figure 4.13: A) Mean root nmol DM® g1 FW and B) Mean shoot root nmol DMSg-1 FW of WT (green) andMmt- (yellow) A. thalianglants grown on
increasing concentrations of NaCl (n = 60 for each treatment condition). Error bars are + 1 SEM.
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In all conditions WT plants produced more DRiBanMmt- plants. In the cases of root
tissues of plants grown at 50 mM and 150 mM and shoot tissues grown at 50 mM, the
WT plants produced significantly higher concentrations of PNI8annWhitney U

tests, p = 0.037 in all cases). This suggests that whilst homozyouplants do

make less DMSP than their WT counterparts, knocking ouithegene does not

knock out DMSP production entirely. This may be because there is functional
redundancy of th&imtgeneor because SMM is generated by another pathway, which
can then be used in the production of DM&8&ditionally, plants may produce other
compounds, such as DMSO, as sources of DMSP. Clearly, more sensitive assays need
to be developed to discriminate between potential sources of SMM and DMS, to ensure

that future work is more conclusive.

DMSP production increases in WT plants between 50 mM0 mM, which might

indicate that more is produced in response to increasing salt stress and would support
the theory that DMSP functions as an osmolyte in higher plants. However, between O
mM 1 50 mM theDMSP concentrations decrease slightly, which contradicts this
hypothesis. The lack of DM®&production in 200 mM is likely due to most of the plants

in both conditions dying at such high NaCl concentrations. Therefore, there is no

correlation between DBIP concentrations and salinity.
Discussion

Transformation oE. coliwith A. thalianaMmt

The first finding of this study is that when transformed withAh#éalianaMmtgene

E. colican synthesize SMM. There is no evidence to suggest that wildEtyqmei can
synthesise SMM (Thanblichet al.,1999), which confirms our results that the SMM
detected was the consequence of transformation with plant MMT genes. This result is
confirmed by previous studies that show MMT is the first step of the methylation
pathway in DMSP synthesis (Kocsis & Hansb898; Liao & Seebeck, 2019; Williams

et al.,2019). Regardind. thalianaspecifically as a model organism to study DMSP
production, this result shows that the first step of the methylation pathway is present,
although the remaining steps in the pathway would need to be confirmed by similar

approaches.

The ubiquitous nature dfimtand its role in synthesisirfgmethylmethioninere well

characterised in relation to the activated methyl cycle and the generation of
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homocysteine (Ranocha et al., 2001). Consequently, the production of SMM cannot be
interpreted as indicative of DMSP biosynthesis in isolation. However, this represents
the exciing first stage of an avenue of improving salt tolerance in crops using
transgenic approaches. The ability for crop plants to produce additional and/or increased
osmolytes in response to salinization is critical for ensuring food security @kaathil

2011). Transgenic approaches to achieving this have been steadily increasing in
popularity and sophistication (Kotuéd al.,2000) and the ability to transform plants

with the genes in the DMSP biosynthesis pathway may be a mechanism to further this.
Successful transformation Bf coliwith the first step of this pathway from high DMSP
producing plants, such as Sugarcane, is the first proof of concept. To further this
approach, this would need to be repeated with the remaining putative genes in the
methylation pathway. Once proving tlegtch step converts the precursor into the next
product inE. coli, the next step in completing this firstage is to prove that low DMSP
producing plants, such as Wheat, would be able to produce each intermediate of the
pathway, and DMSP, in increased levels compared to untransformed plants.

Subsequent, gene function can would need to be further ratified within a plant model.
This can be achieved by increasing the gene copy number through floral dip. This
method transforms plant ova by immersing inflorescences in sucrose solution containing
Agrobacterium tumefaciencensth additional copies of the gene in question in their
plasmid, resulting in transformed plants within one or two generational cycles (hang
al., 2006). In this scenario, to further ratifymt function, the expected result in

response to increased copy number would be a higher intracellular concentration of
DMSP.Another approach is to increase transcription of potential genes using a
Clustered Regularly Interspaced Short Palindromic Rep€&ESPR-Cas9 to

introduce a tag to the activation domain to recruit multiple copies of the transcriptional
activators (Casablollano et al.,2023). Increased transcription of genes in the pathway

will lead to increased intracellular concentrations of DMSP.

Saline tolerance in MMTA. thalianacompared to Wildtype

Mmt A. thalianaplants were shown to be significantly less salt tolerant than wildtype
plants.Mmt- plants had more bleached aerial tissues than their WT counterparts (Fig.
4.10); chlorosis and necrosis being key indicators of stress and nutrient deprivation in
many plant species (Colet al.,2023). This may be the consequence of a lack of
DMSP to ameliorate the increased reactixggenspecies in response to salt stress

(Kesawatet al.,2023), which causes chlorophyll degradation (Tailal.,2016).This
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is supported by the inverse experiments that foundvinatoverexpression in higher
plants results in decreased chlorosis @tial.,2014; Maet al.,2017) and increased
tolerance to the effects of ROS (Ezakial.,2016).

Potentially there may be a direct link between DMSP and chlorophyll concentrations. In
photosynthetic microalga@yrodinium impudicuniBelvisoet al.,2000) and

Phaeocystis globos@royeret al.,2021), the intracellular concentrations of
DMSP:ChlorophyHa are directly proportional. This is believed to be a mechanism to
maximise energy capture from sunlight, whilst proteragainst UV radiation (Bed#t

al., 2010). This mechanism hgst to be proven in higher plants but is a possible

explanation for the increased lack of pigmentiimt- A. thaliana.

Mmt A. thalianaplants also had significantly shorter roots than their wildtype
counterparts (Fig. 41), a known characteristic of satressed plants (Chenal.,

2019). Additionally Mmt A. thalianaplants had significantly decreased shoot and root
fresh weights at 50 mM NaCl compared to those grown at 0 mM NaCl (FR). #His

is supported by previous studies that showed the inverse; plants thakpvessvimt

had increased tissue fresh weights (&iw@al.,2014; Maet al.,2017; Ogawa & Mitsuya
2012). This may be theonsequence of increased salt sensitivity due to the lack of
DMSP, suppding the theory that DMSP functions as an osmolyte in higher plants.
Furthermore, DMSP is inversely correlated with relative foliar water contéruimdo
donax(Haworthet al.,2017) under drought conditions. Drought and salt stress produce
similar phenotypic responses in higher plants (€aal.,2023; Mahajan & Tuteja,

2005). It is possible that a decrease of DMSRlint- A. thalianaresults in increased
water loss from leaf tis&s, which is reflected as a decrease in the fresh weights of

Mmt plants compared to the WT.

