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Abstract

Anthropogenic influences have led to a shift in the nitrogen cgeseilting inan increase in
microbial emissions of the potent greenhouse gas nitrous oxid®)to the atmosphere
As the genetic, physiological, and environmental factegulating the microbial processes
responsible for the production and consumption ofNare not fully understood, this
represents a critical knowledge gap in the development of future mitigation stratdgcas
coding small RNAs (sRNAs) regulate a wide range of physiological processes in
microorganismghat allow them torapidlyrespondto changes irenvironmental onditions
Thesehave predominantly been studied an limited number ofmodel organisms but with
improvements in the techniques for SRNA disagvit is becoming increasingly clear that
SRNAs play a crucial role in environmentally relevant pathwaysell For example, several
SRNAs have beeshownto control important enzymatic processes within the nitrogen cycle
and many more have been identified in model nitrogen cycling orgarssicis as the model

denitrifier Paracoccus denitrificans

The discovery of the SRNA Deh& demonstrated the influence of a single SRNA on the
denitrification pathway through interaction with a novel Gripe regulator NirR, which in
turn stalls denitrification athe stage ofitrite reduction. This study aims to further explore
the role of this novel regulatory mechanism within the denitrification regulatory network.
Furthermore this thesispresensinformation on how to further unravel the sRNA regulatory
network in the model organisrR. denitrificansand show indications for the involagent of
further sSRNAss well as the involvement of the RNA chaperone. Hifgjaddress knowledge
gaps regarding the transcriptome during denitrification conditions, a gloaatcriptionstart

site analysisis presentedvhich provides a solid foundation for further research into the role
of sigma factors and promoter activity during complete and incomplete denitrification.
Together these investigations highlight the importancePofdenitrificansas a biochemical
and physiological model for denitrificatido identify potential novel targets for mitigation

strategies and combat climate change.
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1.1 The biogeochemical nitrogen cycle

Nitrogen is an essential nutrient for sustaining all life forms on E&tttitogen gas (B
O2yaitAaiddziSa 1ty 2F (GKS 9FNIKQA FGY2ALIKSNB® |
access the gaseous form of nitrogen that is present in the atmosphere. Therefore, the
biogeochemical nitrogen cycie a cornerstone of all living processes @odsists of a set of
reactions by which nitrogen is converted into different organic and inorganic forms,
circulating between atmosphere and biosphelétrogen is al@ to form covalent bonds with
carbon that are integral to the functioning of many organic biomolecules, and it also provides
a potent source of electrochemical energy for biological metabolism. As a limiting nutrient it
has affected biological evolution drecology on Earth over tim&he partial pressure of
nitrogen gas in the atmosphere controls the degree of preséuoadening of greenhouse

gas #&sorption and thus surface temperature of the planet, making it habitable (Goldblatt et
al., 2009) Atmospheic N is only accessible to certain microorganisms, tadihing Bacteria

and Archaea, which are estimated to biologically fix approximately 0.1% of thmod
(Vitousek and Howarth, 1991)litrogen gas is a highly stable compound due to the strength
of the triple bond between the two nitrogen atoms. Therefore, the fixation process requires
eight electrons and at least sixteen ATP molecules (Bernhard, 2010). There is great
physiological and pylogenetic diversity among nitrogdixing organisms: Some nigent

fixing organisms are frekving while others live in close symbiotic relationships with plants,
some are aerobic while others are anaerobic. However, they all have a similar enzyme
complex called nitrogenase that reduces fd ammonia. The enzyme complex is highly
sensitive to oxygen and is deactivated in its presefi¢te nitrogen fixing microorganisms

possessing this key enzyme are called diazotrophs.

Oncethe largely urreactive moleculamitrogen has been fixed by microorganisme
resulting ammonium compounds are transformed into a wide range of amino acids and
oxidized compounds and becomesailable to plants and animalgig. 1.1) Only small
guantities of atmospheric nitrogen are fixed by abiotic means including lightning and
ultraviolet radiation.Over recent years it has become apparent that the biogeochemical
nitrogen cycle has changed markedly over tiriéith the discovery of the HabdBosch

process at the beginning of the 2@entury t became possible to industrially fix atmospheric

15



nitrogen converting kinto reactive Nformsand shifting the level of availablefdrms (Chen

et al., 2019). Industrially fixed nitrogen can be utilized to produa&Nfertilizers that can

be applied in agriculture to feed the evgrowing world populationHowever, this process is

powered by fossil fuels which function at temperatures ranging from-3@0C as well as

pressure in the range of 15800 bar. Therefore, approximately5%6 of the natural gas

produced globally is utilized for this processany S N @ mow: 2F GKS g2 NI
fertilizer production (IFA, 2009; Wang et al., 2018)vas estimated that in 2002, over half of

GKS ¢2NIXI RQa LlRLJzZ A2y O2yadzySR -Bb2pRocesdNE R dzO ¢
(Smil, 2002). Despite their agricultural importance, the application of these fertilizers can

cause huge environmental concsrand major changes to the balance of the biogeochemical

nitrogen cycle (Richardson et al., 2009).

Annually, large quantities of reactive nitrogen from fertilisers are lost to the environment due
to runoff, or as gaseous products. This can cause soil acidification as well as increased
emissions of the greenhouse gas nitrous oxideéON NO has a global warming potential
almost 300 times higher than GQ@Galloway and Cowling, 2002). Since the beginning of
industrialisation, the atmospheric loading of@lhas increased by over 20% and subsequently

it has been listed as one of six gases subjected to otistmiin the Kyoto protocol (Richardson

et al., 2009; Smith et al., 2012; Prinn et al., 2018). The Intergovernmental Panel on Climate
Change (IPCC) estimates that one third of the total gloh& Bmissions are a result of
anthropogenic activities, with agriculture accounting for the largest fraction (IPCC 2013). The
economic costs as a result of nitrogen pollution across Europe are estimated to range from
70 to 320 billion euros a year, mainlyaio reduced air and water quality (Sutton et al.,
2011).

16



@ AOA N, Atmosphere
® AOB
NOB
@ Denitrifiers
@® DNRA N,O
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—A;imal dung :

NO, —  NO;

Fig. 1.1: Simplified representation of the major pathways of the nitrogen cycléhe soil
(modified from Horta, 2016)Nitrogen fixation as well as the input of animal dung and
nitrogen rich fertilisers result in an abundance of NH the soil, which is microbially
converted to atmospheric Nvia NQ, NO and BD.AOA = ammonia oxidizing archaea; AOB
= ammonia oxidizing bacteria; NOB = nitrate oxidizing bacteria.

Once nitrogen has been transformed into accessible ammonium compouredsittification
pathway is responsible for the conversion of ammonium to nitrikdtrification consists of

two distinct steps, that are carried out by distinct types of microorganisms. During the first
step a group of microbes known as ammeaiadizers aerobically convert ammonia to nitrite

via the intermediate hydroxylamine. The pess requires two enzymes, ammonia
monooxygenase and hydroxylamine oxidoreductase (F2). Unlikenitrogen fixation which

is carried out by a large range of microbes, ammonia oxidation is less common among
prokaryotes. The bacterial ammonia oxidisers belong to the geNgrasomonasNitrospira

andNitrosococcusHowever, in many habitats these are outnumbered by ammoridizing

17



Archaea, which are widespread in oceans, soils and salt marshes. The second step in
nitrification is the oxidation of nitrite to nitrate carried out by nitritexidizing bacteria
belonging to the generalitrospira Nitrobacter, Nitrococcusand Nitrospina Both processes
generate very small amounts of energy and thus the growth yields of the microbes are very

low.

Ammonia Oxidation
1) NH;+0,+2e —— NH,0H +H,0
2) NH,OH+H,0 —— NO, +5H*+4e

Nitrite Oxidation
NO, +% 0, — NO,

Fig. 1.2: Chemical reactions of Nitrification: During reaction 1 of ammonia oxidation the
enzyme ammonia monooxygenase catalyses the conversion of ammonia to hydroxylamine.
Reaction 2 converts the intermediate hydroxylamine to nitrite, a process catalysed by
hydroxylamine oxidoreductasélhe third reaction is the oxidation of nitrite to nitrate.

Nitrates and nitrites are a natural component of plant material, however an increase in nitrite
from fertilisers can lead tan accumulation of nitrate in vegetable tissue (Renseigne et al.,
2007). High levels of nitrate in food are responsible for methemoglobinemia (blue baby
syndrome) in young children (Chan, 2011). Additionally, increased conversion of ammonium
can lead to a lasof soil nitrogen through leaching which results in a wastage of fertiliser and
water pollution through eutrophication of riverand lakes (Robertson and Vitousek, 2009;
Sutton et al., 2011). In freshwater ecosystems, the levels of nitrite are continuously increasing
due to industrial effluents from industries producing metals, dyes, sewage aquaculture and
runoff from agriculturaboils supplemented with nitrogen fertilisers (Van Maanen et al., 1996;
Jensen 2003). As nitrite is rapidly oxidised to nitrate {NQQ is often the predominant N

form found in ground and surface waters. Elevated levels of nitrite in both sea amshire
water environments have detrimental effects on aquatic animals by interfering with multiple
physiological functions such as ion regulatioespiration,and the cardiovascular system

(Jensen et al., 2003). Biological removal of both nitrate and nitrite from aquatic environments

18



can be achieved aerobically through the processes of nitrate or nitrite assimilation or
anaerobically via denitrification. Microorganisms and plants are responsible for the
transformation of more than 0megatons of inorganic nitrogen per year via the process of

assimilatory nitrate reduction (Guerrero et al., 1981).

Recently, a new type of anoxic ammonia oxidation was discovered in addition to the
nitrification process $trous et al 1999 Anammox (anaerobic ammonia oxidation) is carried
out by bacteria belonging to the phylum Planctomycetes which oxidise ammonia by using
nitrite as the electron acceptor to produce gaseous nitrogen. They were first discovered in
anoxic bioreactors of wasteater treatment plans but have since been found in a range of
aquatic systems including leexygen zones of the ocean, coastal astuarine sediments,
mangroves, and freshwater lakes. In some parts of the ocean, anammox is thought to be
responsible for a significant loss of nitrogen alongside the denitrification prokespérs et

al., 2005).

The production of BD in the soil is primarily attributed to the microbial processes of
nitrification and denitrification, although under certain environmental conditions such as
nitrate-sufficiency and nitrite accumulation, dissimilatory nitrate and nitrite reduction to
ammaium may well significantly contribute to 8 emissions (Rowley et al., 2012;
{GNBYAZall SO 1t P HAMHODP | 26SOSNE (GKS RSYA
process physiologically capable of the consumption of this greesdngas (Bernhard, 2010),
disregardingthe non-physiological reduction of 2D by nitrogenase (Hoch et al., 1960).
Denitrification is an example of the respiratory flexibility found in prokaryotes with
denitrifying microorganisms using nitrogen oxides as alternative electron acceptors in the
absence of oxygen. Complete denitrificat is a sequential foustep reduction of soluble
nitrogen oxides nitrate (N§ and nitrite (NQ) to the gaseous nitrogen oxides nitric oxide
(NO), nitrous oxide (}D) and findl to dinitrogen, which takes place mainly in the absence of
oxygen (Zumft & Kroneck, 2007). The mdtimain enzymes catalysing these reactions are
nitrate reductase, nitrite reductase, nitric oxideductase and the periplasmic nitrous oxide
reductase respectively. As the denitrification process is a modular pathway, some organisms
are capable of completely reducing B nitrogen gas whilst others may lack one or several

of the enzymes required for the other steps involved in the reduction cascade (Philippot et
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al., 2002).Complete denitrification is carried oty bacteria of several genera including
Paracoccuswhile a wide variety of species suchRagegeriaare able to perform parts of the

process (Rana & Gupta, 2023.

1.2 Nitrogen in the terrestrial environment

The global biogeochemical nitrogen cycle is dominated by microbial processes in soils,
sediments and water bodies (Seitzinger et al., 2016). This is a major difference from the global
cycling ofphosphorus which becomes available to the biosphere mostly through mineral
weathering. Depending on the type of the ecosystem, N cycling and storage in soils and
vegetation varies considerably. For instance, in agricultural systems, N cycling is dominated
by N fertilisation and the removal of crops while in natuaald seminatural systems the
cycling of nitrogen depends on climatic and landscape conditions as well as the sum of N
inputs via N depositions and biological nitrogen fixation. Nitrogen cycling in terrestrial
ecosystems is characterised by a variety ofedi$formations involving organic and inorganic
(ammonium and nitrate) N species converted by microbes and pldvdsteproduction and
decomposition are the major drivers of nitrogen release and nitrogen storage from the pool
of organic matter. During thprocess of decomposition, soil organic matter is cleaved from
larger polymers to biavailable monomers that are easily accessible to both plants and

microbes.

European soils as well as shrublands, wetlands and forests are ofiemt&td due to poor

soil quality, e.g. high sand content and thus reduced ion exchange capacities and low amounts
of organic matter (ButterbacBahl & Gundersen, 2011). This has a negampact on the
retention of reactive nitrogen in the system. Anthropogenic influences over centuries have
depleted the nutrient reservoirs. Tropical rainforests, however, are often rich in nitrogen.
Changes in landse have a significant effect ondyding and therefore a conversion of

natural land into arable land is not only characterised by a loss of C stocks, but also by
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significant losses of ecosystem N stocks. It is estimated that the conversion of forest soils to

agricultural use resulted in an average nitrogen loss of 15% (Murty et al., 2002).

1.3 Nitrogen in the marine environment

Nitrogen occupies a central role in marine biogeochemistry and strongly influences the cycles
of the other elements including carbon and phosphorus. It exists in a plethachewhical

forms that are converted by marine organisms as part of their metabolism to obtain nitrogen
for the synthesis of structural components or to gain energy for grofRi@jares & Ramos,
2019) The most abundant form of nitrogen the aquatic environmen dissolved nitrogen
gasas the ocean absorbs nitrogen gas from the atmospheréhe open ocean fixed nitrogen

is one of the most important growthmiting factors for photosynthetic organisms such as
algae and marine bacter{&alkowski, 1997 Dentrification and nitrification in the ocean are

both regulated by oxygen concentrations and contribute to the production of nitrous oxide.
Anthropogenic nitrogen inputs reach the coastal ocean via river inputs therefore also

affecting the balance of the eanic nitrogen cycle.

1.4 Paracoccus denitrificanasa model for denitrification

Paracoccudenitrificans(P. denitrificankis a soddwelling member of thggseudomonadota
found in a wide range of terrestrial and aquatic environments. Its biochemical apparatus
allows the bacterium to utilize a range of electron donors to switch between aerobic and
anaerobic respiration. It has become an important model as it is biocheynaradl genetically
tractableand it grows well under denitrifying conditions in the laboratory. The genonke of

denitrificanswas sequenced in 2006.
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1.4.1Thenar/ nap/ nasgene operons

Excess nitrates a pollutant, which is removed from tlevironment via the denitrification
process. Nitrate is reduced to nitrite in a tvedectron transfer process catalysed by nitrate
reductase.P. denitrificangossesses three different nitrite reductases, a membrane bound
nitrate reductase (Nar), a periplasmic nitrate reductase (Nap) and a cytoplasmic assimilatory
nitrate reductase (NagBertero et al., 2003) (Fig.3). The membrane bound enzyme reduces
nitrate to generate metabolic energy whereas the periplasmic enzyme reduces nitrate to
counter an ovetreduction of the ubiquinone pool and subsequently balance excess redox
potential. The Nas enzyme reduces nitrate as a souseglfor the production of bacterial

biomass.

All three nitrate reductases consist of several subunits. Nar comprises of three subunits, a
OFdlrtedad h ade@eytARIS ySWhGioPRPIRE dé& & 2f dznarld |
(Pden_4235) and a membrane bound subunit encodeaidny(Pden_4236). Another subunit,
NarE A& NBI|jdzANBR F2NJ 0KS raggans opérondalsocantainskie h i
genesnarK a nitratenitrite transporter, as well agarR a nitrate transcriptional regulator
which senses the levels of nitrate and oxygen. The location of NarG in the cytoplasm requires
nitrate import and subsequent nitrite export. The presence of oxygen inhibits nitrate

transport(Wood et al., 2001).