However, there is also the possibility that increased salt sensitivity may be because by
knocking outMmt, the whole SMM cycle is disrupted. Although previous studies
showed théMimt- A. thalianagrew and reproduced normally, compared to the WT
counterparts (Koscist al.,2003), this study did not assess the effect of disrgpghe

SMM cycle on saline tolerance. SMM has been implicated in salt tolerance (l¢afeez
al., 2021). For example, glycine betaine, a well characterised osmolyte, requires SMM
as parbf its synthesis (Tabuclei al.,2005). Disruption to the SMM cycle could lead to
decreased glycine betaine as antaffjet effect, reducing salt tolerance. Furthermore,
glycine betaine acts as a growtygulding phytohormone, and promotes cell elongation

(Hernandea_eon & ValenzueleSoto, 2023) which may result in a shorter root
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phenotype. Additionally, the loss of homocysteine due to AdoMet not being converted
may also produce a stressed phenotype. Homocysteine has been shown to confer
drought tolerance in Barley by increasing SAM production, which can scavenge
reactiveoxygenspecies (Qitet al.,2023). It is not unreasonable to think that it may
contribute to toleréng other abiotic stresses, and thus the increased salt sensitivity in

Mmt A. thalianacannot be conclusively attributed to a reduction in intracellular DMSP.

DMSP Production in MMTA. thalianacompared to Wildtype

The most critical finding of this investigation is that in all salinitdst A. thaliana
produced less detectable DMSP compared to their WT counterparts (Bjg.T4is,
combined with the saktressed phenotype, supports the growing body of evidence that
DMSP functions as an osmolyte in higher plants. The significant increase in DMSP
production in plant tissues when exposed to salt is in keeping with a studtyutinct

that salt stressed. thalianaCol-0 seedlings showed increased expressidvirof and
consequently significantly increased SMM concentratiooempared to control

seedlings (Ogaw& Mitsuya, 2011). The authors of this study suggest that the
increased salt tolerance is the result of SMM directly stabilising cell membranes or its
conversion to &adenosylmethionine. However, they did not determine the fate of the
SMM. It is possible that the increases in salinity in their study are the result of
upregilation of the Methylation pathway, of which SMM is the first intermediate
(Kocsis & Hanson, 1998; Liao & Seebeck, 2019; Williaehsl.,2019), suppding the
argument that DMSP is an osmolyteAnthaliana In general, the root tissues produced
more DMSP than the shoot tissues across all treatment conditions and genotypes. This
is consistent with the findings of the previous chapter and is likely due to the root
tissues being in direct contact with the NaGhtaining media (Narayaet al.,2022).

However, althougiMmt plants showed decreased DRIfroduction compared to the

WT, it was not a full knock out of DMSproduction. There is no evidence to suggest

that DMSP is produced through the decarboxylation or transamination pathways used
by dinoflagellates and marine bacteria, respectively (Kocsis & Hanson, 2000; Kocsis et
al., 1998). Furthermore, SMM is exclusiyglroduced through the methylation of
methionine (Amir, 2010; Ranocled al.,2001), suppdmg thatA. thalianaproduces

DMSP through thenethylation pathway (James et al., 1995; Kocsis & Hanson, 2000;
Kocsis et al., 1998). There is also no evidence to suggest that any of the downstream
intermediates (DMSRmine and DMSRldehyde) are produced by any other pathways,

that might intercede ewewithout SMM (Carrioret al.,2023; Kocsis & Hanson, 2000;
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Stefels, 2000). Without compensatory pathways to supply intermediates when the
pathway is disrupted byimt loss of function, this suggests that there are mullptg
genes that can methylate methionine to SMM.

Given the ubiquitous nature Bfmtin higher plants and the multiple functions it
possesses (Ranockial.,2001), it is highly likely that plants would have more than

one methyltransferase that could compensate for the loss Mihthgene knocked out.

Gene redundancy is common in plants, includinghaliana(Gottlieb, 2003). This

prevents mutations in important genes, such as those that encode signalling compounds,
from causing a lethal phenotype (Briggsal.,2006). It is therefore possible that

andher SAM-dependent methyltransferase of the large family that has been identified

in plants (Lashleyt al.,2023) may be able to compensate for the loss of the specific
Mmtmutated, to confer partial redundancy (Briggsl.,2006). For example,
homocysteine&s methyltransferase has three isoenzymes that provide a compensatory
phenotype when one is mutated to lose function (Cehah,2017). To fully test this
hypothesis, a comprehensive reverse genetic approach is required in which all possible
genes with sequence homology are identified and knocked out, to test the downstream
SMM production inA. thaliana

Another approach would be to utilise Stable Isotope Probing. (Bl method will be
discussed at length in the next chapter, but brigfigks of compounds through a

metabolic pathway using isotope enrichmdittis requires the generation of a heavier
isotopei in this case eithé?C or3°S, incorporated into the substrate likely to be used

by the gene of interest, here MethionineMthtis indeed functionaplants grown on
substrate containintdpe labelled methionine would be used to synthesize BM@&ich

would also incorporate the heavy isotopEse successful incorporation thie heavy

isotope can banalysed by LEMS of extracted DMSRnd would indicate functional
plantMmt. This approach has been successfully undertaken for other osmolytes, namely
glycine betaine (Wilhelnet al.,2022).

Furthermore, ratification of the next steps of the pathway is also essential to
conclusively piece together the entire pathwgtential genes for the next stages of the
methylation pathwahave already been identified (Fig. 1.9) througferrogation of the
TAIR database for homologues to known bacterial genes in the methylation pathway.
The previously mentioned approaches to ratiffMmtwould also apply to these
downstream candidate genes, but therdasge suite of metabolomic approaches to

which A. thalianahas shown itself to be amenable. For exanthepuse ohigh
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definition mass spectrometry in conjunction with transcriptomic anahassbeen used

to assess biochemical changes in response to a multitude of abiotic BessiEs

Molina & Pastor, 2024)Another approach is Direétnalysis in Real Timé Time Of

Flight Mass Spectrometry (DARTOMFS).This elegant system is widely used in
dendroforensics (analysis of wood specimetigt utilises electronic excitement of ions
in a specimeywhichcauseson-molecule reactions with the sample molecules to
produce aalyte ionsthat then be analysed directly (Time of Flight) Mass Spectrometry.
This technique has the advantage that it can be done in ambient temperatures and
pressures, without the need for extensive sample preparation and is idealyfsingn
gases present plant samplesRarades/illaneuvaet al.,2018;Roepenallahayeet

al., 2004). This techniqueould well be applied to the analysis of gaseous intermediates

in the DMSP methylation pathway.