The nap operon encoding for the periplasmic enzyme consistabEDABGNd is not
primarily involved in anaerobic respiration. The catalytic subunit NapA contains a
molybdenum(MGD) cofactor as well as a [4HS] cluster. It receives electrons from the NapB
subunit which is membrane bound and contains a tetraheme cytochrome c. The third subunit,
NapC is involved in the transfer of electrons from the ubiquinone pool to the NapAB enzym
The expression of theap operon is unaffected by the availability ahanonium and oxygen

in the environment. Instead, Nap activity is induced by nitrate. It has been shown that Nap is
required for redox balancing during the oxidative metabolism of certain carbon sources, such

as the highly reduced butyrat&eéars et al., 1992
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Fig. 1.3: The denitrification operons ofP. denitrificansblue arrows indicate the catalytic

subunits
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If no ammonia is available, teasTSABGHiperon is expressed iA. denitrificango utilise

the available nitrate for growth. The catalytic subunit of the assimilatory nitrate reductase,
NasC, reduces nitrate to nitrite in a tvadectron reduction process. The electrons are
transported to the catalytic subunit by the FADntaining NaC subunit via NasG. NasH and
NasA are required for the transport of nitrate and nitrite. Tiasgene cluster is regulated by

the two-component system NasTBertero et al.2003)

1.4.2Thenir gene operon

The next step in denitrification is the conversion of N® NO, which is considered the
defining step of denitrification as the soluble nitrogen oxide>N® converted into the
gaseous N@Jones et al., 2013Yhis is achieved via a one electron transfer and the enzyme
responsible for this onelectron reduction reaction is either a coppear a cytochrome cgd
nitrite reductase, encoded bwpirK or nirSrespectively Both of theseare localised in the
periplasm but are varied in structure and catalytic site. The nitrite reductiises,of P.
denitrificansis a cytochrome cdenzyme. The nitrite reductase consists of tevtype hemes

as well as twal:-type hemes that form a functional dimer.

1.4.3Thenor gene operon

The reduction of NO toJ® is carried out by a nitric oxide reductase (Nor). Two moles of nitric
oxide are reduced to one mole of nitrous oxide in a #ectron reduction. NO is highly
cytotoxic and is often involved in cell signalling as well as host defence. Therefore, many oth
non-denitrifying microorganisms contaiNor for NOdetoxification (Philippot et al., 2013)

The NorB subunit is a transmembrane protein that catalyses NO reduction and the NorC
subunit receives the necessary electrons from cytochromg or from pseudoazurin

(Pden_4222).
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1.4.4Thenosgene operon

The final step in the denitrification pathway, the reduction of nitrous oxide to atmospheric
nitrogen gas, is carried out by the enzyme nitrous oxide reductase. The reductie®dbN

N2 requires two electrons and two protons and is strongly exergonic. The catalytic subunit of
the nitrous oxide reductase enzyme is encoded byrtbeZgene. The genesosRand nosC

are located downstream of theosZgene and are both involved mosZexpression as well as

in Cu transport and assembly of Nd§zg. 3) The gengasZalso lies downstream afosZ It
encodes for pseudoazurin, which together with cytochromsg is responsible for donating
electrons to Nos via cytochrome dbc The gene product afiosXis involved in metal ion
transport and has been shown to be a homologniof (Saunders et al., 2000)he remaining
genes in thenosgene clusternosDYFELall have an indeement in NosZ maturation. Nitrous
oxide reductase forms a functional dimer and each of the monomers is able to bind 6 copper
ions. At the Nterminal domain the enzyme possesses a unique catalytic&er while at

the Gterminal domain a GCielectron transfer center is located. These copper centers impose
a high copper demand on the enzyme and therefore microorganisms may avoid rede©ing N
if the bioenergetic advantage is limited. This can be observed in electron acceptor rich
environments, such as mite-fertilized fields, resulting in an increased release gD Nhto

the atmosphere.

The nitrous oxide reductase (NosZ) protein phylogeny has two distinct goelpde |, and

the recently discovered clade Il (Jones et al., 2013; Hallin et al., 2018)). The two clades differ
not only in protein phylogeny but also in th@s gene cluster organisation, the NosZ
translocation pathway as well as the frequency ofocourrence with other denitrification
genes. Clade | organisms are complete denitrifighéch also possessirS or nirK genes
encoding for nitrite reductase (Jones et al., 2013;t@eret al., 2018). The majority of the
clade Il organisms lack complete denitrification machinery and appear to beeatrifying

N2O reducers capable ebnsuming MO without contributing to its production, making these
organisms of significant interest as they may be potentigD Ninks in the environment.
Despite the pressing need to develop mitigation strategies to combat theiagszasing hNO
emissions, we still do not fully understand the regulatory network underlying the microbial

reaction pathways responsible for the production and consumption of this greenhouse gas.
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An enhanced understanding of the ecology of thesZclade Il organisms as well as the

conditions under which their activity is favoured is needed (Domeigimza et al., 2016).

1.5 Gene regulation of denitrification in proteobacteria

Bacteria and Archaea have developed a range of strategies allowing the uptake and utilisation
of various nitrogen sources from their environment. These processes are tightly regulated in
response to environmental conditions to ensure the correct tempspatial control of the
pathways and minimise any inappropriate energetic costs as well as maximise the competitive
growth advantage. The expression of the denitrification enzymes Nar, Nir, Nor and Ros in
denitrificansis regulated by environmental sigsaincluding availability of oxygen, nitrate,
nitrite, nitric oxide and copper (Fi@.4) (Gaimster et al., 2018). When oxygen levels become
limiting, denitrifiers are forced to activate the expression of the denitrification enzymes to
avoid entrapment in anoxic conditions without energy. Recent evidence has showR .that
denitrificansdisplays a behedging strategy, a phenomenon that has been observed across a
variety of prokaryotes which accept energetic penalties for a fraction of the population to
achieve a longterm fitness advantage (Lycus et al.,, 2018). In the model denitrifier
denitrificans this strategy involves the production of Nos in all cells, while Nir is only

synthesised in a small number of cells.

Transcriptional regulation in the model denitrifielP. denitrificansis controlled by
transcriptional regulators that bind to DNA binding sites (promoters) and subsequentty up
down-regulate the transcription of the gene. Transcriptional regulators can either bind to
specific, highly conserved DNA regions, or they dad bonspecifically to control single
genes or entire gene networks. b denitrificansdenitrification is partly controlled by the
regulators FnrRfumarate and nitrate reduction protein), NNR (nitrite reductase and nitric

oxide reductase regulator) and NarR (nitrate reductase reguléfag)1.4).
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Fig.1.4: An overview of the known transcriptional and environmental regulators of the
denitrification pathway in the model denitrifying bacteriuRaracoccus denitrifican3.he
black and red arrows between the upper layer of the environmental regulatory signals and
the layer of the regulatory proteins indicate signalling events (red indicates an inhibitory
effect whilst green indicates activation), while the arrows betweea tbegulatory proteins

and the denitrification enzymes indicate regulation of gesression. The blue arrows
between the transcriptional regulators indicate the crdst between the regulators which
compete with each other to bind upstream of their targets.

1.5.1Transcriptional regulatos FnrP, NNR and NarR

Both FnrPand NNR are sensitive to oxygen and NO and are therefore involved in the switch
between aerobic and anaerobic respiration to achieve maximum energy yields for the given
environmental conditions (Van Spanning et al., 1995; Gaimster et al. 2018). To fiumther
tune the denitrification network, the three transcriptional regulators FnrP, NnrR and NarR
may serve as repressors of each other by competing for the binding upstream of their targets

(Fig.1.4) (Giannopoulos et al., 2017).

27



FnrP

NNR

NarR

bits

JTTGAT. .. TCAA

Fig.1.5: FnrR NNR and NarRecognitionsequencegyenerated using MEME suighowing

most likely bases occurring at each position of the consensus seq(iEnoethy et al., 2015)

FnrP acts as an activator of thar and nosoperons and recognisdaNRbinding sequences
(TTGAGAATTGTCAA and TTGACCTAAGTCAA) in the promoter region of {Regdebes
(Bouchal et al., 2010). Interaction of the FnrP -4Secluster with @leads to a separation of

the transcriptionally active FnrP dimer into monomers (Crack et al. 2016). Hence,

denitrification is switched off in the presence of oxygen ae€piration provides significantly

higher ATP yields. Additionally, it has been shown that the Fnri28Feéuster interacts with

multiple NO molecules leading to dissociation of the transcriptional regulator into

monomers. FnrP is encoded by a single gene, pden_1850, which is located between the high

affinity cbly oxidase operorccoand oxygerindependent coproporphyrinogen Il oxidase

(hemN which is required for heme biosynthesis.
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TheFNRfamilytranscriptional regulator NNR is homologous to FnrP and activates expression
of the genes encoding nitrite (Nir) and nitric oxide reductases (Nor) (Van Spanning et al.,
1995). An NNR mutant shows a tfad reduction in growth under anaerobic, denitrifying
conditions compared to wildype P. denitrificans The mutant accumulates nitrite due to
complete Nir deficiency. NNR is rapidly inactivated when oxygen is introduced, suggesting a
direct inactivation of the protein by OHomologs of thes&ranscriptional regulators have

been identified in various other bacterial denitrifiers suchiPasudomonaspeciesP. stutzeri
andRhodobactefTosques et al., 1996; Elsen et al., 2004; Schreiber et al., 2007; Torres et al.,
2017).

The third known regulator is the nitrite/nitrateensitive NarR protein. It is required for
maximal expression of Nar and requires the presence of nitrate or nitrite to activate gene

expression.

1.5.2FnrPand NNR homologues in other denitrifiers

In Pseudomonaspecies the regulation of the denitrification machinery is equally dominated
by members of the FNR superfamily such as the FnrP equivalent ANR (anaerobic regulator of
arginine deaminase and nitrite reductgsas well as DNR (dissimilative nitrate respiration
regulator) (Schreiber et al., 2007Yhis transcription factoANRactivates transcription of
genes encoding for a nitrite transporter and a nitrite reductase if oxygen is limitdd DNR
senses NO concentratiorB. stutzerencodes far FNRtype proteins which lack the cysteine
residues required for the formation of a 4B cluster (Vollack et al., 1999; Gaimster et al.,
2018).ANR induces the expression of the dissimilative nitrate respiration regulator (DNR)
which is required for the Mxide dependent transcriptional activation of genes involved in
the denitrification pathway (Giardina et al., 2008)NR homologs have also been identified

in a wide range of denitrifiers includifRhodobacter sphaeroidéfosques et al., 1996n R.
sphaeroides the regulator NnrR activates nitrite reductase and nitric oxide reductase.

OutsideP. denitrificanspther transcriptional regulators have also been shown to be involved
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in the regulation of denitrification. These include the RegB/RegA t@mponent system.

First discovered ilRhodobacter capsulatushis system has been shown to regulate a large
number of biological processes (Elsen et al., 2004). By controlling the expression of nitrite
reductase, the RegB/RegA systenRispaeroideacts in concert with the regulator NnrR and
therefore plays an important role in the denitrification cascade Blndiazoefficiensthe
denitrification machinery is regulated by two interawatted regulatory cascades, Fididk-

NnrR and RegSRfA that detect low levels of oxygen outside of the cell (Torres et al., 2017).

1.5.3Environmental factors

The transcriptional regulators, FNR, NNR and Nadrpin the ability of bacteria to sense

and respond to oxygen and the denitrification intermediates. However, there are other
critical external factors that must be detected and integrated into the regulatory network of
the cell. Copper has long beencognised as an important factor in the regulation of NosZ
FOUAGAGE 6{dAtAGlIY SiG Ff®dS HAMOOD ! NRPdzy R H
deficient and as NosZ requires the unique matippersulphide centres Gand Cu to bind

and activateN20, it places a high Cu demand on the bacterium (Sinclair and Edwards, 2008;
Pauleta and Moura, 2017). Othkacterialenzymes require Cu for activity, such as haem Cu
oxidases or superoxide dismutases but for all of these enzymes there ai€wnatiernatives

that can perform the same function in the absence of Cu (Zumft, 2005). This is however not
the case for NosZ. Asresult, in Cu deficient conditions, the final reduction step cannot be
carried out leading to truncated denitrification and emissidnN2O. Studies carried out in
2012 demonstrated that coppdimited environments indeed lead to a downregulation of
nosZexpression and an increased netONemission without a significant effect on the
biomass of the culture (Sullivan et al., 2013; Felgate et al., 2012). A-ckguiation ofnosZ
expression in copper limited medium additionally influences expression of genes controlled
by vitamin B riboswitches as accumulation of.® inactivates vitamin B(Sullivan et al.,
2013). This work also showelat the accessory proteins NosC and NosR play an important

role in copperdependent expression of theosoperon. Copper levels can therefore be
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manipulated in laboratory studies to create®l or N genic conditions and induce global
changes in gene expression, a useful tool to further understand the underlying regulatory and

biochemical pathways (Felgate et al., 2012).

Other environmental factors such as zinc and pH have also been linked to transcriptional
regulation of denitrification enzymes (Bergaust et al., 2010; Gaimster et al., 2018). Zinc
depletion has been shown to upregulate the expression of nitric oxide radacind nitrite
reductase as well asosC which was upregulated nearly £6ld (Neupane et al., 2017). Low

soil pH increases the-N:N ratio which has been linked to lowered levels of NosZ protein
synthesis and assembly as transcription rates were untgteby changes in pH (Bergaust et
al.,, 2010). Denitrification in heterotrophs is highly dependent on carbon sources and
therefore, increasing levels of organic carbon in the soil enhance denitrification rates as well
as NO emissions (Saggar et al., 2013). Both environmental factors and transcriptional
regulators strongly influence when denitrification is switched on,amte switched on
affect the denitrification rate. Numerous studies have analysed their influence in both a
laboratory environment as well as in an agricultural background. Nevertheless, many
variables involved in the switch between,@ emission and D cosumption remain

unknown.

1.5.4Role of sigma factors in the regulation of denitrification

{A3Yl 6 0Oredquitedialcdrittd trahsiBtion initiationof functionally linked genes
inbacteriad ¢ KS T OG 2 NJ poiyrietasklfodming thesRINA Koloénky®e and !
ensuring recognition of specific sequences upstream of the target gene. Bacteria often

O2y G Ay YdzZ GALX S ° FFLOG2NER® ¢KS LINRARYLl NE
K2dzaS1SSLIAYI 3IASySa Aa

{ A3YIl ¥ (er@dded\ny thepoN gene) was originally implicated in the expression of
nitrogenregulated genes buthas since been assigned many other physiological roles. In

wl f ad2y A *isSapiirétHor daaerobic growth on nitrate, suggesting that this sigma
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factor is essential in the regulation of denitrification genes in this microorganisr®. In
stutzeri,” >*affected nitrite reductase as well as nitric oxide reductase activity. Absence of the
sigma factor however did not affect the transcription of their structural genes, suggesting a
postli NI y & ONJ LI %2 Witeréstingd@Pt denitrficansS y O 2 R S%homblogue,

Pden_4987 as well asa number of other sigma factors.

1.6 Beyond DNA binding proteing the contribution of small
RNAs tahe regulation of denitrification

Expressiomnf genes in prokaryotes can also be regulgbedt-transcriptionallyvia small non

coding RNAs (sRNAs). Prokaryotic SRNAs arersigotatory RNAs that are heterogenous in
length, sequence composition and secondary structure (Wassarman, Z0@8).can range

from between 50 and 200 nucleotides in lengfhhe majority of SRNAs regulate major
biological processes such as stress responses by binding to target regions called seed regions
in the mRNA. This can result in either the activation or the repression of gene expression at
the posttranscriptional levelFig.1.6) (Dutta and Srivastava, 2018). In numerous examples,
SRNA binding rests in the blocking of the ribosome entry site. Subsequently, translation
initiation is inhibited and mMRNA cleavage by RNase E as well aepéodent termination

of transcription is induced (Bossi and FigueBassi, 2016; Storz et al., 2004) Hncolj the
interaction of RhyB sRNA with the translation initiation regiosaxfBresults in inhibition of
translation and degradation of the target mMRNAs (Masse and Gottesman, 2002). The same
interaction of SRNA and target mRNA can lead to promotion of trgpten by making 30S
ribosomal subunit binding sites available or by blocking mRNA cleavage sites. This has been
observed in the postranscriptional regulation of RpoS, a stationary phase sigma factor, by
the sSRNA DsrA in boBalmonellandE.coli (De Lay and Gottesman, 2011). Advances in SRNA
research have increased the number of known modes of interaction between sRNAs and their
targets.Target interactiongenerally occur via baggiring dependent mechanisms that alter

translation or mRNA stabilifputta and Srivastava, 2018).
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untranslated regions of genes coding for various proteins (Bossi and Figassa 2016).
Many are then further processed by RNase E to produce sRNA fragments. This can b
observed in the processing of Rox3arillus subtilisesulting in an expanded repertoire of
target mMRNAs (Durand et al., 2015). There are two classes of sRié&&ncoded andrans-
encoded sRNAE€isencoded sRNAs are transcribed from a DNA strantbtementary to the

one from which the target mRNA is transcribed resulting in high levels of complementarity.
Transencoded sRNAs however, are transcribed from regions unrelated to those of their
target genes resulting in lesser complementarity (Gottesman, 2005; Bossi and Fipssia
2016). Due to a lower level of complementaritygns encoded sRNAs can form base pairing
with multiple target mRNAs and result in a global regulation of a physiological response.
Interactions of sRNAs and their targetsyredn basepairings between complementary
sequences (Georg et al., 2019). Bps@ing with the target is initiated through fast, high
affinity binding of a few exposed nucleotides in the stem loop of the sRNA. This initial
interaction promotes pairing of dditional nucleotides, which frequently results in
rearrangement of the RNA secondary structure (Otaka et al., 2011; Dutta and Srivastava,
2018). Structureriven pairing of SRNAs and their targets in which the sSRNA recognrisds C
stretches within accesble loops of the mMRNA has also been demonstrated (Storz et al., 2011).
Often, trans-encoded sRNAs require the presence of an RNA chaperone to facilitate binding
to their target mMRNA as their sequences are unrelated. In enteric pathogenic bacteria, such
asE. coliand SalmonellasRNAs have already been particularly well studied and many are

associated with pathogenicity (Bossi and Figtigoasi, 2016).
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1.6.1The role of RNA chaperones in sRINMRNAInteractions

The RNA chaperone Hfq is an-ke (Lsm) protein in the shape of a homohexameric ring,
which can bind both sSRNA and mRNA. It was first identifi&d aolj in which it acts as laost

factor for the replication of the bacteriophag®@ 6 CNJ yi1 S RS CSNYy I yRSI
of Hfg acts to protect free SRNA from degradation by the cellular degradosome and increases
local mMRNA and sRNA concentrations, but Hfg can also recruit the degradosome to induce
accelerated decay of the sRMARNA complex (Georg ef., 2019). Most trangncoded
dwb! a O 2sfeinlioapywhictenatfesanchoring of the SRNA to Hfq via interactions of
poly (U) to the inner rim of the Hfq homohexamer. The molecular mechanism of Hfg action
has been explained in detaiblelyfor its role in positive regulation ®poSmRNA by the sSRNA
DsrA inE. coliMcCullen et al., 2010). Multilateral interactions between ldfgl the mRNA

are formed distorting the mRNA structure to a more compact form, which facilitates binding
of the SRNA (McCullen et al., 2010; DeLay and Gottesman, 2011). The binding of the RNA
chaperone to a sequence motif PoSMRNA results in correct positioning of Hfg and is
therefore essential for the pairing of this SRNA to its target mRNA. It is not known whether

similar mechanisms are used in the Hégilitated regulation of other SRNAs.

In addition to Hfg, recent studies have revealed the existence of a second RNA chaperone,
ProQ, that can be found additionally to HfgSalmonellal'yphimurium ande. coliProQ has

been shown to facilitate binding of SRNAs and their targets, the molecular mechanism for this

is however unknown (Smirnov et al., 2016; Smirnov et al., 2017; Westermann et al., 2019). In
Salmonella,a loss of this chaperone results in a loss of virulence, as ProQ controls the

expression of genes involved in motility, chemotassvell as SHI transcripts (Westermann

et al., 2019). The FinO domain of ProQ as well as other chromosomally encoded proteins
containing a FinO domain are equally grouped as an additional class of bacterial RNA

chaperones (Oleiniczak and Storz, 2017).
Interactions between Lsm proteins and sRNAs have also been observed in archaea. Some

archaea, including halophilic archaea, encode a single Lsm protein (Lsm1), others encode two

Lsm proteins (Lsm1 and Lsm2) (Fischer et al., 2010). Lsm1 proteins form @eptapable
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of binding DNA. Lsm2 proteins have been shown to associate to hexameric or heptameric
complexes inArchaeoglobus fulgidusCrenarchaeota contain a third Lsm3 protein which
forms 14mer complexes. Interestinglyhe archaeonMethanocaldococcus jannaschaicks

an archaeal Lsm gene and instead contains aHikigprotein (Sauter et al., 2003; Nielsen et

al., 2007; Vogel and Luisi, 2011). Lsm crystal structures obtaineddirdmeoglobus fulgidus
andPyrococcus abyssihow that they are able to bind-tich RNA in a similar way to Hfq (Toro

et al., 2001; To6ro et al., 2002; Thore et al., 2003). However, despiteoconfirmation of

the interaction of FLA@&gged archaeal Lsm protein and sRNAs, the physiological functions

remain poorly understood (Fischer et al., 2010; Martens et al., 2015).

1.6.2Mechanisms of gene repression by sSRNA

Regulatory sSRNAs can directly or indirectly affect the expression of single or multiple genes.
Binding of an sRNA within the physical boundary of the ribosome binding site (RBS) of the
target mMRNA prevents entry of the 30S ribosomal subunit and thereflaek® translation

initiation (Fig.1.6A) (Udekwu et al., 2005; Morita et al., 2006; Bouvier et al., 2008). Many
SRNAs repress their targets by masking the Shine Dalgarno (SD) sequence or the AUG start
codon. This mechanism is utilised by the sSRNA RhyHi fou coli RhyBdlownregulates Fe

storage and noressential Féinding proteins when iron availability is limited (Masse and
Gottesman, 2002; Dutta and Srivastava, 2018). Absence of iron increases RhyB expression,
which interferes with the binding of the 30S subunit te@tRBS of the target mRNAs. An
interaction of RhyB with Hfg can also result in the repression of the enzyme methionine
sulfoxide reductase by binding to two sites orsrBmRNA. Binding to the first site stops
ribosome entry at the RBS whereas binding to seeond site results in a recruitment of

RNase E (Bos et al., 2013; Dutta and Srivastava, 2018). Other sRNAs, such as OxyS, however
can bind as far downstream as thé &odon, without any interaction with the SD or the start

codon (Bouvier et al., 2008). When ribosome entry sites are blocked, it is possible for the 30S
ddzodzyAG G2 O0AYR G2 W{ilFyRoe& NBIAZ2YyaQs gKAOK
translation intiation site (Darfeuille et al., 2007). This mechanism is followed by treectisy

SRNA Isrl and does not require the presence of an Hfq chaperone (Darfeuille et al., 2007).
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Fig. 1.6: Mechanisms of sRNA induced gene repression and activgAdkivhen the sRNA target sequence
overlaps with the ribosome binding site (RB@nslation initiation is blocked. This leaves the RNA more
susceptible to RNasmediated decay(B)Alternatively, SRNAs can enhance Rimding and subsequently

cause premature termination of transcriptiofCPositively acting sSRNAs can bind to hailgia structures in

their target, causing conformational changes to expose a previously inaccessible RBS and stimulate translation
initiation. (D) Lastly, SRNAs are able to mask RNase E sites to stabilize their target and activate expression.
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In addition to the blocking of ribosome entry sites, base pairing of an sSRNA and its target at
SAGKSNI 6KS pQ! ¢w NBIAZ2Y 2N G R2yaidaNBlIY O2F
ribonucleases such as RNase E. In prokaryotes, RNase E is a camniala@se responsible

for the turnover of SRNAs and mRNAs (Chao et al., 2017). In some cases, Hfg can act as a
protective layer against RNase E degradation by stabilising the sRNA and promoting base
pairing with the target. It has also been shown that H&s the capacity to directly bind to an
unstructured Germinal domain within RNase E forming a ribonucleoprotein with the SRNA

that induces mRNA decay (Morita et al., 2005). The involvement of RNase E in SRNA induced
gene repression has been confirmed #olarge number of SRNAs such as RhyB and SgrS in

coli.

Attenuation of transcription is a final mechanism of sRh#uced gene repression. An
example of this is the repression of the virulence gas\by the sRNA, RnaG, 8higella
flexneri(Giangrossi et al., 2010). The promoter of both the RnaG sRNA aics&werulence
gene are convergent and lie less than 120bp apart. Hedemex formation of the sSRNA and

its target gene results in a conformational change generating an intrinsic terminator that

blocks the movement of RNA polymerase and thus attenuatis@transcription.

1.6.3Mechanisms of sRN/#duced gene activation

SRNAs are also able to mediate activation of genes involved in a wide array of physiological
processes (Frohlich and Vogel, 2009; Dutta and Srivastava, 2018). One mechanism of gene
activation is the stabilisation of target mMRNAS by protecting them fromatksgion by cellular
RNases (Fid..6D). This has been observed for the glucose phosphate stress induced sRNA
SgrS found i&. colandSalmonellgVanderpool and Gottesman, 200Bjnding of SgrS to its

target MRNApldByigL masks an RNase E site withimetpldB open reading frame and
facilitates production of the YigL phosphatase (Papenfort et al., 2013). Often, the secondary
structure of MRNAs sequesters the ribosome binding site, which can be liberated for protein

v

synthesis through pairing with an SRNA (Bi§g/ 0 ® ¢ KA a LINRPOS&aa Aa | f &z
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FYyGAaSyasSQ YSOKIFIyAaYd ¢KAa FOUGAGLIGA2Y 2F (KS
in Staphylococcus aure({Morfeldt et al., 1995). RNAIII is regulated by cell density through
quorum sensing and activatesthe3 Sy ST 4 KA O KToSin/{IoRi¢k Sril Geisyhger,

2008; Papenfort and Vanderpool, 2015). Activation is achieved through an interaction of the
p-@nd of the sRNA and the SBquence of the target, preventing the formation of a
translatiorrinhibitory sNHzO G dzNB T2 N kayi h 2 § ®y &K a Y IO K/TOyAA & Y
20aSNWSR Ay (GKS I Ol RwE: dokd 2lya 2 FK § KBORNAEIG! 2 F | DK
is unusually long, it forms a complex hairpin structure, making it inaccessible for ribosomal

entry (Battesti et al., 2011). Several sSRNAs (DsrA, RprA, ArcZ) are able to bind to specific
aSO0tAz2ya gAGKAY GKS pQ | ¢w eliX SNBUShiaGlai@aFS "G K S
(Bossi and Figuetossi, 2016).

In addition to the antiantisense mechanism observed mpoS activation, a unique
transcription antitermination system has been discovered to play a crucial role in inhibiting
RhoRSLISY RSy (i (NI ya ONJ LI A 2ngoSGB&INarokayet alfi, RALG). Rhoy ( K S
is a hexameric helicase protein and together with its cofactor NusG it acts as a global
transcription termination factor in prokaryotes (Boudvillain et al., 2013). Rho binds to a
stretch of Crich unstructured RNA that is@und 80 nucleotids in length and is located near

the transcription terminator and subsequently to mRNA binding, its ATPase activity is
A0AYdzZ F ASR® ! yYRSNJ AaLISOAFTAO OANDdzraidl yoSasz w
induces premature termination of transcription. iMin rpoS,one of these Rho loading sites

can be found in the leader sequence. Binding of an sSRNA close to thisdelimy site blocks

binding of Rho and enhances transcription and protects from cleavage induced by RNase E
(Fig.1.6D) (McCullen et al., 2@). Hfq further increases the stability of the sRIPAS

interaction.

In some cases, SRNA can poslkfivegulate expression of an open reading frame (ORF)
GKNRdzZAK AYOGSNIOUA2Yya gAGK Ada pQ !'¢w GKIG OF
cistron of the mRNA which is translationally coupled to the ORF (Dutta and Srivastava, 2018).

In Pseudomonas aruginostiie oxygernresponsive SRNA PhrS activates uhepgsRoperon

in the absence of oxygen (Sonnleitner et al., 2011). The transcriptional regulator PgsR controls

the expression of several virulence genesPnaeuginosaincluding the toxic pigment
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pyocyanin (PYO) and the quorum sensing and biofilm formation signal PQS. PhrS binds to the
p Q NXB =ufo vifich 2eFults in conformational change liberating the RBSufasis
translationally coupled t@gsR the presence of SRNA PhrS eventually results in enhanced

translation of pgsR and increased levels of PYO and PQS (Sonnleitner et al., 2011).

1.6.4sRNA induced protein sequestration

Certain sRNAs have the ability to directly sequester-BiN&ing proteins inhibiting them

from carrying out their functions or bimag enzymatic proteins to inhibit or modify their
enzymatic activity. Therefore, these sSRNAs can indirectly regulate the expression of many
genes related to this protein. The RiAding protein CsrA is a pestanscriptional regulator

that has multiple targts, which include several genes involved in carbon flux pathways
(Babitzke and Romeo, 2007). The presence of SRNAs s@3rR results in an inactivation of
CsrA activity as CsrB acts as a direct competitor for the CsrA target mRNAs in the cell removing
its function and changing the expression level of a large number of genes. Inhibition of a
LINRE G SAyQa Sy indberdbseved fot SRNiAAGES whiicB bin@d-to RNA polymerase in
oF OGSNAI A yBisINESNISyiHion gvkadsirman and Storz, 2000). Production
of 6S is maximised durirtige stationary phase and as a result the expression of several genes
is reprogammed to allow the cell to adapt to the given environmental conditions. The RNase

BN/Z facilitates 6S RNA decay (Chen et al., 2016).

As sRNAs are significantly smaller than mRNAs and do not require translatiorpioteia,

they have a potential energetic advantage over the production of protein transcription factors
(Beisel and Storz, 2010). sRNA copy number within the cell can also be vebutiléir
turnover time however is very short, resulting in a sharp deterioration of SRNA numbers once
they have exerted their rapid and effective function in response to an environmental signal.
This suggests that SRNA could be crucial in the rapid adaptetidramatic shocks such as
sudden nutrient change that challengeet survival of the microorganism. As more advances

are made in sSRNA research, more mechanisms are discovered that demonstrate the diverse
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mechanisms of action of SRNAs and their association with a large variety of physiological

processes.

1.6.5Physiological Roles of SRNAs

Small RNAs are important regulators that take over diverse roles within the bacterial
kingdom. Especially the synthesis of membrane proteins is a predominant target of SRNA
regulation: The expression of several membrane proteins including outer membrbagel
proteins inE. coliare controlled by a number of sSRNAs. Additionally, in bBtrcoliand
Salmonella numerous sRNAs are responsible for the repression of outer membrane porin
production (Vogel and Papenfort, 2006). An example for this is SRNAWMiCH is induced

by high osmolarity and as a result represses the synthesis of the porinagepleé Another
common target is metabolic remodellimg responseo environmental shifts (Gottesman and
Storz, 2011). The clearest example for this is RhyB in E. coli which is induced in response to
low iron and represses the synthesis of messential irorcontaining enzymes such as
aconitase B and succinate dehydrogema&s a result, the limited iron in the cell can be used

by the critical enzymes (Masse et, &007).

It is becoming more and more clear that cell communication during quorum sensing and
biofilm formation is regulated by sRNAs. To react to changes in cell d&hstkolerae
possesses twgomponent membrandound sensor kinases. At low cell density, the
response regulator LuxO is phosphorylated and activates the expression of five sSRNAs that
regulate the expression of genes involved in virulence and biofilm formation (Betrdill,

2011, Michaux et al., 2014). In pathogenesis, SRNAs often modulate gpprievels of outer
membrane proteins which are targets for the immune system, as well as other responses
required for the survival within the host. Members of the CsrB family of sSRN@edrnimonella,
Yersinia, Vibrieand other pathogenic bacteria have already proven to alter infection by
antagonizing global regulators of virulence genes (Waters and Storz, 2009). Other sRNAs are
involved in the adaptation to nutrient availability. Switches between nutrient availakbitty
famine trigger major changes in ige expression and require a coordination of regulatory

networks. InE. coli the SRNA SgrR modulates the response to an accumulation of glucose 6
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phosphate which is toxic when present at high concentrations (Vanderpool and Gottesman,
2004). Besides biofilm formation and pathogenesis, many of the known sRNAs are involved
in stress responses such as oxidative stress, osmotic stress and the switeebet@robic
and anaerobic metabolism. This is the case for RprA, a regulatory sSRNA f&umdlirwhich

modulates the cellular response to osmotic stress.