Suitability of A. thalianaas a model organism for studying DMSP biosynthesis in plants

To summarise, these initial studies into the DMSP synthesis pathwayhialiana

suggest that it can be used a model to sequentially knock out all the genes in the
pathway, to test their DMSP production and phenotypic differences. However, given the
comparatively low intracellular DMSP concentrations compared to other species, such
asS. anglicaand the partial DMSP production in MMMiomozygous knockouts, it

may not be the most robust model for future work. The benefits of its other
characteristics thahake it a model organism may not outweigh the drawbacks BMSP

biosynthesis specific research.

Despite these drawbacks, these findings contribute to the hypothesis that DMSP
biosynthesis is ubiquitous in higher plants, and that even relatively small concentrations
still contribute to globasulfurflux, as a cumulative effect. Further research into DMSP
production from higher plants is therefore essential to understanding how terrestrial
systems contribute to climate cooling effects and possible amelioration of the effects of

salinization in crop lants.
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Introduction

Salt Marsh Ecology An Overview

Salt marshes are globally distributed coastal ecosystems, found in the intertidal zone between
the sea and upland (Adam, 1990). Subject to regular flooding by incoming tides, salt marshes
experience daily periods of submergence, causing hypoxia, andtgatan (Adam, 1990;
Woodroffe, 2002). It is estimated that there are approximately 5.5 million hectares of salt
marsh distributed globally (Mcowaest al.,2017), with the majority found in temperate and
subarctic zones of the Northern hemisphere (Mcoetal.,2017; Adam, 1990). Of specific
interest to this chapter, salt marshes are known to be high producers of DMSP, both from the
predominance of high producing plants suclspatina sp.(Rousseaet al.,2017) and

sediment bacteria, such ldsvosphingobiunOceanicolaandAlteromonagWilliams et al.,

2019).

Salt marshes are characterised by a unique dominance of halophytic species. Macrofauna,
such as wading birds and crustaceans, are found in salt marshes across the gloe¢ &Rinke
2022), although regional naturally variation exists. An intergsariety of halophytic plants
are found in salt marshes, in some cases uniquely. Southern hemisphere salt marshes are
characterised by a predominance Mangrove speRi@gdphora (Veldkornet, 2023).

Northern hemisphere salt marshes have lesssize€ plantshut a large variety dPoaceae

such as cordgrasseSp@atina spp), rushesJuncaceagand reeds (such @&sundo donavand
Phragmites australis(Adams, 1990; Davy, 2008; Frid & James, 1989). Additionally, there
are abundant flowering plant species, such as SampBaésqrnia spp, Sea DaisiesAster
tripolium) and Sea Lavendekimonium vulgarg (Adams, 1990; Davy, 2008; Frid & James,
1989; Williamset al.,2019).

Plant Adaptations to the Salt Marsh Eomment

With shallow surface sediments deposited by the tides (French, 2019), much of the flora of
saltmarshes have the following physiological adaptions: salt glands, the ability to form

rhizome networks as anchor points, highly aerated roots or aerial roots,(A880; Davy,
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2008). These are additional to mechanisms of halotolerance previously disougse® 76

Plant salt glands are aerial, epidermal structures (Flowers & Colmer, 2015), that in their
cellular composition arsimilar to trichomes (Esau, 1965). These can be split into two sub
groups; vacuolar bladders that collect salt and store it away from the other leaf cellst(Ding
al., 2010) or secretory vessels that directly channel salt onto the leaf surfaces (Fig. 3.1C)
(Breckle, 1990). The former are typical of salarsh plants such as €dants Aizoaceag

found in the southern hemisphere salt marshes (Dassanayake & Larkin, 2017). The latter are
more widely distributed amongst higher plants and found in a rangét-ofi@sh plants such

as Sea Daisieg\éteridg and MangrovesRosid3 (Veldkornet, 2023).

Adaptations to root structures are another common feature-imaegh plants. Many salt
marsh plants form dense networks of horizontal rhizomes (Fig. 3.1B) that form interlocking
meshes with neighbouring clumps (Graesal.,2022; Roberts, 2008). This is particularly
prominent in cordgrasseSgatina spp) and allows them to withstand the movement of
sediment by the tide, as well as limg erosion of sediment (French, 2019). A unique feature
of wetland plants is that they have largefdied intercellular spaces, known as aerenchyma,
within their roots (Fig. 3.1A), which allows faxygento cortinue to be transported in the
stem even in hypoxic, waterlogged conditions (Graatsd.,2022). In some species, these
air-filled, root networks may also be found above the surface of the sediment to further
increaseoxygenavailability and reduce osmotic disruption, a characteristic feature of
Mangrove species (Nguyet al.,2023). These aerial roots, known as pneumatophores, have
stomatalike structuresor lenticels, that allow fooxygendiffusion into spongy tissues of the

roots, for diffusion into the cells (Kazemi al.,2021).
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Chapters - Analysis of microbes using DMSP asabonsource in thé&patina anglica
rhizosphere by DNAStable Isotope Probing
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Figure 5.1:Physiological adaptations of halophytes and hydrophytes associated with salt marshes.

A) Light micrograph t r aHippwiswlgagsstameshdawingtine lacggé, Mar e 0 s
air-filled aerenchyma (indicated by the black arrow). Image credit: Walker, 2013. B) Photograph of

cross section of Common CordgraSpéatina alterniflorpirhizome, showing the dense network of

adventitious roots and rhizomes. Image credit: Davis, 2017. C) Confocal micrograph of Indian

Mangrove @vicennia officinalispperepidermal surface with a salt gland (indicated by the black

arrow). Image credit: Taret al.2015.

The RhizospheréPlantMicrobe Interactions

In addition to the biochemical and physiological adaptations to the salt mamdnearent,

wetland plants also rely on symbiosis with microorganisms in the soil surrounding the root,
known as the rhizosphere. The rhizosphere is defined as the soil immediately influenced by
root exudates and is typically not more than 10 mm from any roaiceuWalkeret al.,

2003). It is more diverse in terms of species, compared to the microbiome of the aerial tissue,
known as the phyllosphere, (Kret al, 2017) as the soil is a more chemically stable and
nutrient rich enironment (Bodenhausegt al.,2013). Salt marsh soils are characterised by

poor drainage and claych soils (Woodroffe, 2002). Levels of bioavailable orgar@don

are often plentiful due to depositiona@drbonfixing benthic microalgae (Middleburgf al.,

1997) but are subject to seasonal fluxes (@®lind Neubauer, 2009). Additionailgn

levels are typically high due to the presenceaf rich pools (Williamset al.,2019), making
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SO ions a valuable chemical commodity for the reductiomasf oxides (Tobias &

Neubauer, 2009).

There are multiple factors that affect the species present in the rhizosphere. The plant
genotype influences the members of the microbiome through the secretion of ddéebemt
sources that microorganisms can utilise (Emetet.,2017), as well as a variety of anti
microbial compounds that select for different species (Be¢ah,2015). The microbiome
also varies with the age of the host plant (Wagtex.,2016), with older plants typically
having greater species diversity (Zhaal.,2023).