1.6.6 sRNAs in the Nitrogen Cycle

Although the focus of SRNA studies has predominantly been on key model bacteria, with a
particular focus on stresesponses and pathogenesis, it is becoming increasingly clear that
SRNAs also play a crucial role in environmentally relevant pathWésfsincreasing research

into the regulatory role of SRNAs it is predicted that large numbers of these influence nitrogen
cycle associated metabolism across many microorganisms. Direct involvement of SRNAs in
the response to Mluctuations in the environmnt or in the regulation of Nfixation has not

been identified until recently. Indirect participation of SRNAs imétabolism however has

been reported previously. In cyanobacteria for instance, NsiR1 controls the formation of
heterocysts as well as the switch to nitrogen fixation (lonescu et al., 2010). Thietreoded

SRNA is conserved across many heterctyshing g/anobacteria and is dependent on the
regulatory protein HetR which is required for cell differentiationAinabaena Similar to
NsiR1, sRNAs NsiR2, NsiR8 and NsiR9 have been shown texpeessed with heterocyst
specific genes. However, to date no spiedunction has been assigned to these three sRNAs.
Furthermore, ArrF oAzotobacter vinelandis involved in the regulation of FeSll (DelLay and
Gottesman, 2009), which plays a key role in the protection of the nitrogenaséx(ihg)

enzyme under oxidative conditions (Jung and Kwon, 2008).

sRNAs indirectly involved in nitrogen assimilation include CyaR, GcvB and MmgR. CyaR,
present InE. colj inhibits the translation of an ammonium dependent Ngyhthethase
responsible for the catalysis of NAD synthesis from eithes dfHjlutamine as well as the
nicotinic acid adenine dinucleotide (De Lay and Gottesman, 2009). The sRNA GcvB is one of
the most highly conserved Hfq associated sSRNAs in @egative bacteria. It inhibits the

expression of a number of ABC transporters ogsible for transportag amino acids i&. coli
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and SalmonellalTyphimurium (Sharma et al., 2007). 3inorhizobium melilgtihundreds of
sRNAs have been identified, with the focus on the sSRNA MmgR which shows expression
patterns highly dependent on the available nitrogen source (Ceizel Borella et al., 2016).

Further work is required to elucidate its exact role.

1.6.7 Small RNAs regulating nitrogen fixation

An sRNA found to be directly involved ianiétabolism, NfiS, was identified in the root
associated bacteriurR. stutzerA1501. Via a stem loop in the SRNAs secondary structure it is
LINSRAOGSR G2 0A fifRmRNA whick &cope a SulBiAitiofxhé niogenase
enzyme. This interaction increases mMRNArlif@fand thus increases the translation efficiency

of nifK optimising Nfixation (Zhan et al., 2016). The stability of NfiS appears to be strongly
affected by the presence of Hfq, as the tramgtis hardly detectable in amfqdeletion strain.

A complete knockout of NfiS results in decreased nitrogenase activity, while an
overexpression of this SRNA can lead to an increase of up to 150% activity. Although NfiS is

highly conserved iR. stutzeriit cannot be found in other bacterial species.

Many mechanistic features of the cellular transcription and translation machinery in archaea
are more closely related to the eukaryotic counterparts, however characterisations of
archaeal sRNAs have suggested similar mechanisms as observed in bactdrestkhewn
examples of sSRNA regulation of nitrogen fixation in Archaea are the methanoarthaea
mazeiand M. maripaludis Both strains contain the globatfgpressor NrpR which is known

to transcriptionally regulate a variety of target genes in respaosehanges in Nevels. An
RNAseq study irM. mazeiG61 under conditions of varied nitrogen availabilities lead to the
identification of 242 putative sSRNAs (Jager et al., 2009; Jager et al., 2012). The discovery of
SRNAs in M. mazeiGoO1 introduced a sRNA in Archaea with a regulatory impact on the
metabolic cycles of both carbon and nitrogen (Buddeweg et al., 2017). The sRNA is induced
100fold in a Nrich environment compared to {Nmitation and interacts with the mRNA

encoding for aracetylcoenzyme a ecarbonylase/synthase (ACDS) complex (Buddeweg et
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al., 2017). In the absence of nitrogen, reduced amounts of sRN3gult in the upregulation

of the ACDS complex and a subsequent production of amino acids for the synthesis of
nitrogenase. A further sRNA foundMhmazei, SRNA4, was found to be exclusively present
under nitrogenlimited conditions (Ehlers et al., 2011). A computational analysis of the
transcriptional regulation network iM. acetivoranshas shown that 5% of genes in this
methanoarchaeon are regulated under nitrogen limitation. Two sRBRNAssand sRN#sg

were identified which include Nrpinding sites suggesting an involvement in gene regulation
under Nlimitation (Peterson et al., 2014). The first confirmed directly acting SRNW in
mazej sRNAs4, is under direct control of the global-i¢pressor NrpR (Weidenbach et al.,
2008; Weidenbach et al., 2010). By stabilising the polycistronic mRNA encoding for the
nitrogenase enzyme as well as stabilising the transcription of the regulatory protein NrpA it
enhances expression of the-fiXing machinery (Prasse et al., 2017)he sequence and

structure of this SRNA is highly conserved across members dfi¢fleanosarcinales.

Despite nitrification being an important part of the nitrogen cycle, few sRNAs have been
shown to be involved in the regulation of this pathway due to a lack of studies around this
topic. In the ammonia oxidising archasitrosopumilus maritimusix candidates for SRNAs
have been identified and it is highly likely that theaee many more with a potential

involvement in the nitrification process (Walker et al., 2010).

1.6.8 sSRNAs controlling Nitrogen assimilation

A differential RNAeq analysis of the cyanobacteAaabaena spPCC7120 in response te N
availability identified over 600 transcriptional start sites indicating an abundancesand
trans-encoded sRNAs involved in the regulation eadsimilation. Cyanobacteria are of
importance in both aquatic and terrestrial ecosystems and are important links between the
G and the Ncycle. A cyanobacterial small RNA directly involved in the regulafidd o
assimilation, NsiR4, was first reported by Kldhn et al. in 2015. NsiR4 expression in
cyanobacteria is stimulated during niggen limiting conditions via the transcriptional

regulator NtcA which is known to regulate a variety of genes involved in nitrogen metabolism.
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LG A& LINBRAOGSR (i 2ifAMRNA éhtoding fosthe ijltamin& synthet@se | ¢ w
inactivating factor (IF)7. By affecting IF7 expression, the sRNA also alters the activity of

glutamine synthetase, a key enzyme in biological nitrogen assimilation (Kl&hn et al., 2015).

In Pseudomonas aeruginosthe putative SRNA NalA is encoded upstream of the nitrate
assimilation operomirBI;PA1779cobAb ¢ KS (G NJ ya ONA LI aI\WrG2 ¥ (KA
dependent (Romeo et al., 2012). A deletion mutant of NalA was unable to grow in presence
of nitrate as the sole nitrogen source, instead it grew similarly to the parental strain in
presence of ammonium. The results showed that NalA sRNA anden#ra required for
transcription of the nitrate assimilation operon, being an essential sRNkhé assimilation

of nitrate (Romeoet al., 2012). Further studies performed iR. aeruginosallowed the
identification of SRNAs related to detoxification of industrial cyaftidetaining wastewaters.

For this purpose, a differential expression study was carried out by-detjArom cells
cultured with a cyanideontaining wastewater, sodium cyamicor ammonium chloride as

the sole nitrogen source. Among the sRNAs identified, sRberexpressed in the presence

of ammonium) stood out, as its putativergget genes include the nitrilase NitC, essential for
cyanide assimilation, the FAd2pendent oxidoreductase NitH; and the glutamine synthetase,
related to ammonia assimilation. Moreover, sRN8howed a high conservation among

enterobacterial species (Olaysbril et al., 2019).

In the archaeorHaloferaxmediterranei, SRNAs have been studied to elucidate their possible
role in the regulation of nitrogen assimilation in Haloarchaea (R&ayd., 2018; Payé&t al,

2020). The initial identification of SRNAsHnmediterranewas performed using a library of
SRNAs identified in other archaeal speamsch resulted in the discovery @95 putative
SRNAs genes (hot spots) in the genomeHofmediterranei By way ofbioinformatic and
RNomic approaches, 88 sRNAs were identified. Tlereitial expression analysis of these

88 sRNAs showed 16 sRNAs with different expression patterns according to the nitrogen
source. The expression of their predicted target genes also depends strongly oitrtiggen
source Three regulatory mechanisms mediated by sSRNAs were proposed in this study (Fig.
5). The sRNAIM8_S which is overexpressed in presence of nitrate is predicted to target
glutamate dehydrogenaseyhich is represseéh presence of nitrate. Therefore, this SRNA

could negatively regulate the expression of glutamate dehydrogenase. Both HM7_S and
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HM54_V sRNAs, overexpressed in presence of nitrate, are predicted to target transcriptional
regulators belonging to the ArsR family, whose expression depends on the nitrogen source.
Finally, the putative target of HM1_A (overexpressed in the presence ofaaiim) is an
ammonium transporter (expressed in the presence of nitrate or under nitrogen starvation)
and therefore this SRNA could be involved in the regulation of ammonium uptake from the
extracellular medium. However, more work is needed to confirmséheregulatory

mechanismgPayéet al., 2018).

The second step in the identification of SRNAKliMediterraneresults in the identification

of the complete SRNAome in presence of ammonium or nitrate as the sole nitrogen source.
460 sRNAs were present in both conditions, 102 of which showed differences in their
transcriptional patterns. Specifically, SRNAs withgmbial target genes related to nitrogen
metabolism, such asosL, ginK1, gdh, ginA2, nasB, ilvB3, ilvE2, ilwAmi, tyrA, gst2, gabT,
gaD2, argD, gltp, purL, arg&atD, nadE, fdx, exsgcvPlandpyrFalso presented differences

in their transcriptional expression patterns according to the nitrogen source. From these
findings, three potential regulatory mechanisms of nitrogen metabolism pathways mediated
by sRNAs were proposed (Fig4): (1) sRNA228 could be involved in the repression of
nitrogen regulatory protein PI§(nKJ in the presence of ammonium, potentially through the
posttranscriptional degradation @inK1ImRNA preventing its transcription and therefore the
activation of the G/GOGAT pathway; (2) the sRNA451 could be involved in the positive
regulation of the nitrate/nitrite transporter (nasB) expression in presence of nitrate as
nitrogen source, by transcriptional stabilisation of thesBmRNA, increasing nitrate uptake
under these conditions; and (3) SRNA238 could be involved in the transcriptional stabilization
of the HFX_RS0510@ene (both overexpressed in presence of nitrate). Although
HFX_RS051@hcodes a signal transduction protein of unknown function, the resultsisf th

work suggest that it may be involved in nitrogen metabolism (Rayd., 2020).
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1.6.9 sRNA<ontrolling denitrification

The importance of sSRNA regulation in denitrifiers is a relatively recent discovery. However,
167 putative sRNAs across tle denitrificansgenome have now been identified when
cultured under denitrifying conditions (Gaimster et al., 2016). Over one third of these SRNAs
were differentially expressed betweenr&hd NO emitting cultures suggesting a role of these
SRNAs in production or consumption of the greenhouse gas. Several of these sSRNAs showed
sequence homology and conservation across other specieshénh-proteobacteria.
Interestingly, onesSRNA A YUSNHSYAO HyX &aK2gSR aSljdsSyoOoS
proteobacteria, including members of tigordetellagenus which include strains of human
host-restricted pathogens as well as fréiging environmental strains isolated from both
aguatic and soil environment€ommonly predicted targets of SRNAs were transcriptional
regulators such as Xre, Fis and TFef@dnily regulators, which may act globally. This is
consistent with other studies in which global tegtors in other bacterial species have been
shown to be subject to regulation by multiple Higpendent sRNAS. denitrificansis
predicted to encode an Hfg protein, Pden_4124, that has 95% sequence identity to Hfq found

in R. sphaeroideand 54% sequence identity B aeruginos&ifq. Many sRNAs found in both

these bacteria are Higependent suggesting the same may be the cask.idenitrificans
(Gamister et al., 2016Additional predicted targets for SRNAsHndenitrificansre transport
proteins, which could be a conserved role for sSRNAs across species as this was also the most

commonly predicted sRNA target in the marine denitrifeipomeroyfRivers et al., 2016).

Mechanistic studies carried out by Gaimster et al. thentinuedto report a novel regulatory
pathway controlling denitrification via a single SRNA, sSRNA29 (DenR) (Gaimster et al., 2019).
DenR is suggested to stabilise the expression of a previously unknowntypatR
transcriptional regulator, NirR, which in turn regses the denitrification rate through
repressing NirS, resulting in reducegdNemissions. The predicted region of interaction is a
7bp-seed region located within the CDS mfR and the unérlying mechanism is being
resolvedin this thesis GntRtype regulators have been identified across many bacterial
species in which they play crucial roles in the regulation of intracellular processes. They are

named after the gluconateperon repressor inBacillus subtilisand they consist of a
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conserved Nerminal helixturn-helix DNAbinding domain, which is linked to at€minal
signalling domain. The overexpression of DenR also results in altered expression levels of 53
other genes that are mostly genes of either unknown function, geneshiegoin energy
metabolism or transport as well as genes involved in carbohydrate metabolism. Interestingly,
DenR has been found to be conserved across several denitrifying bacterial species in the
Rhodobacteraceagenus. This includes the closely relatggcesParacoccus aminophilus

but also the more distantly related marine denitrifiRuegeria pomeroyiAll these species
encode a transcriptional regulator with homology to NirR, suggesting a similar, conserved
mode of action. Although there are limited findings in other denitrifiers, for the opportunistic
pathogenP. aeruginosa the anaerobically induced sRNA Pail is known to be required for

efficient denitrification by affecting the conversion of nitrite to nitric oxide (Tata et al., 2017).
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1.7 Aims

Our understanding ofthe complex regulatory networks that control the process of
denitrification is fundamental to our ability to develop future mitigation strategies for the
potent greenhouse gas nitrous oxide. Small RNAs have been proven to play a pivotal role in a
plethoraof physiological processes and have recently been proven to be involved in switching
on and off nitrous oxide production in denitrifying cultures of the model bacteaeacoccus
denitrificans The intention of this thesis is to expand our understandinghefrole of 167
previously identified SRNAs kh denitrificansnd integrate them into the existing picture of
transcriptional regulation while also addressing further questions regarding the

transcriptomeduring denitrification. This thesis specifically aims to:

- Characterizeseveralcarefully selectedRNAs ifP. denitrificansomputationally and
experimentally todentify the roles of these sRNAs in the regulation of denitrification
(Chapter 3)

- Confirm and further explorethe suggested mode of action of the previously
characterized sRNA DenR via a novel @ypR regulator NirR (Chapter 4)

- Map transcription start sites across the genome to provide further insights into the
use of promoters during denitrification as well as explore the use of alternative sigma

factors (Chapter 5)
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2 Materials and Methods
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2.1 Materials

The chemicals and reagents used are laboratory standard grade or above. To make all media

and solutions, dkD was used.

2.2 Bacterial Strains anBlasmids

Bacterial strains used in this study aParacoccus denitrificanstrain PD1222 as well as
Escherichia col-12 derivatives. Deletion mutants were derived from PD1222 which for ease
2T RSAONALIGA2Y -R&BLING FES2NING RA TN A yEicopehdhare K 2 dzi

list of strains and plasmids used in this study are described in Table X and Table Y respectively.

2.3 Media and conditions for bacterial growth

Both a complete medium and a minimal medium were used in this thesiscdah®lete
minimum for cell propagation and the defined minimal salt medium for physiological studies.
Strains utilised in this study are listed in Table 2.1 and all plasmids utilised are listed in table
2.2. Overexpression plasmid constructs of pLMB509 were generated using the GenScript gene
synthesis service. The gene sequences were cloned into thexquession vector at the first

Ndel site and later transformed into P. denitrificans or E. coli by use of the methods outlined
in2.4.3and 2.4.4.
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Table2.1: Strains used during this study

Strain Description ReferencéSource

Paracoccus denitrificanStrains

PD 1222 Wild-type strain, rik Spe€ Sullivan et al., 2013
Escherichia colbtrains
E. coluM101 Used ashost for small plasmidssupE thil Invitrogen™
D(lacproAB) (F traD36 proAB lacj15)
E. coliS17.1 Invitrogen™
E. colBL21 DE3 TKdzl H wf2y6 2YLX 3 NEBM
590 r < a. | Y-B

AYadYYotOLYYtEl O 2p

E. colTOP10 F mcrAn enrr-hsdRMSmcrBC) Invitrogen™
U yladzn a macXdrecAlarad mo
araleu)7697galU galK rpsL
(StrR)endA1nupG

Table2.2: Plasmids used during this study

Plasmids Description Reference
pLMB509 Pc promoter (taurine inducible) Tett et al., 2012
GnR
pET14b T7 promoter, AM N-term His +
thrombin cleavage site NovagenrM

Overexpression constructs

pLMB509 DenR denRgene in pLMB509 This study
pLMB509 sRNA5 SRNA 5 gene in pLMB509 This study
pLMB509_sRNA10 SRNA 1@enein pLMB509 This study
pLMB509_sRNA18 sSRNA 18ene in pLMB509 This study
pLMB509 sRNA36 sSRNA 3@ene in pLMB509 This study
pLMB509 sRNA39 SRNA 39 gene in pLMB509 This study
pLMB509 sRNA79 sSRNA 79 gene in pLMB509 This study
pLMB509_hfq hfg gene in pLMB509 This study

Histagged Protein constructs
pET14b_GntR gntRgene in pET14b with 7x His This study




2.3.1 Complete medium

A complete lysogeny broth (LB) medium as described by Luria and Bertani was used to culture
Escherichia coand Paracoccus denitrificarBD1222. Antibiotics were added as outlined in

Table 1. Solignedia contained 1.5% (w/v) of agar.

Table2.3: Concentrations of antibiotics

Antibiotic [StocK (mg mL?) [Fina] (mg mLY) Storage
Gentamicin (gen) 50 20 RT
Rifampicin (rif) 50 50 -20°C
Kanamycin (kan) 50 50 -20°C
Ampicillin (amp) 50 50 -20°C

2.3.2 Minimal Medium

A defined minimal salts media was used for the examination of growth. afenitrificans
strains. The medium was prepared at pH 7.5 and contained 29 mmol/liteHRNa,
11mmol/liter KHPQ, 10mmol/liter NHCI, 0.4 mmol/liter MgS£ as well as 20 mmol/liter
NaNQ. Succinate and ammonium were used as sole carbon and nitrogen sources, while
nitrate served as respiratory electron acceptor when grown anaerobically. The medium was
supplemented with 2ml/liter essential trace metal solutidraple 3. To achieve quper (Cw

low medium, no CuSQvas added. The pH of the trace metal solution was adjusted to 6.2

using KOH.
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Table2.4: Constituents of Vishniac and Santeace elements solution for anaerobic growth

of Paracoccus denitrificans

Compound Mw mM gLt
EDTA 292.24 342.2 50.00
ZnSQ-7H0 287.55 15.3 2.20
MnCh-4H0 197.91 51.1 5.06
FeSQ-7H0 278.01 35.9 4.99
(NH:)sM07054-4H0 1235.9 1.8 1.10
CuS@-5H0 249.68 12.6 1.57
CoCJ-6H:0 237.93 13.5 161
CaG-2H0 147.02 99.8 7.34

2.3.3 Overnight Cultures

Bacterial strains were aseptically streaked from Microbddrkead stocks or glycerol stocks

onto LB agar (1.5% wi/v) plates supplemented with the antibiotics when requiredP For

denitrificansthe plates were then incubated for 48h at 30°C, andHocolj the plates were

incubated overnight (14.8 hours) at 37°C. The plates were stored at 4°C for a maximum of 2

weeks.

Stationary phase overnight cultures were produced by inoculating 10mL of LB broth or

minimal media with a single colony picked from a streak plate. Cultures were then incubated

at 30°C oB7°C, plus 18Q00 rpm agitation for a minimum of 14 hours.
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2.3.4 Longterm strain stocks

For long term storage, the strains were stored&2°C in Microban®'bead stocks, prepared
F2f{t26Ay3 YIydzZFlI OGdzZNBENRA AyadNHzOGA2yas 2N 3f

culture to 400uL 50% glycerol, inverting to mix and then snap freezi8Pat.

2.3.5 Aerobic batch culture

Aerobic batch culture was conducted using 50mL of LB media in sterile 250 mL volume conical
flasks, supplemented with the required antibiotic and inoculated with 1:100 (v/v) overnight
culture. For strains harbouring the pLMB509 overexpression vector, lizmihe was added

to the media. To ensure maximum aeration, the strains were grown at 30°C or 37°C and
agitated at 200rpm.

To measure the cell density, 1mL of culture was removed at regular intervals and the optical
density (OD) at 600nm determined. After longer phases of growth, 0.1mL of culture was
diluted 1:10 (v/v) in LB before the OD was measured. The rate of growthalMagated by

plotting the value of the O3, against time.

2.3.6 Anaerobic batch culture

Anaerobic batch culture was conducted using 250mL Duran bottles filled with 200mL of
minimal media and sealed with scresap lids and gasght silicone septa. The Durans were
supplemented with the required antibiotic and inoculated with 1:100 (v/v) owdrhculture.

For strains harbouring the pLMB509 overexpression vector, 1@aukine was added to the
media. The cultures were sparged with fr 15 minutes and then incubated without

agitation at 30°C.
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To measure the cell density, 1mL of culture was removed at regular intervals using a 1mL

syringe and the Odgpowas determined.

2.3.6.1 Gas samples from anaerobic batch cultures

To measure headspace gas, 3ml of gas were removed from the Durans at regular intervals
using a 5ml gatight Hamilton syringe and stored in 3mL preacuated screw cagxetainer

vials (LBCQ. The vials were stored at 4°C.
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2.4 General laboratory techniques

2.4.1 Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was carried out using Tag DNA Polymerase andMPhusion
high-fidelity DNA Polymerase and their reagents. Purified chromosomal DNA and plasmid
DNA were used as templates and stated where appropriate.afihealing temperature for

the reactions was determined by calculating the specific primer melting temperatuggs (T
Elongation time was calculated as one minute per one kilolpase of product. The PCR

programmes were conducted using a DNA engine PTC 300 (BIORAD) PCR machine.

2.4.1.1 Oligonucleotide design

DNA oligonucleotides (primers) were designed using the Artemis Genome Browser (Sanger).
An optimal length of 182bp and a GC content below 60% was sought where possible. All
primers were synthesised by Integrated DNA Technologies (IDT).

2.4.1.2 Colony PCR

In place of purified template DNA, a single bacterial colony was picked from an agar plate,
resuspended in 20 nucleasefree dHO and denatured at 100°C for 10 minutes. The
suspension was then centrifuged at higheed for 1 minute and the supernatant used as
template for the PCR reaction. The initial denaturing stage of the PCR programme was
extended to 5 min to further aid DNA release. The remaining stages were completed as
described in 2.4.1.
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2.4.1.3 PCR product purification

PCR products were purified using a QIAGMEXCR Purification Kit by QIAGEN, following the
YIEydzZFI OGdzZNBNRa AyadaNHzOGA2yad t NBRdzOGA 6 SNEB
nucleasefree dH20 and stored aR0°C.

2.4.2 Plasmid extraction and purification

For plasmid extraction and purification, the QIAprspin Miniprep Kit (QIAGEN) and the
QlAprepMa LAY aARALINBLI YAG ovL! D9b0 6SNB dzaSR:
followed. Plasmid DNA was eluted from the QIAPMegpin columns (Miniprep) in 48 bf
nucleasefree dHO. The same volume ob@® was used for resuspension of the-aired cell

pellets produced by the Midiprekit. Resulting plasmid DNA was analysed for concentration

and purity on a NanoDrop 2000c WAs spectrophotometer (Thermo Scientific) with
NanoDrop 2000 software (Thermo Scientific) and was then storeZDacC.

2.4.3 Bacteriatransformation

For bacterial transformation, two main methods were adopted during this study:
electroporation using electrocompetent cells and heat shock transformation using CacCl
treated chemically competent celld-or transformation of low yield exogenous DNA

electroporation was the preferred methodology.

2.43.1Electrocompetent cells

Overnight cultures of the desired E. coli strains were grown and used to inoculate (1% v/v) 50

mL Lennox broth. The cultures were then incubated at 320G250 rpm until an Ok 0.4-
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0.6 was achieved. The cells were then harvested by centrifugation at 4000 x g, 4°C. The
supernatant was discarded, and the remaining cell pellet was gently resuspended in 15 mL
ice-cold 30% (v/v) glycerol and kept on ice. Cell harvesting and resuspengtycerol was
repeated three times. During the final resuspension, a reduced volume of 2 mL was used, and
the resuspended cells were aliquoted as 200olumes in prechilled 1.5 mL microcentrifuge
tubes. The cells were immediately used where possiltleeravise they were snafrozen and

stored at-80°C.

2.4.3.2 Electroporation

MicroPulsefM Electroporation Cuvettes (BIRAD)with a 0.2 cm cuvette gap width were pre
chilled at-20°C before use. Exogenous DNAG (L) was added to defrosted 100 €
electrocompetent cell aliquots. The reaction mix was then transferred to the electroporation
cuvette and subjected to a single electrical pulse in the MicroPisEtectroporation
Apparatus (BIERAD) at a voltage of 2.5 kV (programme EC2). Instantly after subjecting the
cells to the electrical pulse, 1 mL LB broth was added to the flsemation reaction and
mixed by gently pipetting. The reaction was then transferred to a clean microcentrifuge tube

and incubated at 37°C, 200rpm foi2lhours to allow for cell recovery.

The recovered cells were aseptically spread onto agar plates supplemented with the
appropriate antibiotic in 100> fvolumes. The remainder of the cells were spun down and
resuspended in 106> fLB broth and plated onto LB agar. Once dried, the plates were

incubated at 37°C for 126 hours to allow for selection of successful transformants.

2.4.3.3 Chemically competent cells

Overnight cultures of the desired E. coli strains were used to inoculate (1% v/v)L98 lonbth
and incubated at 37°C, 250 rpm until an OB 0.4-0.6 was achieved. The cells were

harvested by centrifugation at 4000 x g, 4°C. The supernatant was discarded, and the cells
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were resuspended in 30 mL ice cold 1M a3l harvesting and resuspending was repeated
three times. For the final resuspension, the volume was reduced to 2mL and the cells were

subsequently aliquoted into 108 folumes in 1.5 mL microcentrifuge tubes.

2.4.3.4 Heat Shock Transformation

Exogenous DNA{@n >t 0 g1 ad& | RRSR (2 GKS YAONROSYI(NJ
competent cells and the transformation reactions were incubated on ice for one fibwer.

cells were then subjected to heat shock at 42°C in a water bath (45 seconds) and then
returned to ice for 2 min before adding 1 mL, prarmed LB broth. The cells were then
incubated at 37°C, 200rpm, for a minimum of one hour before being spread tato t

appropriate selective media.

2.4.4 In vivo genetic manipulations

Nonselftransmissible plasmids weraobilised fromanE. coldonor strainto P. denitrificans

(recipient) by triparental mating or biparental conjugation.

2.4.4.1Tri-parental mating via filter crosses

To transfer plasmids to P. denitrificans,-parental mating via filter crosses was used.
Plasmids were transformed into an E. coli donor strain and an E. coli helper strain containing
the plasmid pRK2013 was utilised to aid transfer of the plasmid ftoendonor to the
recipient P. denitrificansstrain. A 50 mL overnight culture of th& denitrificangecipient

strain as well as two early exponential phase culturess¢©D4-0.6) of the donor and the
helper strain were prepared and the cells harvestgdcentrifugation at 4000 x g, 4°C. The

cell pellets were resuspended all together in 1 mL of 50% (v/v) glycerol and pipetted onto a
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Whatmanfilter that was positioned on a solid LB Agar plate. The plate was left to dry and

then incubated at 30°C for 484 hours. The cells were recovered in 1 mL of 50% (v/v) glycerol
andsix 106fold serial dildions preparedto achieve a dilution of 18p ! @2t dzyS 27F p
each sample was plated onto LB Agar with the appropriate antibiotics and incubated at 30°C

until single colonies could be identified.

2.4.4.2 Biparental conjugation

For the selection of rare events such as the generation of mutan{sareintal conjugation
usingE. coliS17.1 as a donor was utilised. Overnight cultures of the donor strain as well as
the P. denitrificansrecipient strain were prepared. In the same microcentrifuge tube,
recipient and donor were mixed in a 3:1 proportion and pelleted via centrifugation at 4000 x
g, 4°C. The conjugation mixed pellet was resuspended in 1 mL Minimal Media to wash the
cells whit were then pelleted again and resuspended in a final volume of>1®inimal

Media. The cells were then plated onto Minimal Media plates containingaghgropriate

antibiotics and incubated at 30°C until single colonies could be identified.

2.4.5 DNA electrophoresis

To separate, visualise and analyse DNA fragments including PCR products, DNA gel
electrophoresis was performed using a 1% (w/v) agarose gel prepared using 1x TBE
electrophoresis buffer. The gels were stained using SYBR Safe DNA gel stain (Invitrogen).
Where required DNA loading buffer (5x, BIOLINE) was added to the samples prior to loading
(1:5) and 1 kb Hyperladder (BIOLINE) was used as a size marker. Electrophoresis was carried
out at 110 V for 3@5 minutes using a St@ell GT electrophoresis system@BINE) and DNA

was visualised by UNght using a Molecular Imager Gel Doc System-{@AD).
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2.4.6 Extraction of DNA fromgarose gels

To extract DNA fragments including enzyme digested vectors or PCR products following
agarose gel electrophoresis, gel extraction was conducted using a QIRtGiekExtraction

YAG O6vL! D9b0 F2fft26Ay3 GKS YIydzZFlI OGdzZNENRA Ay
from the QIAquick" Spin Columns was made in 5thuclease free d¥D and was analysed

for concentration and purity on a NanoDrop 2000c-\4¥ Spectrophotometer (Thermo

Scientific).

2.4.7 Overexpression from pLMB509

For overexpression of sRAand other genes including Hfg, genes were cloned into the
overexpression vector. pLMB509, at the first Ndel site using the gene synthesis service
provided by GenScript. Plasmids were transformed italenitrificandriparental mating as
described in 2.4.4.1The cultures of the transformed strains were grown in the defined
minimal medium in 250nl Duran bottles with screw cap lids and gaght silicone septa.
Cultures were sparged withoNor 10 min to impose an anoxic environmeand incubated
statically at 30°C. To induce sRNA overexpression taurine was added at a final concentration

of 10mM.

2.4.8 Measurement of nitrous oxide in cultures

Headspace gas samples (3 ml) were taken using a 5 riggaslamilton syringe. The samples

were stored in 3 ml preevacuated screw cap Exetainer vials (Labco) and stored at 4°C. The
N2.O samples were analysed by gas chromatography through injection oblagzinple into

a Clarus 500 gas chromatographer (PerkinElmer) with an electron capture detector and Elite
Plot Q (DVB column, 30 m by 0.53 mm inner diam@gte); carrier, N; inert portion, 95%

[vol/vol] argon -5%(vol/vol] methane). Standards of2® ($ientific and Technical Gases) of
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5, 100, 1 000, 5 000 and 10 000 ppm) were usegLiantify the levels of pO. Total amounts
of NbO measured in a sample were calculated by applying Henrys Law consiaftr (KO

at 30°C (K€ of 0.5392). The valuesf NoO calculated in micromoles were multiplied by 2 to
adjust the values to micromoles of N in the form ofQY this takes into account the

stoichiometry of N in pD.