Also of relevance to this chapter, abiotic factors also critically shape the microbiome,
including Ph, temperaturexygenconcentration, metal ion concentration and water
availability (Santoyeet al.,2017). A fundamental factor that influences the soil microbiome,
as well as plant health, is the elemental composition of the bulk soil. Plants require seventeen
key elements for growth and development, of includiodiumandsulfur (Singh and

Schulze, 2015). Saline soils found in coastal regions are chasact by elevated metal
chloride and sulphate concentrations, notablgiumchloride, which lead to more alkaline
conditions and poor water availability (Gupta and Abrol, 1990), as discussed at length in
Chapter 2. This is a challenging éawment for plants to be able to assimilate enough
oxygen nitrogenand water (Hingole and Pathak, 2016), as well as cope with increased
concentrations of metal ions, leading to cellular toxicity (Serrano and Rodiawezro,

2001).

The Rhizosphere and its Role in Pl&ttess Adaptation

The plant rhizosphere is known to play important roles in other types of plant stress. This can
be through modulation of plant signalling. For example, the bad®egadomonas putida
degrades the ethylene precursamiinocyclopropané-carboxylate (ACC) by deamination,
prevering ethylene derived leaf abscission (Glick, 2005). Perhaps one of the best
characterised examples of the rhizosphere in stress tolerance is that of pathogen suppression
through a wide variety of mechanisms. The bactseudomonauorescensuppresses the

pathogenic fugususarium oxysporurhy the degradation of fungal cell walls, the secretion
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of iron-chelaing siderophores (Ledet al.,2009) and release of the diacetylphloroglucinol,

an antifungal compound (Meyaest al.,2009).

The rhizosphere is critical for plant survival in saline conditions. Halotolerant strains of
different phyla of bacteria, such BsoteobacteriaandFirmicutesare unsurprisingly

dominant in saline bulk soil (Naylor and Colerdaarr, 2018), but the species present in
halophile rhizospheres are less well characterised. Whilst there are many well explained
examples of single species, the rhizosphere holobioesssunderstood. There are multiple
bacterial species that confer resistance to drought condii@mmmon feature of saline
soils. For exampléAchromobacter piechaudnodulates ethylene production using the same
ACC deaminase d3. putidg which increases the fresh weightSalanum lycopersicum
grown in arid envonments (Mayalet al.,2004). In salt marsh emenments, where drought

is often of far a less of concern to plants compared to the overwhelming volume of sea water
they are regularly flooded with, there aretidist patterns of bacterial distributions that
correspond to the proximity thé ocean (Blunet al.,2004; Boweret al.,2009; Wanget al.,
2017).

Additionally, the species of plant and distribution of heavy metals are also critical factors in
the species of bacteria present. A study of spatial differen&saiternifloraandS. patens
rhizobacterial abundance and community composition suggests that the increasing alkalinity
of the soil correlang with proximity to the sea was the primary driver of changes in
community composition (Boweet al.,2009). The study did not, however, document that
species present. This limits the conclusions drawn as there may be species specific
adaptations at play that were unrelated to the soil Ph. Another study contradicts this
hypothesis and following comparisonf bacterial communities from a variety of salt marsh
plants, including thre8patina species an®hragmites australig¢as surveyed by us in

Chapter 1}that the species of plant has a greater influence on the rhizobacteria present (Blum
et al.,2004). It is to be noted that proximity to the sea will affect the plant species present
(Adam, 1990), although it is probable that multiple factors will affect the rhizobacterial

composition.
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Furthermore, there is an emerging body of evidence that suggests the microbiome may confer
specific salt stress resistance (Fig. 3Spingomonas sphK11 has been shown to upregulate
glutathione production i8olanum pimpinellifoliumyhich binds to Reactiv®xygenSpecies

and protects the plants against salt stress induced damageefkdia@017). Also, Plant

Growth Promting Rhizobacteria (PGPR) have been found to module host phytohormones
that results in upregulated salt compartmentalisation aridrpppmp production

(langumaran and Smith, 2017). However, it is clear from reviewing the literature that
comparatively little is known about the specific bacterial species present in the salt marsh
rhizospheres, and that mechanisms by which a symb@&étanship exists between plants

and bacteria is poorly understood. DMSP has been proposed as an infochemical for signalling
between plants and bacteria (Schmidt & Saha, 2020). It has also been demonstrated that salt
marsh sediments are high producer®dSP (Williamset al.,2019) and that it can be used

as an osmolyte by sediment bacteria, but its role as specifically as a rhizobacterial compound
in plant symbiosis has not been specifically explored. Thus, this chapter aims to identify
specific microbial groups utilising DMSfromSpatina anglicaas acarbonsource, what

genes and pathways they use to do so and if such bacteria possess the potential to interact

with the host plant.
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Figure 5.2: Summary diagram of tHeeneficial activities of rhizosphere associated bacteria in
response to saline soil einenments of salt marshes. Image adapted from Whiteestial. 2017.

Molecular Ecology Technigues to Survey DMBi@®ducing Microorganisms

To this end, it is essential to employ techniques that can generate links between bacterial
phylogeny and DMSP metabolism, which traditional methods of culturdé B8dRNAgene
amplicon DNA sequencing are unable. Shotgun metagenomic sequencing will allow
predictions but it is possible that only a very small proportion of the DNA sequenced will be
from microbes that are actually degrading the DMSP. Therefore, a technigu2NAeStable

Isotope Probing (SIP) that captures the breadth of groups of bagesenpin theSpatina
anglicarhizosphere that assimilated tH€ in the labelled substrate of choice (DMSP in this
case) (Radajewslat al.,2000). In addition, we also plan to use cultdependent techniques

to uncover model bacteria that we can study their response to DMSP etc to support our

hypotheses we generate (Fig. 3.3).
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DNA-SIP is an elegant technique that enables the tracking of compounds through a metabolic
pathway using isotope enrichment (Dumont & Murrell, 2005). The compound of interest, in
this case DMSP, is generated with a stable, heavy isotoparimbn 3C, on each of the 3
carbors in acrylic acid. This can be introduced into culture of bacteria obtained from a natural
environment at regular intervals. Bacteria that catabolise the compound of interest will
subsequently incorporate th¥ into their DNA, whichcan be separated by buoyant density

(or isopycnic) centrifugation (Dumont & Murrell, 2005; Neufad al., 2007). The heavy
fraction of DNA can then be sequenced with the light fraction, to find out which bacteria are

able to catabolise the compound of interest.

88 \

N

Figure 5.3: Work-Flow of DNA-SIP in which rhizosphere cultures are grown witfC-DMSP as a

sole carbon source, allowing for assimilation into the DNA of DMSgatabolising bacteria. The
extracted DNA from these samples undergoes isopycnic centrifugation througheaiumChloride

(CsC) matrix, that separates DNA fractions based on density. The fractions are eluted separately,
sent for Next Generation Sequencing to enable metagenome analysis of the relatedness of DMSP
metabolising bacteria to be determined. Figure adapted fromeLil.(2022).

The use of'®C was first successfully employed in elucidation of soil methylotrophs using
Methanol {*CHsOH) and MethanefCH,) (Radajewskiet al., 2005), and has subsequently
been used to assess both rhizobacteria (Caetic@l., 2020; LarkeMeija et al., 2019) and
bacteria that can metabolise DMSP in coastal seawateet(hiu2022). However, this chapter
represents the first time that DN®P has been used to combine these two areas and look

specifically at DMSPmetabolising rhizobacteria associated vidthanglica
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This approach is enhanced by metagenome analysis. Metagenomics is the study of the
collective genetic material of all microbes in a specifiarmment (Clark & Pazdernik, 2013).

This does not rely on primers to be designed for known DNA sequences, unlike traditional
amplicon sequencing, but rather fragments and sequences all the DNA isolated from the
communi ty, i n an appr oeacny (Clark & Pandermiks 20E8% Thist g u n C
is extremely useful in identifying unculturable bacterial speciesggaences obtaindgdor

readsi can be readily compared to exigy genome sequences. Additionally, this approach
also allows for large scale analysis of groups of bacteria to see if they contain homologues to
genes associated with specific metabolic processes. Traditional aldpueadent methods to

study the same wodlltake a great deal of time and resources, compared to a metagenomics
approach. Naturally, this process is also time consuming, and requires specialist bioinformatics
skills, but when combied with DNASIP and culture dependent work, this presents a
comprehensive study on the microbial diversity and metabolic capabilities in a given

envronment.

Aims and Objectives

The aims of this chapter were firstly to uncover the diversity of bacteria within the natural
Spatina anglicarhizosphere and what genes they express via metatracriptomics. Secondly,
to quantify DMSP catabolism and production through measurement of produced DMS and
MeSH through a DMSP DNA SIP experiment. Thirdly, to investigate the abundance,
expression and taxonty of DMSP catabolic genes with the bacterial community through

metagenomic analysis in the natural and DMSP DNA SIP samples.
Materials and Methods

Sampling

The enrichment and isolation research described in this study was performed on rhizosphere
samples fronBpatina anglicaobtained from Stiffkes a | t mar s h, UK (Il atitud
l ongi t ude ®SampliggavasT@ried dat)on theé@ay 2022at low tide The

average temperature for that day was 14 °C, with no raiifghlicate samples of rhizoplane
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Chapters - Analysis of microbes using DMSP asabonsource in thé&patina anglica
rhizosphere by DNAStable Isotope Probing

and ectorhizosphere soil were collected from the rhizome/root cluster by shaking the cluster
to remove loose soil and discarded. The soil adhering to the cluster up to a 4 mm distance
was removed using ethanol sterilized scalpels (Boetray.,2021). DMSP content was also
measured in samples (200 pul) taken from the bulk soil 1 m away from the root/rhizome

cluster for comparison.
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Fig. 5.4: The sampling site. A) An aerial satellite image of Norfolk, showing the location of Stiffkey
Salt Marsh marked with a yellow arrow. B) The landscape of Stiffkey Salt Marsh, showing a
characteristic tidal inlet flanked by mudflats and vegetation, ingigdSpatina anglicaC) A closer
image of a clonal clump &. anglicasituated within a tidal inlet, clearly indi¢ging the density of
plants. D) The sample d&. anglicdrom which samples were taken, immediately after excavation,
showing the rhizosphe intact and compacted within a protective layer of black bulk soil.

Stable Isotope Probing

Synthesis of°C-DMSP

13C-DMSP was synthesised in house fréi@s-acrylic acid and DMS (Merck) as in Todd
al. (2010).
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DNA-stable isotope probing

Bulk soil associated t8patina anglicaplants was discarded by shaking and rhizosphere soll
(<4 mm from roots) was sampled using sterile scalpels. For-BNPAexperiments, 4 g of
rhizosphere soil were placed in 125 ml vials containing 40 ml of sterile seawater collected from
Stiffkey saltmarshponds. Vials were set up in triplicate and immediately sealed after the
addition of 100 puM of eithet?C- or 3C-DMSP. Vials with autoclaved rhizosphere soil were
setup in triplicate as controls to account for ggesabiotic degradation of DMSP. All samples
were incubated at 25 °C with shaking ¢f)r DMSP consumption and DMS production was
monitored by gas chromatography (GC) as described below. DMSP in the microcosms was

repleni shed when O 95% had b-8moars).consumed (ap

Spike and repeat every 4-8 hours

‘ : [ —
| e |
rhizosphere — I

P 25°C, 150 rpm Gas Chromatography
P /
R

Autoclaved
control \_’/
Fig 5.5: Illustration of the first stage of DNASIP incubation. Note that all samples were in triplicate,
not shown on the figure for simplicity.

At TO and after 5 days of incubation (T1; 75 umola€similated-g), 10 ml of DNASIP
microcosms were spun down and supernatants discarded. Then, soil pellets were used for DNA
and RNA extraction using the DNeasy PowerSoil Pro Kit (Qiagen) and the RNeasy Mini Kit

(Qi agen) according to t hsequemtl,dugDiNa of TGlrsampléss | n s

were separated into heavy’G-labelled) and light C-unlabelled) DNA by isopycnic
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centrifugation as in El Khawaret al (2016). DNA retrieved in each fraction was quantified
using a Qubit dsDNA HS assay kit (ThermoFisher Scientific). Density of DNA fractions was
estimated by refractometry using a Reichert AR200 refractometer (Reichert Analytical
Instruments). Heavy andglt DNA fractions from each sample were identified bytpigtthe
percentage of DNA retrieved vs the refractive index and subsequently usé&SfeNA gene

amplicon and metagenomic analysis.

Quantification of DMSP, MeSH and DMS IBasChromatography (GC)

DMSP, DMS and MeSHN DNA-SIP incubations were quantified by gas chromatography
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).
Eight-point calibraion curves of DMS and MeSH standards were used and the detection limit
for headspace DMS and MeSH were 0.015@G&0nmol respectivelysee Chapter 2Material

and Methods: Gas Chromatography for a more detailed methodology).

DMSP concentration in DNASIP incubations were measured by extrac0.2 ml of sample

with a sterile syringe and a 0.5 mm diameter needle. Aliquots were then placed in 2 ml vials
and heated at 80 °C for 10 min to remove possible DMS present in the samples. Vials were left
to cool down before the addition of 0.1 ml of NaQB M to measure DMSP content via
alkaline lysis as in Liet al, after which they were immediately sealed. No residual DMS was

detected in heated control vials without NaOH added.