2.4.9 Protein purification

For purification, proteins were tagged with a 6xHige@ninal epitope and purified from
whole cell lysate, posbverexpression, using a 5 mL HiTRap Chelating High Performance
column (Cytivia) on an AKTAFPLC (GE Healthcare Life Sciences). Genes were cloned into

overexpression vectors under the control of an IPTG inducible promoter.

2.4.9.1 Test expression

To identify high yielding conditions for protein overexpression, setlle test expression

assays were conducte@®vernight cultures of host strains harbouring the overexpression
construct as well as empty vector controls were used to inoculate five flasks of 10 mL LB broth

(1% v/v) supplemented with the appropriate antibiotic. The cultures were incubated at 30°C

forc K2 dzZNESNRBY RIAIYSY LRAYGQ alYLXS ¢6la GF1Sy TFNR
sample. The cells were harvested by centrifuga(@min, 14, 000 x g) and the pellets were

stored at-20°C. The Inducer IPTG was serial diluted in sterd® di@fold four times (1 Mg

0.1 mM) and added to the cultures. The cultures were then incubated overnight at 30°C, 200
NLY YR M Y[ &l YL} Sa ¢gSNBE 02ttt SOGSR Ay (GKS 3

cell pellets were then stored a20°C.
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2.4.9.2 Expression sample analysis by STA&E

To confirm successful overexpression of the recombinant protein prior to -kogke
purification, the samples collected during test expression were analysed biP/SBE. The
sample pellets were defrosted on ice and resuspended i DS loading buffer before
boiling at 100°C, 5 min. Cell debris was pelleted by centrifugation (>12, 000 x g, 30 sec) and
5-10 > sample was loaded onto SIPAGE gels (15% v/v acrylamide) with ®ageRuléM
Prestained Protein Ladder (Thermo Scientitised as a size marke The samples were
electrophoresed at 180V, one hour, in 1 x TGS running buffer and subsequently stained with
SimplyBluéM SafeStain Coomassie-250 (Life Technologies) (B0 min) with gentle
agitation. Before imagingising white light on a Molecular Imager Gel Doc SystemiRID),

the gels were transferred to i and incubated with gentle agitation for 30 minutes.

2.4.9.3 Largescale cell harvest

Oncethe ideal overexpression conditions had been established via the test expression assay,
the favoured conditions were repeated with a larger culture volume to maximise protein
yield. Overnight cultures wenesed to inoculate 1 L (2% v/v) LB broth in 2 L conical flasks. The
cultures were incubated at 30°C, 200 rpm for 6 hours and 1 mL samples were collected as
described in 2.4.9.1. Overexpression was induced upon the addition of IPTG at an appropriate
concentation. The cultures were then incubated overnight (30°C, 200 rpm) and 1 mL samples
were collected and analysed by SBSGE as described in 2.4.9.2 to confirm successful
overexpression of the recombinant protein at the larger volume. The remaining culase w
transferred to 1L Beckman Coulter centrifugation bottles and the cells were harvested by
centrifugation (20 min, 6 000 x g, 4°C) in a Beckman Coulter Av2hithigh performance
centrifuge using a JEA 1000 rotor. Resulting cell pellets were transésito a 50 mL Falcon

tube, snap frozen and stored &80°C.
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2.4.9.4 Cell lysate collection

Frozen cell pellets (2.4.9.3) were defrosted on ice and subsequently resuspended in 10 mL of
Buffer A (20mM Nghosphate, pH 7.0; 150 mM NaCl; 25 mM Imidazole; 10% Glycerol) with
one omplete, mini, EDT#ee protease inhibitor cocktail tablet, 46y DNase |, 48g RNase

and 50 mg lysozyme. The cells were subjected to three passes through the French Press and
the insoluble cell debris was removed from the lysate via centrifugation (42,000 rpm, 40 min,
4°C). Higagged protein was purified from the supernatant thrdulginding to a HisTrdff HP

column, charged with 0.2M Nig®n a AKTAFPLC (GE Healthcare Life Sciences), and eluted
in 1mL fractions across an imidazole gradie”RBQ0mM Imidazole). Quality and purity of the
eluted protein was ascertained by SBPAGE (2.10); 10>L of the fractions were diluted in

50>L SDS loading buffer and treated as described in 2.4.9.2 prior to imaging.

2.4.10 SD®olyacrylamideGel Bectrophoresis (PAGE)

SDSPAGE allows for simeparation of denatured proteins along an acrylamide gel matrix. A
standard resolving gel of 15% (w/v) Proto®el Throughout this study,
acrylamide/methylene Bis Acrylamide solution (37.5:1 ratio) and a stacking gel (5%efév)

used and cast utilising MHRROTEAN Tetra handcagstems (BIGRAD) (0.75 mm and 1 mm

combs and integrated spacer plates), then left to polymerise for a minimum of 30 min at RT.

Gels were electrophoresed at 180 V in 1 x TGS running buffer usin@ RIMIEAN Tetra Cell

systems (BIGRAD) for up to 1 houmal then stained with SimplyBI{¥ SafeStain Coomassie

GHpn &a0FlAYy O[AFS ¢SOKy2f23ASa0 a LISN YI ydzF
imaged using white light on a Molecular Imager Gel Doc SysterrRBL0).
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2.4.11 Bradford assay

A Bradford dyebinding assay allows for quantification of protein at low concentrations by
comparing protein samples of unknown concentration to a standard curve generated from
bovine serum albumin samples (BSA) of known concentrations. BSA standarlle aadhple
protein of unknown concentration were diluted in Bradford Dye Reagent solutiorr RBID)

and dHO in 1.6 mL cuvettes. The samples were mixed by inverting and absorbance was
measured at Avs. A standard curve was produced by the plotting BSA stah#sosvalues
against their known concentration (mg/mL). This was utilised to deduce the protein

concentration of the sample protein based on itg#alue.
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2.5 Computational tools

2.5.1 Prediction of sSRNA folding structures

¢2 LINBRAOG awpef Rt R2ydal NMEBKSsWa dzaSR 0 %dz] SNT
the software predicts a minimum free energd, as well as minimum free energies for

foldings that must contain any particular base pair. SRNA sequence name and RNA sequence
were entered into the server input and linear foldings were predicted using the default
parameters with a folding temperaturef 87°C as well as ionic conditions fixed & ]|=1M

and[Mg*™] = OM. The structure folding plots were extracted as pdf files.

2.5.2 sRNA Target prediction

The key step in downstream sRNA characterisation was the prediction of putative mRNA
targets. There are several existing computational methods for sSRNA target prediction utilising
various aspects of SRNARNA binding properties. Target prediction in tiisdis was carried

out using two separate approaches: The macHewningbased approach sRNARFTarget
(Naskulwar and Per@astillo, 2022) and the web server TargetRNA2 (Kery et al., 2014).

2.5.2.1 Targeprediction using the machine learningML)tool SRNARFTarget

The MLkbased tool sRNARFTarget is generated using a random forest trained on the
trinucleotide frequency difference of sRNARNA pairs to predict the probability of
interaction. It bases its predictions on sequence alone and can therefore be applied to any
SRNAMRNA pair without the requirement of sequence conservation. The tool was trained
using known sRNARNA interactions, identified predominantly iB. cal Pasteurella

multocidaand SynechocystispPCC 6803
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All sSRNA sequences fBr denitrificanss well as all MRNA sequences in FASTA format were
inputted into the programto create all possible SRNARNA pairs. The output of the pipeline
was a CSV file containing predicted pairing probabilities for sRMNA with an mRNA target

in descending order. For further analysis this file was converted to a .xIsx file to sort the pairs
according to the sRNA or mRNA of interest. This allowed for identification é¢abheres of

the most likely interactions between sRMwd mRNA of interest.

2.5.2.2 Target prediction using TargetRNA2

TargetRNA uses four primary features for SRNA target identification: SRNA conservation,
SRNA accessibility, mMRNA accessibility and energy of hybridization. The performance of the
tool was thoroughly tested using a set of verified interaction pairs.igoli A major benefit

of the tool is the short execution time. Input sequences for the prediction were the sRNA
nucleotide sequencén FASTA formads well the annotatedP. denitrificangeplicontaken

from the NCBI Prokaryotic Genome Annotation Pipeline (NCBI Accession Nos.: NC_008686;
NC_008687; NC_00868%or each candidate mRNA target, TargetRNA 2 focuses its search

for an sSRNANRNA interaction in a neighbourhood around the ribosome binding site of the
mRNA and outputs a-@I f dz§ F2NJ S OK GFNBSG Ff2y3a gAGK
product and a linko the corresponding gene page from RefSeq (Pruitt et al., 2012).

2.5.3Extraction of ®quenceof interest

For the analysis of motifs present within promoter sequences of SRNAs or further analysis of
promoter properties, promoter sequences had to be extractedangerbatches. A python

script was utilised teextract60 bp orl00 bp upstream of an sSRNA sequence or a TISS.

exact position of each sRNA start codon, or each TSS of interest was inputted as a location
position number and the sequence upstream was extracted and outputted in form of a .xIsx

file. These sequences could then be utilised for furtherifraotalysis.
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2.5.4Prediction of sequence motifs

A motif is an approximate sequence pattern that occrgpeatedlyin a group of related
sequences. These recurring motifs are often recognised by regulator proteins to signal regions
of regulation or by sigma factors which control expression of regions related to the motif.
MEME suite discovers novel, unmapped and reangrmotifs within the input sequences and
represents these as positiesependent letterprobability matrices that describe the
probability of each possible base at each position in the pattern. The input is a group of
sequences of interest and the outpgfin contain as many motifs as requested. For the
identification of regulator motifs, the promoter sequences of known genes within the regulon

were inputted and the recurring motif was plotted as a matrix.

For the identification of putativelO and-35boxes, all sequenceé&Ontor 100ntupstream of
all identified primary TSSs were extracted and submitteMEME as well agnprobizer, a
motif-finding algorithm that considers location of sequence patterns within the input
sequences and favours motifs that occur at the same location (Ao et al., 2B@4programs
were run using default parameters with the number of identifiable motifs set to n=2. The

output motifs were ranked based on pattern frequency.

Identified motifs could be searched for within tfe denitrificangienome using the Artemis
genome browser by using the sequence search bar (Rutherford et al., 2000). This function
was utilised to identify the presence of known regulator binding sites within the sRNA

promoters

2.55 Prediction ofprotein folding structures

For the prediction and analysis of protein structures and functions the Phyre2 suite was
utilized to build 3D models, predict ligand binding sites and analyse domain composition in

both secondary and tertiary structures based on homology detection metfieldey et al.,
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2015). Similato many other methods for protein structure prediction, Phyre2 relies on the
comparison of a sequence of interest with a large database of sequences to construct an

evolutionary or statistical profile of the input sequence.

Queryamino acidsequences are inputted into the uséiendly interface of the web tool to
construct an evolutionary profile based on the protein database. The protein secondary
structure is predicted using PSIRED which uses neural networks trained on protein sequence
profiles to identifythe presence of-K S f A Su@&uddE and coils with an average thrstate
accuracy of 76§80%. The resulting sequence and structure view displays the predicted
secondary and tertiary structure of the input sequence, tbafedence in this prediction as

well as the amino acid sequence of the modelled regidhg. resulting protein structure can

be extracted as a PDB file.

2.5.6Global identification of transcription start sites

It hasbeen shown that copper availability effects the transcription of enzymes involved in
N2O production inP. denitrificansspecifically the activity of the final denitrification enzyme
NosZwhich requires large amounts of copper for its active cenfree transcriptome ofP.
denitrificansunder CuH and CuL conditions was determibgdGainster et al., 2016sing
differential RNAseq The study utilised the Trizol method to extract RNA which was then
sequenced on an lllumina NextSeq 500 system using 75bpleegth. The resulting raw
(fastaq files) and processed date (wig files) are available on the GEO database (Series record
number: GSE85362). These datasets were utilised in this study to carry out comprehensive

mapping of transcription start sites (TSS)oasrthe genomé¢Fig. 2.1)

Mapping an alignment of reads was carried out using Galasggalaxy.org)For quality
control of the raw fastaq files, FASTQC was run to provide an overview of the data quality.
Mapping of the read was carried out using Bowtie2, a fast and mesmibigient opersource

tool with a particular strength in the alignment of sequéergreads of about 50 to 1,000 bases

up to large genomes. Both the raw fastaq files and the reference genome were provided as
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input parameters and the mapping was run using default parameters. The mapped reads
were then extracted as BAM fileShe mapped reads were visualised using the Integrated
Genome Browser, which allowed for the viewing of sequencing results alongside. the

denitrificansreference genome.

TSS were identified using treutomatic TSS annotation tool TSSARe NCBI accession
numbers of the 2 chromosomes (NC_008686; NC_008687) and plasmid (NC_008688) making
up of theP. denitrifican$’D 1222 genome were provided as input alongside the files with the
corresponding mapped dRNseq data.The default window length of 1000 was kept, as this
approximately corresponds to the average gene length in bacteria. Transcription start sites
are enriched in a TEX treated library compared to an untreated library, as TEX degrades reads
which are not protected by a triphosptat & AdGa pQ SyRZ | OKIF NI Ol
originating from primary transcripts. The statistical analysis of the TSSAR tool aims to identify
significant enriched positions to call a likely TSS while dealing with background noise caused
by infallibke depletion. TSS were callegl comparison of the mapped readbe ¢TEXvalues

were subtracted from the ¥EXvaluesand the differences between treated and untreated
library was considered for each positi@ince both libraries follow a Poisson distribut the
difference sample follows a Skellam distributiénriched signalgaks were called with a cut

off value of 10 readsnd classed as Primary, Internal and Antisense ©H&8=d on their

position in relation to the coding regions within the genome.
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FASTQ Files

l Quality control (FastQC)

Adapter trimming (Cutadapt)

1 Read Alignment

Filter reads with too many 5’ soft-clipped bases

l Aggregating reads into TSSs

l Check alignment reads

TSSs
Differential / \ Genomic
TSSs Annotation
Sequence/ Visualizations
Motif Analysis

Fig. 2.1 Workflow for the computational processing of TSS mapping ddta different formatswith
software used for each step. More information on each piece of software listed can be found at the
following URLS: FastQChttps://www.bioinformatics.babraham.ac.uk/projects/fastijc Cutadapt

(https://cutadapt.readthedocs.io/en/stable
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2.5.7 Generating a phylogenetic tree

For the generation of phylogenetic treea multiple sequence alignment (MSA) of each sigma
factor amino acid sequence was generated using MAFFT (v.7.470) by aligning sequences
sourced from the NCBI protein database (REIRFFT). THe resulting 940 amino acid
alignment was used to generate a maxm likelihood phylogenetic tree using IQTree 2
(v2.1.4beta) with model selection carried out using ModelFinder (Minh et al., 2020;
Kalyaanamoorthy et al., 2017). The selected substitution model was Q.pfam+F+I+G4 with an

ultrafast bootstiap value of 1,000 (Hoang et al., 2018).
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3. Further characterisatiorof small RNAsSn Paracoccus

denitrificans
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3.1 Introduction

Advances in both computational and experimental approaches to identify sRNAs have
accelerated the pace of sRNWscovery across all types of bacteria. More and more sRNAs
are characterised and their functions elucidated, giving further insights into the complex
regulatory networks found across all types of environmen®ince their initial
characterisation in the 1980s, approximately 550 distinct SRNA families have been identified
(Boutet et al., 2022)Bacterial SRNAs have been shown to be involved in the regulation of
many important biological processes such as stress responses and infection and their
abundance immicrobial communities suggests they may play an even greater role in fine

tuning bacterial responses than previously known.

Initial screens for sSRNA in bacteria relied primarily on computational screens of intergenic
regions to identify conserved sequences or orphan promoter and terminator sequences. The
discovery was enhanced through advances in whole genome expressiomgrdfit known
bacteria have had their exact number of sSRNAs, and the individual regulatoryfutiies
characterised. However, it seems likely that bacteria will have a few hundred regulatory
SRNAs rather than thousands of SRNAs (Gottesman and Storz,[48l4 et al., 2020 The
number of SRNAs identified in a single bacterium is heavily dependent on the size of the
genome, with larger genomes generally coding for a larger number of regulatory sRiN#k.
RNAs are prominent in highly researched model organismsBmithrobacteriaceaencoding

145 distinct SRNAs, while other bacterial families may only have an averageOo§RNAS
(Boutet et al., 2022). Therefore, sSRNAs often outnumber the sigma factors encoded in a
bacterium. For instancé;. coliencodes 7 sigma factors and 98 sRNKgny of the putative
sRNAghat have been detectedtill have no known functiorwhereas other sRNAs with
important functions may be missed during SRNA detection due to their expression exclusively

under very specific conditior(Sittka et al., 2008; Liu et al., 2011)
A large number of bacterial SRNA are transcribed from regions opposite of annotated genes.