To measure DMS and MeSH concentrations in the EBNFA microcosms experiments, 50 pl
of headspace were manually injected in the gas chromatograph with an SGlighosginge

(Trajan).

Isolation ofBacteria from3C samples

After 13 days of enrichment witFC-D MS P , bacteria were isolatec
aliquot from the serum vial, for culture dependent characterisation. A serial dilution was made
and 200 ¢l admini stered ©05mMMDMSR as the soleamdna i ni n g

source. Plates were incubated for 48 hours at 28 °C.
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Nine single colonies with disict morphologies were streaked onto MBM Agaf.b mM

DMSP + 5 mM Succinate as tlearbonsources and incubated for 48 hours at 28 °C. Isolates
were tested for purity using Phase Contrast Microscopy. Cell morphology was visualised using
a Zeiss AxioScope Al microscope at 1000x magnification (lamp: HXP 120C, filter set: Zeiss,

FS #49) (ImagesiAppendix).

Characterisation of Bacterial DMSP Catabolising Activity

Growth on DMSP aSole Carbonsource

Growth on DMSP as a sotarbonsource was assessed by aseptic inoculation of each
isolated species into 5ml YTSS and incubated a Zr 24 h. The Olnoof the rich media
culture was measured and adjuste®@so0 of 0.8in 1 ml of MBM. The cells were washed
by centrifuging the culture @000rcf, for 4 min and the supernatant discarded. The pellet
was resuspended in MBM minimal media withaasbonsource (Baumann & Baumann,

1981) and the washing process repeated three times.

The pellet was resuspended in MBM and a final culture of 4% inoculum in MBMOW@ith
mM DMSP as the solearbonsource was incubated at 30 °C for 5 days. Controls of MBM
with 5 mm Succinate as the sal@rbonsource and MBM with noarbonsource were

prepared as before. Cell growth was measured by comparisg &00 and T96.

DMS and MeSHProduction byBacterialStrains from DMSP

Growth on DMSP as a sobarbonsource was assessed by aseptic inoculation of each
isolated species into 5ml YTSS and incubated a ZBr 24 h. The Olgyoof the rich media
culture was measured and adjuste@xo0 0of 0.8in 1 ml of MBM. The cells were washed
by centrifuging the culture @000rcf, for 4 min and the supernatant discarded. The pellet
was resuspended in MBM minimal media withgawbonsource (Baumann & Baumann,

1981) and the washing process repeated three times.

The pellet was resuspended in MBM and a final culture of 4% inoculum in MBM containing
10 mM NHCI, 2.5 mg/ml FeEDTA, 0.01 mg/ml vitamin mi8aumann & Baumann, 1981)
and a combinedarbonsource o005 mM DMSP and 1A30mMig®uot ci nat e.
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liquid bacterial culture was added to 2 ml glass GC vials and immediately seéalechw 1 1 mm

crimp caps with rubber/PTFE sep@ultures were incubated at 30 “Zxcf for 24 hrs.

DMS and MeSHoroduction from DMSP catabolism were measured by Gas Chromatography

(GC) headspace analysia an Agilent Technologies 7890B Gas Chromatography System

using a flame photometric detector fitted with a 7693 autosampler) and ANHIPANVAX 30

m x 0.320 mm capillary column (Agilent Technologies J&W Scientif&ihg automatic

injection method 530 HP L OT _SPLI TDMS50_MESH_O0. 1M at 60 e
approximately 2.1 and 3.3 mins retention time were recorded as indicative of MeSH and

DMS production, respectively.

To calculate the concentration of DMSP produced per mg protein per ndalliidgr protein
content was estimated by sonication of liquid cultures for 20 seconds at 20 kHz and
spectrophotometric analysis with Bradfordos

instructions (BioRad) at 595 nm.

DMSP Production byBacteriallsolaes

DMSP biosynthesis by bacterial isolates was assessed by aseptic inoculation of each isolated
species into 5ml YTSS and incubated ae2@&or 24 h. The Olyoof the rich media culture
was measured and adjusteddDsoo of 0.8in 1 ml of MBM. The cells were washed as

before.

The pellet was resuspended in MBM and a final culture of 4% inoculum in MBM, adjusted to

35 PSU, containing 0.5 mM NE&I, 2.5 mg/ml FeEDTA, 0.01 mg/mitamin mix(Baumann

& Baumann, 1981) , 5 mM met hionine and 5 mM s
extract Gonzalezt al.,1999) was added to enhance growthe cultures were incubated at

30 °C for 5 days and growth analysed by comparingeed TO and T96.

A 200 | aliquot of liquid bacterial culture was removed from each T96 sample for alkaline
lysis. The aliquot and 109 | 1 0 MwdNeaa@ddd to 2 ml glass GC vials and immediately
sealedwt h 11 mm cri mp c ap €ultwes wene incubdied et?8 "€, TFE s e |
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rcf for 30 mins in the dark, and measured by Gas Chromatography (GC) headspace analysis

as before.

DMS consumptioriby Bacterial Isolates

Consumption of DMS as a satarbonsource was assessed by aseptic inoculation of each
isolated species intoral YTSS and incubated at 28@or 24 h. The Olgyof the rich media
culture was measured and adjuste®@so0 of 0.8in 5 ml of MBM. The cells were washed

as before.

The pellet was resuspended in MBM and a final culture of 4% inoculum in 20 ml MBM,
adjusted to 35 PSU, containing 10 mM MH 2.5 mg/ml FeEDTA, 0.01 mg/ml vitamin mix
(Baumann & Baumann, 1981) was prepared in 125 ml serum vials. The vials were sealed and
injected with 1% DMS per volume and incubated at 30 °C for 48 h. DMS consumption was

measured at TO and T48 by Gas Chromatography (GC) headspace asabedfisre.

Inducibility of DMSP Catabolising Genes

Inducibility of DMSP cleavage was assessed. Each isolated species was inoculated into 5ml
YTSS and incubated at 28@or 24 h. The Olgyof the rich media culture was measured and

adjusted tdDeoo Of 0.8in 1 ml of MBM. The cells were washed as before.

The pellet was resuspended in MBM and a final culture of 4% inoculum in MBM, adjusted to

35 PSU, containing 10 mM Nigl, 2.5 mg/ml FeEDTA, 0.01 mg/ml vitamin miBaumann

& Baumann, 1981), @onzilezt 4l./1999)ang atlresStmMeSuctimat@c t
as a solearbonsource or 5 mM Succinate and 0.5 mM DMSP. The cultures were incubated

at 30 °C for 5 days and growth analysed by comparingh6D TO and T96.

A 300 laliquot of liquid bacterial culture was removed from each T96 sample for alkaline

lysis. Aliquots were added to 2 ml glass GC vials and immediately sealéedv 11 mm cr i 1
caps with rubber/PTFE septultures were incubated at 28 °C,ct for 30 mins in the dark,

heatkilled at 80 °C for 10 mins and measured by Gas Chromatography (GC) headspace

analysisas beforeCellular protein content was estimated by sonication of liquid cultures and
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spectrophotometric analysis with Bradfordos

instructions (BioRad).

Sequencé\nalysis of Bacterial Isolates

Purified isolates were identified by amplification of thB®#S rRNAgene (using the primers

27F and 1492R (Baumann & Baumann, 1981; DeLong, 1992) and the resultant PCR products
were PCR purified using High Pure PCR Product Purification Kit (Roche) and sequenced by
Eurofins Genomics (Munich, Germany). Isolates were taxacadty identified using Basic

Local Alignment Search Tool (BLASTnhitp://blast.ncbi.nim.nih.ggv Genomic DNA from

bacterial isolates/ibrio spatinae Haloarcobacter arenosus, Thioclava nitratireducand
Alteromonas oceanvas sequenced by Microbes NG (Birmingham, United Kingdom) using
lllumina HiSeq technology. Publicly available genomes of the most closely related reference
strains (Table 1) were screened for the presence of homologous DMSP lyase genes.
Homologous sequenso ratified proteins (Table S2) were identified using local BLASTp,

with thresholds set as E O 5e130, O50% amino

Metagenome Analysis

Amplicon, Metagenomic anietatranscriptomi&equencing

DNA and RNA were extracted using the PowerSoil DNA Isolation Kit (Qiagen) and the
Zymo Directzol RNA Kit, respectively. Fot6S rRNAamplicon sequencing, the V4 region
of the bacterial 6S rRNAgenes were amplified with primers 515F and 806R (Aperidl.,
2015; Walterst al.,2016).All amplicons (amplifiedl6S rRNAgenes), metagenomes (total
DNA) and metatranscriptomes (total RNA) samples were subsequently sent to Novogene
(Beijing, China) for quality control, libraries construction and Illumina Higioughput

sequencing.

Amplicon Analyses

Qiime2 platform (Bolyeret al.,2019) was used to analyze th@SrRNA gene amplicon
data, with Adada2d6 module to remove | ow qual

identity to get the representati veskaneparincoo n
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module to assign taxonomy for each ASV. Finally, a ASV table was generated by Qiime2

and used for reveal community composition in different samples.

Metagenome anllletatranscriptomé\nalyses

For both metagenomes and metatranscriptomes, raw data were primarily quality controlled by
fastp (Cheret al.,2018) and were then assembled with MEGAHIT v1.0.2(lal.,2016)

with the default parameters. Assembled contigs were used to call genes using Prodigal (Hyatt
etal.,2010) -meittatb @pti on for met agenooestals20l®nd usi
for metatranscriptomes. Then, these predicted genes from metagenomes and
metatranscriptomes were independently clustered at 95% identity usiij G et al.,

2012) to remove the redundant gerisyloflash (GrubeWodickaet al.,2020) was applied

to determine the prokaryotic community from metagenomes and metatranscriptomes based

on 16SrRNA gene reads with the Silva v138.1(Quetsal. 2013) as the reference database.

MAG (metagenome assembled genoiRegovery

To improve the quality of recovered MAGSs, three metagenomic replicates from each sample
were coassembled BWEGAHIT v1.0.2 (Liet al.,2016) with the default parameters. The co
assembly results of easAmplewere importedo MetaWRAP (Uritskyet al.,2018) to

recover bacterial and archaeal MAGs. Both the bin_refinement and reassembly_bins modules
from MetaWRAP (Uritskyet al.,2018) were performed to refine the recoveviGs and

improve completion and N50 of tmewly recovered MAGS, respectivelyll recovered

MAGs were dereplicated using dRep v2.3.2 (@Inal.,2017) with the default sémgs.

Genome completeness and contamination were estimated by CheckM v1.0.12t{Bbarks

2015) . Only MAGs with compl et eneaamned®or 50% and
downstreamanal ysi s. Taxonomic assignment of weach
module of GTDBTk v1.7.0 (Chaumeiét al.,2019). Gene calling and annotation of each

MAG was performed b¥Prokka v1.12 (Seeman, 2017 he relative abundances of MAGs in
metagenomes and metatranscriptomes were estimated using CoverM (v0.6.1,

https://qgithub.com/wwood/CoverMwhich mapped metagenomic ametatranscriptomic

sequences to the MAGs with default parameters.
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Identification of DMSP/DM3Cycling RelatedGenes

The functionally ratified protein sequences (not shown) of enzymes involved in DMSP/DMS
cycling (Appendix) were used as reference for searching homologues in
metagenomes/metatranscriptomes/MAGs using hmmsearch (http://hmmer.org/) with an
evaule of 1€10. Due to complex structure of eukaryotic genes, it is quite hard to predict them
in metagenomes. Thus, for eukaryotic DMSP/DM@8Iling related genes, we only searched
their homologues in metatranscriptomic gene set. To further validate tinenemental

sequeaces retrieved from these marine metagenomes/metatranscriptomes/MAGs, potential
sequences of interest were crosschecked by BLASTp and only those sequences had a
minmum 40% amino acid identity and 70% query coverage to the corresponding ratified
proteins wee retained. Gene relative abundances (Copies/transcripts per million reads) of
those retained genes were determined by CoverM v0.6.1
(https://github.com/wwood/CoverM). Briefly, the copy/transcript number of each gene was
calcul ated by tahe ciojngii_gs udnenpa rhiszoe nbodul e i nt e
was further normalized by total mapped reads of each metagenome. Taxonomic assignment
of those retained genes based on the contigs they located in were conducted by CAT (von

Meijenfeldtet al.,2019) (parameters:top 30--range 5-fraction 0.3).

Statistical Analysis

Statistical analysis was performed using SPSS Software PatRde2021) unless

otherwise stated. Data sets were assessed for normality using the Kolra8gurouyv test

and equal wvariances with the Leveneds test.
distributed, so nojparametric equivalent tests were used fbdaila sets. Pairwise

comparisons for each species between the test condition and its control condition were

carried out using MankVhitney U tests with a 95% confidence interval.
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Results

Characterisation ddpatina rhizosphere

Firstly, it was necessary to quantify the base line concentrations of DMSP present in the
Spatina rhizosphere through alkaline lysis, to ensure that the amounts of DMSP that we add
to the SIRincubations were excessively high compared to that which exists in the natural

envronment.
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Soil~1m  Soil ~ 10m Rhizosphere S. anglica Le&. anglica Root S. anglica  Sea Water
Soil Rhizome
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Figure 5.6: Mean nmol DMSP per gram of sample, from standing stocks of soil and other surrounding
environment to theSpatina anglicahizosphere. Bulk soil was taken from both ~ 1m and ~ 10m
distances from th&. anglicalump sampled. This was to provide a baseline for comparison of microbial
metabolism of DMSP Error bars indicate +1 S.D. No DMS was detected in any of the standing stocks.