These so called eencoded sRNAs share extensive complementarity with the corresponding

transcripts(Fig.3.1A). The most prevalent roles for antisense sRNAs in bacteria have been the
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repression of genes encoding toxic gene products (Gerdes und Wagner, 2007; Fozo et al.,
2008) or the directed cleavage of the mRNA encoded on the opposite strand. The most
extensively studied sSRNAs however, are those with limited target complementarityatba
encoded at a different genomic locatidfig.3.1A). These are often referred to as trans
encoded sRNAs and are generally expressed under specific growth conditions ranging from
cell envelope stress to glucose starvat{gfor et al., 2020)Pairing letween a transencoded

SRNA and its target generally involves a conserved seed regicB obtiguous baseairs
(Bandyra et al., 2012 his region can often interact with multiple targets and can result in a
number of regulatory outcomes. Some sRNAs bind to the ribosome binding site (RBS) thus
blocking translation by preventing the entry of the ribosome. Translation can also be
prevented when the region of interaction is 50 or more nucleotides upstream of the RBS
(Sharma et al., 2007). Other sRNAs cain with regions downstream of the Shiialgarno
Sequence without affecting ribosome entry. This has been observed for Salmonella MicC
which causes an acceleration ompD mRNA RNAse-d&ependent mRNA decaystead
without blocking ribosome entry (Pfeiffer et al., 2009).

SRNAs can also activate translation which generally occurs through preventing or overcoming
the formation of an inhibitory secondary structure (Prevost et al., 2007). The -aifRhA
interaction can result in the remodelling of the mRNA structure makingiti@some entry

site accessible and allowing translation. Binding can occur distant from the start codon

making computational target prediction more difficult.

A B Arginine patch
target gene target gene
00 010 < mm—— 10
oo oo
sRNA gene sRNA gene l

! ' J Hfg
sRNA
IIIIIIIIIIIIIISRNAmRNA 111 QIII

Fig.3.1 Acis encoded sRNAs are transcribed from regions related to their targets and therefore show high levels
of sequence complementarity, while traigmcoded sRNAs often require the presence of the RNA chaperone

Hfq due to low levels of complementarit The tertiary structure of thés. coliHfq hexamelin complex with

RydC sRNA (red sticks and yellow sticks). Arginine patches are shown in blue (adapted from Zheng et al., 2017).
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Many sRNAs that act via limited base pairing have been found to require the RNA chaperone
Hfg which binds both sSRNAs and mRNAs to stimulate their p&kig®.1A). Hfqadependent
SRNAs contain an mRNAsk-pairing region, also known as the seed region, anthitfiging

site, and a Rhandependent transcription terminator. The seed region allows the formation

of an RNARNA hybrid with the mRNA target to regulate both its translation and its stability.
The Rb-independent terminator is a Gfich palindrome sgquence followed by a run of U
residuesandis responsible for transcription termination and the formation of distinct SRNA
molecules (Ishikawa et al., 201Regions of Hfg binding have thus far only been identified
for a limited number of transcripts are frequently Algh single stranded regions. When
bound to Hfg, the RNA secondary structure is altered and local concentration of both mRNA
and sRNA is incread (Brennan and Link, 2007). Hfq is also able to interact with ribosomes
and with RNAse E. The iagt of these interactions on the functions of Hfq are however still

unclear.

The involvement of SRNAs in nitrogen cycle associated metabolism is a more recent discovery
and with the identification of 167 SRNAs acrosshéenitrificangenome via a combination

of RNAsegand bioinformatics approaches, these short regulatory RNAs were first shown to
play a role in the regulation of denitrificatipas introduced irl.6.8 (Gaimster et al., 2016).

The presence and size of a selected number of candidate sRNA identified in this study via
RNAseq were confirmed using FPICR and verified by Sanger sequencing. However, their role

within the regulatory network of the model denitier is still unclear.

The known regulatory network controlling the denitrification apparatusindenitrificans
consists of the key transcriptional regulators FnrP, NNR and NarR which respond to
environmental signals including nitrate, nitrite, NO, oxygen and copper and regulate the
expression of the Nar, Nir, Nor and Nos enzyrfiagoduced in1.5). Although several
important links in the regulatory network of the model denitrifier have been unravelled, much
remains to be discovered before a full understanding of the phenotypsponse can be
obtained. For instance, phenotypic responses of a varie®. afenitrificangnutants suggest

that transcription ofnarrequires a dual control vienrPandNarR while the transcription of

nosZis equally effective with onliznrPor NNR
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3.1.1 sRNAs the missing link in denitrification regulatory network?

The sRNAs iR. denitrificansare distributed across the two chromosomes and the plasmid,
that make up theP. denitrificanggenome: The majority, 110, of the sRNAs are located on
chromosome 1 while 39 can be found encoded on chromosome 2 and the remaining 18 on
the plasmid (Fig3.2). Their expression levels vary across high and le@ Anaerobic
conditions. For instance, sSRNA intergenic 100 is expressed threefold higher undesQow N
emitting conditions compared to the expression level during high &mitting conditions. In

total, 35% of the sSRNAs were differentially expressed by twofold higher or lower.
Interestingly, seven sRNAs showed a greater thfoid’change in expression and a further 3

showed a change in expression greater tharfdl@l (Gaimser et al., 2016).

In order to gain a further insight into the newly identified SRNAB.idenitrificans/arious

online tools were used in the study (Gaimster et a., 2016). The secondary structures were
predicted using Mfold. All SRNAs were predicted to form highly structured molecules with
more than one hairpin loop suggesting that they have the potentiafdion complex
conformations comparable to other directly acting RNA transcripts. Putative gene targets
were predicted using TargetRNA and the most frequently predictathets were
transcriptional regulators such as the Xre, Fis and TetR families as well as transporter proteins

including metal and ABC transporters.

Over one third of the sSRNAs showed differential expression betweeantl NO emitting
culture conditions suggesting an involvement of the sRNAs in the switch between these two
conditions. Putative gene targets for many of the sRNAs included genes engodiam
products involved in transcriptional regulation as well as transport proteins. Conservation of
SRNA sequences across other species aiproteobacteria classes such as the

Rhodobacteraceand Rhizobialesvas also shown for half of the confirmed &\
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Fig.3.2 Summary of sRNAs identified in tRe denitrificandranscriptome in high pO (anaerobic), low XD
(anaerobic) and zero A emitting (aerobic) conditions. Out&r-inner rings: position in thé. denitrificans
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chromosome 1, chromosome 2 or plasmid; SRNA name; sRNA relative size and locatiargdamlaaiccording

to intergenic (blue) or antisense to ORF (orange) positions: SRNA expression level, color coded as increased
expression in high 20 anaerobic compared to low2® anaerobic (dark red), or lower expression in higloN
anaerobic compared to low20 anaerobic (pale red), increased expression in [@® Hnaerobic compared to

zero NO aerobic (dark blue) or lower expression in logONanaerobic compared to z2iN2O aerobic (pale

blue), with each ring representing increments of 2,}@d units of differential expression; predicted target for

SRNA, Gene identifier (pden) number is included along with gene name when known. Note: for spacing purposes
the gene names for predicted targets for 5 sRNAs on chromosome 1 could not be incidd@&dTonB
dependent receptor, 4861 ABC transporter related, 4986-NABP/AcoX, kinase810 solutebinding protein,

5071 hypothetical protein. (Gaimster et al., 2016)

A closer characterisation of one sRNA, sRRAemonstrated, that this SRNA is an important
regulator of denitrification (Gaimsteat al., 2019). Modulation of its expression levels impacts

on nitrite reduction, therefore affecting NO and® emissions from bacterial cultures. The
results of this study strongly suggest, that SRNAs are crucial and yet widely uncharacterised
nodes in regulation of denitrification and could be key targets for controlling cellular

production and emissions of thgreenhouse gas®.

3.2 Aims

The aim of thi€hapterwas to further enhance the insight on the sSRNA regulatory network in

P. denitrificanausing two separate approaches for the selection of SRNAs for experimental
characterisation. The first approach uses putative targets and expression patterns of SRNAs
identified through computational approaches as well as BRB& The second approach is
based on potential regulation of SRNAs through known regulators of denitrificatioB. in
denitrificans This approach relies on the hypothesis thRN#s regulated by one of the
important regulators of denitrification are likely to be of important linkstte regulatory
network. Therefore, this chapter aims to answhe following questions: Which sRNAs are
crucial for the switch betweenZ® production and BD consumptiof How are they involved

in the denitrification pathway and when are they active and available?
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Chapter hypotheses:
- There are further sRNAs present in P. denitrificans that have an impact@n N
emissions
- Some sRNAs are likely regulated by known denitrification regulators

- The RNA chaperone Hfg has an important function in SRNA aetiardenitrificans

80



3.3 Results

The smalRNAs characterised in this thesis were identified by Gaimster et al. (2016) via a
combination of RNAeqand bioinformatics approaches. For sSRNA characterisation, the sSRNA
sequences (Table 3.1) were cloned into the overexpression vector, pLMB509 (Tett et al.,

2012), at the first Ndel site using the gene synthesis service from GenScript and subsequently

transformed intoP. denitrificandy the use of triparental mating.

Table 3.1Name, position, size and sequence of the SRNAs characterised in this thesis

SRNA
name

start site

end site

size
(bp)

sequence

SRNA 5

273173

273337

164

CUUUGGCGAAACGGUCCUCGUGCAGA
CGGAUCGCGAACUUGAUAAUGCCAUU
UUCAGGAACUUUACGCACUCGGUCCC
CGAACUCGCGAUCCGUGACCAGAAGC
GAGCGUCGAGACCGGGAAAUGCGCGA
CAGCGCGAUCCGGGUCGCGGUCGUGY

SRNA 10

319497

319579

82

UCAUCCGAGCGGGAUCUCCGGGCGGY
AUGGAAGACCCCAUUGUGGGCACCGA
AAAGAACGACGCUCUGGACCCGAG

SRNA 18

229605

229644

39

GGAGGGAAUCACGGCGUCAUUGA
CGUUGACGACCGCGAUA

SRNA 36

726444

726596

152

GCGAGUGUGUGAUUCGUCAUACGC
UCGUGAUCUUCUGUCCGAGACGGA
GGGCGGGCCGCAAGGUCGCUAAGU
CCUUCCUGAGAUGGGGAAUCAGAC
GAGAAUUCAGAUCAACGGCGCUAGC
GCGAUCCAUUGGUUGGAAACAUCUG
GACCUU

SRNA 39

744622

744742

120

CCGGGCCUGCUCGUGCAUGUAGC
CGCAUCGCUGCCGAUCUUUCCAGA
AUCGGUUGCCUUGUGCCGGGCCGC
CAUAUCAUGGGGCGGCCcuUGCuUcCuU
GUUUAUACGGUUCGACGCUGGCGGU

SRNA 79

1965193

1965271

78

CCACGAUGCUGUGGUAGCUCAGUG
GUAGAGCACUCCCUUGGUAAGGG
AGAGGUCGAGAGUUCAAUCCUCU
CUCACAGC
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3.3.1 Folding Structure of SRNAs

In order togain more insight into the sRNAsRndenitrificangand selecputative candidates

with an involvement in the denitrification regulatory network varicudinetools were used

to provide further information. The secondary structure of SRNAs was predicted using the
online tool Mfold using the default parameters (Zuker, 2003). The core algorithm of the
software predicts a minimum free enerdy, as well as minimum free energies for foldings

that must contain any particular base pair.

SRNA 5 SRNA 10 SRNA 18

oo c o>
00 » 0 C

»Cco0o P 000
c®» 0 0000

G G A GGG A

sRNA 36 SRNA 39 SRNA 79

Fig.3.3: The secondary structure for six SRNAs predicted using Mfold (Zuker, 2033% sRNAs are shown
to fold into complex structures including one or more stem loops

All of the sRNAs, including the six SRNAs shown in3Bgvere shown to have significant
predicted secondary structures. Most of the SRNAs were predicted to form highly structured

molecules with more than one hairpin loop which suggests that they are likely to be capable
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of forming complex conformations similar to those observed in other directly acting bacterial
sRNAsThe six sSRNAs shownRig.3.3 were selected for further investigation due to further

computational predictions made in the following sections.

3.3.2 Target prediction

Putative gene targets for all SRNA®Iirdenitrificansvere predicted using two different tools.

The first approach was made using the macHeaning tool sRNARfTarget, which
determined the number and probability of putative mRNA targets for each sSRNA out of all
known sRNAs and mRNAs across the genome (iNeak & PenaCastillo, 2021).The
transcriptomewide target prediction programme was trained on the trinucleotide frequency
difference of SRNANRNA pairs using a dataset consisting of 745 confirmedaoting SRNA
MRNA pairs, basing its predictions on sequence alone. Therefore, it does not require
sequence conservation and could be applied to all SRNA identifield. idenitrificans
(Appendix 1) This analysisresulted in three distinct SRNA groups that varied in target
numbers and scores. Some sRNAs were classified as broad range sRNA&s I(Figith a

high number of putative mRNA targets of high target probability. For these sRNA the
prediction probability scoreanged between 0.3 and Q.With a higher scorattributing to a
higher interaction probabilityOthers only had few hits with high target probability and were
therefore classified as more specific (B4g.2). For the specific hits the prediction probability
could reach a score of up to 0.55. These results suggest that the roles of SRNA$Pwithin
denitrificans may vary with some of them regulating a larger number of targets and
potentially taking over a global regulatory role while others only have dlsmanber of
targets, suggesting that this class of SRNAs may have a more specific regulatory role. The third
group of SRNAs (Fig4.3) showed a large number of specific targets scoring around or above

0.5, whilst only having few targets with lower prediction scores.
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Fig.3.4 Violin plots for the pediction probabilities fothe interaction ofsSRNAs found in P. denitrificawith all
MRNA transcripts presemgenerated using SRNARFTarget (Naskulwar &-Bestllo, 2021): Globally acting
sRNAswith a broad target rangshowing large number of putative targets with average specifi2itpRNAs
with high specificity for a small number of targe3ssRNAs with high specificity for a larger number of targets.
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Table 3.2Prediction probabilities for the top 5 MRNA Targets predicted with sSRNARFTarget (Naskulwar & Pena
Castillo, 2021)

SRNA name MmRNA ID prediction probability

5 CP000489.1 cds_ABL68319.1 202 [locus_tag=Pd 0.54566
0205] protein=hypothetical_protein
CP000489.1_cds_ABL68279.1 162 [locus_tag=Pd 0.54374
0162
protein=MItAinteracting_MipA_family protein
CP000489.1_cds_ABL70504.1_2387_[locus_tag=P 0.54221
_2416]_
protein=conserved_hypothetical protein
CP000489.1_cds_ABL69619.1 1502_[locus_tag=P 0.54164
_1519]
protein=hypothetical_protein
CP000489.1_cds_ABL69793.1_1676_[locus_tag=P 0.54135
_1696]
protein=Phosphoribulokinase

10 CP000489.1 cds_ABL68215.1_98 [locus_tag=Pde 0.5582
098]
protein=Conjugal_transfer_TraD_family_protein
CP000489.1_cds_ABL69793.1_1676_[locus_tag=P 0.54797
_1696]
protein=Phosphoribulokinase
CP000489.1_cds_ABL70004.1_1887_[locus_tag=P 0.54471
~1909]
protein=protein_of _unknown_function
CP000489.1_cds_ABL70504.1_2387_[locus_tag=P 0.54445
_2416]
protein=conserved_hypothetical protein
CP000489.1_cds_ABL69171.1_1054 [locus_tag=P 0.53992
_1062]
protein=flavin_reductase_domain_protein__ FMN
binding_protein