The tissues of. anglicashowed significantly higher concentrations of intracellular DMSP
compared to the rhizosphere and bulk soil, as expected (n = 6, p < 0.001 in all cases). Soil of
approximately 1m distance from the sampled clump had higher standing stocks of DMSP
comparedd the rhizosphere, but not significantly so (n = 6, p = 0.057). The reason for this is

unknown.
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Having established that the rhizosphere contained micro molar levels of DMSP, it was decided
that the addition of 100 uM of eith&C- or 13C-DMSP would not be such a great enhancement

on the standing stocks as to be unrepresentative of naturabrengnts and thus was
appropriate for the SIP incubations. Samples were divided into those enrich&OwitiSP

and ¥C-DMSP, with autoclaved controls to ensure that decreases in DMSP were due to
bacterial catabolism and not gas leakage. Samples were talegrafdification of DMSP by

alkaline lysis, and the headspace analysed for DMS at regular intervals.
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Figure 5.7. DMSP degradation during the incubation in the SIP experiments. Autoclaved controls were not shown as the DMSP was rigdlagdathus
concentrations consistently increased over the course of the experiment to orders of magnitude higher than thieifese tocreases in DMSP correspond
to the addition of fresh DMSP (spikes) as the stdebonsource and are denoted by black arrows.
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Figure5.8 DMS production during the incubation in the enriched cultures. Autoclaved controls were not shown as the DMS concerdtayied€onsistent.

The times at which 10 ml samples were removed for DNA extraction are shown as coloured blocks, as suddsesdect®dS production correspond to
the loss of volume.
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DMSP was consistently degraded after spiking in botht4@¢ and3C i DMSP cultures,
indicaing bacterial catabolism of DMSP. This corresponded with increases in headspace DMS
as a breakdown product of DMSP catabolism and shows that there were rhizobacteria capable
of utilising DMSP as a solearbonsource. Note, unlike in the previously published DMSP SIP
experiments there was no observed decrease in the levels of DMS over time, likelynigpdica

a lack of enhanced DMS catabolism. This is a good pardi¢tDMSP cleavage. Working on

the hypothesis that DMSP was being degradembst likely by bacteria from th8. anglica
rhizosphere that metabolised DMSHRe next step was characterise the species present and the
abundance of genes associated DMSP metabolism in the samples. DNA was extracted
following isopycnic ultracentrifugation for metagenome analygihen 77 & mé | DMSI
(231 ¢ mdwas aSsinilatdd and DMS levels were no longer increasing, (by 0.7 + 0.006

g mo |1 duwringthe last 24 h of incubation).
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Fig. 5.9 DNA retrieved as function of refractive index of each fraction following isopycnic
ultracentrifugation. Samples incubated wit*C-DMSP are represented in blue. Samples amended
with 13C-DMSP are shown in red. Light and heavy DNA fractions used for subsequent downstream

analysis are shadowed in green and yellow, respectively. Figure produced by Ornella Carrién.
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Fig.5.1Q Microbial community profile of spéina rhizosphere samples at the orog) level

revealed byl6SrRNA gene amplicon16S rRNA and metagenomic (MG) sequencings. TO samples
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The classification oelectedrders at the genus level. Figure produced by Xi#ga Zhu.
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Metagenome analysis showed that of previously identified orders DMSP metabolising bacteria,
such asOceanospirallesand Alteromondalesvere abundant in all samples, but the most
prevalenti especially in thé3C-DMSP enriched sampléswereRhodobacteralesHowever,

the most abundant bacteria were either unknown or single representatives of a small family,

classified as others. This demonstrates how diverss.theglicabacterial community is.

In the natural sample, tH6S rRNAsequencing revealed a more even distribution of

bacterial orders compared to the metagenome analysis (Fig 3.9A), with relative abundances
of between 5% of Anearolineales, SteroidobacteralasdDesulfobulbalesn 16S rRNA
samples, compared to less than1% in metagenome analysis and metatranscriptome.
Additionally, theOceanospirallesvere less abundant in thi6S rRNAsamples at

approximately 2%, compared to the metagenome with relative abundances of between 5
10%. Furthermore, in thE6S rRNA Thermoanambaculeswere present with a relative
abundance of betweenr536, whereas they were completely absent in the metagenome

analysis.

The16S rRNAsamples for both unfractionatétC- and**C-DMSP were very similar to the
naturall6S rRNA in terms of both the orders represented and their percentage relative
abundances. Additionally, both the heavy and light fractioRd®DMSP showed no

striking differences to the unfractionaté@-DMSP or natural sample, except that the heavy
fraction had more unknown bacterial orders (betwe&f%) compared to the light and
unfractionated.6S rRNAsamples. The most notable difference was intiBeDMSP heavy
fraction, in whichRoseobactersere considerably more abundant compared té’e

DMSP light fraction and unfractionated samples, as well a8GiBMSP samples, 30%,
compared to 10%. This suggests tRaseobacterare significant catabolisers of DMSP in

theS. anglicarhizosphere.

In the'3C-DMSP heavy fractions, there was considerable differences between the relative
abundances in thE6S rRNAand metagenome samples. In both casefktiseobacteraere
the most abundant order, but they were considerably more abundant in the metagenome

samples (up to 50% compared to 30%). Additionally, there was considerably less diversity of
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orders in théneavy fractiormetagenome, witithermoanaerobacules, Anearolineales,
SteroidobacteralePesulfobulbares, Desulforomonas, Campylobachers
Desulfobacteraleall at less than 1% abundance, if present at all, compared 16 SheRNA
samples. This indicates tHabseobacters, Oceanospirali@sdAlteromondalesire very

likely to be the most active DMSP catabolising bacteria irSthenglicarhizosphere.

Having established the most diversity and abundance of bacterial families present, the diversity
and abundance of DMS#cling related genes needed to be determined, as well as their

expression in the samples.
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Fig.5.11 Relative abundance and relative expression of DMSP/DMS cycling related genes retrieved from rhizosphere metagenomes lngveale

metagenomes and metatranscriptomes, respectively. Relative abundance and relative expression of these genes were ndhosdiz#dlO singleopy
genes. O0_16, 0_26 and o0_306 after the sampl e name r e mpheseercimthe suppleonkentaryyi c a |

table. Figure produced by Xia¥u Zhu.
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