18 CP000489.1_cds_ABL69041.1 924 [locus_tag=Pd 0.56034
0930]
protein=hypothetical_protein
CP000489.1_cds_ABL68540.1_423 [locus_tag=Pd 0.55042
0426]
protein=transcription_elongation_factor GreA
CP000489.1_cds_ABL70504.1_2387_[locus_tag=P 0.54566
_2416]
protein=conserved_hypothetical_protein
CP000489.1_cds_ABL70308.1_2191 [locus_tag=P 0.53329
_2216]
protein=RNA_polymerase__sigma_32_subunit__ Ry
]
CP000489.1_cds_ABL70179.1_2062_[locus_tag=P 0.53312
_2087]
protein=conserved_hypothetical_protein
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36 CP000489.1_cds_ABL70157.1 2040 _[locus_tag=P 0.56051
_2065]
protein=coldshock_DNAinding_protein_family
CP000489.1_cds_ABL69087.1_970_[locus_tag=Pd 0.55714
0976]
protein=hypothetical_protein
CP000489.1_cds_ABL69720.1_1603_[locus_tag=P 0.55608
_1621]
protein=hypothetical_protein
CP000489.1_cds_ABL69128.1 1011 [locus_tag=P 0.55284
_1017]
protein=transposase_1S116/1S110/1S902_family_pr
in]
ICP000489.1_cds_ABL69571.1_1454 [locus_tag=F 0.55255
_1471]
protein=transcriptional_regulator__LysR_family]

39 CP000489.1 cds ABL69780.1 1663 [locus_tag=P 0.56055
~1683]
protein=monosaccharide_ABC_transporter_ATP
binding_protein CUT2_family
CP000489.1_cds_ABL69793.1 1676 [locus_tag=P 0.55535
_1696]
protein=Phosphoribulokinase
CP000489.1_cds_ABL69065.1_948 [locus_tag=Pd 0.55486
0954]
protein=coldshock DNAinding_protein_family
CP000489.1_cds_ABL69078.1_961_[locus_tag=Pd 0.55398
0967]
protein=hypothetical_protein
CP000489.1_cds_ABL69994.1 1877 _[locus_tag=P 0.55389
~1899]
protein=Substrate binding region of ABe glycine
betaine transport system

79 CP000489.1 cds_ABL70120.1 2003 Jlocus_tag=P 0.54812
_2028]
protein=protein_of unknown_function DUF465
CP000489.1_cds_ABL69164.1_1047_[locus_tag=P 0.53758
_1055]
protein=hypothetical_protein
CP000489.1_cds_ABL68227.1_110_[locus_tag=Pd 0.53473
0110]
protein=hypothetical_protein
CP000489.1_cds_ABL69471.1_1354 [locus_tag=P 0.5329
_1370]
protein=hypothetical_protein
CP000489.1_cds ABL69332.1 1215 [locus_tag=P 0.52304

_1227]
protein=hypothetical_protein]
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Across all 167 sRNAs, as well as for the six SRNAs shdvailen 3.2 over one third of
sRNARFTargeredicted targets were hypothetical proteins or proteins of unknown function.
Although their function is yet to be elucidated, the study of sSRNAs may be helpful in
eventually assigning a function to these proteins. Another large group of commonly pikdicte
targets were transcriptional regulators such as the Xre, Fis and LysR families. An example for
this is sSRNA 36, which has a prediction score greater than 0.5 for a LysR family regulator
protein. Other commonly predicted targets were proteins involvedONA and RNA
metabolism, such as the RNA polymerase sigma 32 subunit RpoH which is predicted to be
targeted by sRNA 18ransporters such as metal and ABC transportgesalso commoly
predicted targets Gaining further insights into these targets and assigning functions to
unknown proteins targeted by sRNAsRn denitrificanswill aid in further deciphering the

complex denitrification regulatory network.

In order to see if any sRN#ere likely to target any of the catalytic subunits of denitrification
reductases, the sSRNARFTarget outpuais searchedor the highest scores of SRNARNA
interactions of the denitrificatiorassociated mMRNAs (FB5). For all four reductases NirS,
NarG, NorB and NosZ there were several SRNAs predicted to be capable of interacting with
the mRNA transcript. For both NirS and NosZ, five of the sSRNAs showed predicted binding
scores of above 0.5 suggesting a higher hik&d of nteraction with one or more of the
predicted sSRNAs. The predicted sRNAs to interact mo8¥mRNA included sRNA 39, sRNA

47 and sRNA 55. Two sRNAs, sRNA 55 and sRNA 85 were predicted to targeShoith

nosZ mRNAs. Uncovering direct sRikwluced regulation of the denitrification enzymes
would confirm the importance of these regulatory molecules in the denitrification regulatory

network and shed further light onto the roles of the individual SRNA& henitrificans
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Fig.3.5 Prediction scores fohe 5 top scoring sSRNAs for interaction with the catalytic subunits of the four key
denitrification reductase®osZNirS, NorB and Nar@edicted using SRNARFTarget

The second approach for target prediction was via TargetRNA 2 (Kery et al., 204d). Tar
predictions were generated using default parameters. The top three most energetically
favourable targets for each of the six SRNAs also included hypothetical proteins as well as
transcriptional regulators such as the GntR ad Fis families (TaBJe Transcriptional
regulators were predicted as targets in 118/167 sRNAs. For instance, both sSRNA 36 and sRNA

79 were predicted to target the Ffamily transcriptional regulator Pden_5127.
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Table3.3: Putative gene targetbr sRNAs 5, 10, 18, 36, 39 andpr@dicted using Target RNA 2

SRNA

Putative gene target (Target RNA)

SRNA
5_490

SRNA
10_490

SRNA
18_489

SRNA
36_489

SRNA
39 489

SRNA
79_489

Chromosome 1

1. Pden_2778 PAS/PAC sensor protein

2.Pden_2510 lytic murein transglycosylase

3. hisl phosphoribossAMP cyclohydrolase

Chromosome 2

1. Pden_4084 response regulator receiver protein PlasrhiPden_5130 FecR
2. Pden_5125 monooxygenase

3. Pden_4985 pyruvate dehydrogenase (acemsferring)

Chromosome 1

1. Pden_1288 monovalent cation/H+ antiporter subunit C
2.Pden_2218 sporulation domatontaining protein

3. Pden_1166 major facilitator superfamily transporter
Plasmid

1. Pden_4573 hypothetical protein

2. Pden_5044 aldo/keto reductase

3. Pden_4986 ATRAD/AcoX kinase

Chromosome 2

1.Pden_3255 Cupin 2, conserved barrel domain protein

2. Pden_4274 GntR family transcriptional regulator; KO0375 GntR family transcriptional regul:
MocR family aminotransferase

3.pyrE orotate phosphoribosyltransferase

Plasmid

1.Pden_5016 Serine-&etyltransferase; K0O0640

2.Pden_4998 ABC transporter related; amino acid/amide ABC transportesiAdiRg protein 1,
HAAT family; KO1995 branchetain amino acid transport system AbiRding protein
3.Pden_4748 glycine betainefiroline ABC transporter, ATPase subunit; KO2000 glycine
betaine/proline transport system AT#inding protein

Chromosome 2

1. Pden_3492-¢arboxymuconolactone decarboxylase

2. Pden_2983 pseudoazurin

3. Pden_3561 transposase 1S116/1S110/IS902 family protein
Plasmid

1. Pden_5127 Ffamily transcriptional regulator

2. Pden_5002 rhodanese domaiontaining protein

3. Pden_4919 methionine aminopeptidase

Chromosome 2

1.Pden_3981 hypothetical protein; protein of unknown function DUF983
2.Pden_2948 antifreeze protein, type I;

3.Pden_3752 hypothetical protein; conserved

Plasmid

1.Pden_5103 polpeta-hydroxybutyrate polymerase domairontaining protein; K03821
polyhydroxyalkanoate synthase

2.Pden_4545 TRAP-@itarboxylate transport system permease DctM subunit;
3.Pden_4822 shotthain dehydrogenase/reductase SDR

Chromosome 1
1. ihfA integration host factor subunit alpha
2. Pden_2502 hypothetical protein
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3. Pden_1041 aspartate dehydrogenase

Chromosome 2

1. Pden_4169 sulfonate/nitrate transport systesubstratebinding protein
2. Pden_4147 SoxS

3. Pden_4422 alkylhydroperoxidase

Plasmid

1. Pden_5127 Fis family transcriptional regulator

2. Pden_4724 nucleoside diphosphate kinase regulator

3. Pden_4798 phenylacetic acid degradation protein paaN

Another class of commonly predicted targets were again transporters such as metal and ABC
transporters. These were predicted in 100/167 including the transpdrtian_4998anABC
transporter related amino acid/amide ABC transporter AliRling proteinpredicted to be
targeted by sRNA 18ATRbinding cassette (ABC) transporters are integral -pdWwered
membrane proteins that are required for the translocation of many substrates across
membranes (Rees et al., 2008ome may be involved in the translocatioh substrates

required in the denitrification regulatory cascade.

3.3.3 Experimental SRNA screening

It was previously identified that copper as well as oxygen availability has an impact on the
regulation of the denitrification apparatus astibsequently affects emissions ofNfrom a
culture (Felgate et al., 2012; Sullivan et al., 2013). A manipulation of thesehaedicterised
parameters made it possible to identify the SRNA complements transcribBddsnitrificans
under NO-producing (Cuestricted conditions) and #D-consuming (Cu repletion) conditions
(Gaimster et al., 2016). Using this information, a number of SRNA were picked for further
screeningbased on their expression patterns during complete and incomplete denitrification
conditions. Batch cultures of. denitrificansvere grown under anaerobigatch-denitrifying
conditions at 30°C with nitrate as the electron acceptath or without the addition of
copper. The sRNAs were then overexpresseains from a taurineinducible promoter to

determine their impact on pD emissions.
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3.3.3.1 Characterisation of sSRNAs 5 and 10

The sRNAs were overexpressed from a tauimakicible promoter in the vector pLMB509,
where an addition of 10 mNaurine is known to induce an increase in expression of upto 15
20-fold. The Olyoof the overexpression cultures for SRNA 5 and sRNA 10 as well as an empty

vector control were collected at regular intervals (B$A).
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Fig.3.6 Overexpression of SRNAs 5 and 10 does not affect the growth rate or the amow@ pfrdtuced

by P. denitrificans (A) Cultures dP. denitrificanglus empty pLMB509 vector (squares) as well as cultures
containing pLMB509 plus sRNA 5 (diamonds) or sRNA 10 (triangles) were grown under denitrification
conditions with 10mM added taurine. The @bwas measured at regular intervals (B)CNlevels were
measured
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For both sRNA there was no change in growth when compared to the empty vector control,
therefore suggesting that these two sRNAs did not promote or block any important processes
involved in cell growth and replication. To assess the impact of sSRNA aciivilyO
emissions, gas samples were taken at regular intervals to measure any potential SRNA
induced changes in emissions. For sSRNA 5 and 10 no change® iemiksions could be
observed suggesting that their rolef denitrificansnay not be directly rated to the switch
between NO production and consumption and further examinations will be required to
uncover their role within the regulatory network (F§6B). SRNAs 5 and 10 were not taken

forward for further study in this thesis.

3.3.4 sRNA 39 overexpression increasesONemissions from denitrifying

cultures

One sRNAsRNA 3%however was selected for further investigation throutjte previously
mentionedscreening process, adter overexpression of this sSRN&significant increase in
the amount of NO emittedfrom the culture could be observed compared to the amount
measured in the empty vector control cultures (R@B). While the ORoremained the same
despite overexpression of SRNA 39 (BigA), the rate of MO emissions increased more
rapidly after 20 h of incubation timépproximately 4.2 mM PO were produced by the empty
vector control culture after 48h compared to 5.1 mMmeasured in the sRNA 39
overexpression culturesRNA39 is a 120 bp long intergenic sSRNA thatosated within

Pden_7571t is predicted to form a highly complex structure with stem loffig.3.3).

A BLASTn comparison of the sR3@Asequence showed that there is a conservation within
the order of Rhodobacteraceae as homology was observed within the d®aiacoccus
aminophilus JCM 7686RNA 39 is most highly expressed under le® Bmitting anaerobic
conditions (Fig3.7C). Lowest expression levels can be observed under anaerobic, #igh N
emitting conditions. It has a high number of mMRNA targets that it is likely to interact with (Fig.

3.7D). These include ABf@nsporters, hypothetical proteins sawell as the catalytic subunit
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of the denitrification enzyme NosZ, suggesting a direct involvement of this sRNA in

denitrification and the switch betweenJd® emission and XD reduction.
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Fig.3.7 sSRNA 39 causes an increase in the amountOf pfoduced by. denitrificansOverexpression cultures

of P. denitrificanplus empty pLMB509 vector as wellRidenitrificanplus pLMB509 plus sSRNA 39 were grown
under denitrifying conditions. (A) The OD600 was measured and (B) the levels of nitrous oxide emitted from the
cultures were measured at regular intervals. (C) Expression levels shown as reported previously (Gaamnster e
2016). (D) Distribution of predicted mRNA targets for SRNA 39.

3.3.4 sRNAs 18, 36 and 79 possess a denitrification regulator nrottheir

promoter region

A secondapproach to screen sRNAs for further investigation was to search for SRNAs with a
putative denitrification regulator binding site upstream of their promoter. The denitrification
regulators inP. denitrificansare known to recognise specific sequences upstream of their
target genes (Fig3.8). In its active form FnrP forms a dimer and contains a ‘ednchelix
domain that binds to the motif TTGATnnnnnTCAA. NNR recognizes the sequence
TTnACnnnnnTCAA and NarR binds to the sequERGATNNNNNTCAA. sRNAs withinding

motif within 100bp of the SRNA sequence were considered likely to be regulated by one of
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the denitrification regulators. These were identified using the Artemis genbrowser by
searching for the presence of recognition motifs within 100bp of the SRNA prortasver

et al., 2011). Through the initial screening process, eight SRNAs with a putative denitrification
regulator binding site were identified (Fi§9). Five SRNAs, SRNA 12, 18, 27, 36 and 79 had a
putative FnrP site upstream of their promoter. Four SRNAs, sRNA 1, 12, 54 and 96 were
identified to have a putative NNR binding site upaim of their promoter and a single SRNA,

SRNA 27 was identified to have a putative NarR motif.
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Fig.3.8 FnrP, NNR and NarRotifs generated using MEME Sultased on known promoter
sequences, bits show the confidence levels for each base at every p¢3mmoothy et al.,
2015)

Theexpression level@Gaimster et al., 201&)f the identified SRNAs were highly variable with
some, such as sRNA 18 and 36, showing highest expression levels duringChigimifting

conditions and lowest expression levels during aerobic conditions. Others, including SRNA 12
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and sRNA 54 showed highest expression under aerobic, z€ycehitting conditions and
lowest expression in denitrifying, high-®temission cultures. One sRNA, sRNA 96 showed
little to no expression under anaerobic culture conditions, but high levels of expression under
aerobic conditions. These observations suggest that expression of these sRNA is switched on
and off by different aes resulting in a regulation of different responses depending on when
they are activated or inactivated. Three of these sSRFRANA 18, 36 and 79 were selected for
further experimental investigation to elucidate their role in the regulatory network

controlling denitrification irP. denitrificans

The three selected sRNA were further characterised using the computational approaches
outlined in 3.3.1 and 3.3.2. All three sSRNA were predicted to fold into complex structures (Fig.
39 B, D, F) and putative targets were transcriptional regulators such as-fantig
transcriptional regulator predicted to be targeted by sRNA 36 as well as transport proteins
including a sulfonate/nitrate transport related protein targeted by sRNA 791€Ta#g).
Sequence conservation was investigated using BLASTn, dmitd alith nucleotide identity

high than 60% combined with a coverage between query and subject sequence higher than
80% were considered to be conserved. All three SRNAs showed sequence conservation across
other Gramnegative bacteria such aNeorhizobiumor closely related members of the
Paracoccuglade includingParacoccusaminovoransand Paracoccusuum It seems likely,

that these sSRNAs are specificdosely related bacteria.
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Table3.4: Summary of sRNA 18, 36 and 79 denitrification regulator motifs identified upstream of the
SRNA sequence, putative targets identified using TargetRNA and conservation of the sequences across
different orders, classes, and species of proteobacteria

sRNA
Promoter
18 489

36_489

79 489

motif putative
regulator
TTG@CGATGAZCA FnrP, NarR

TTGCTCTTGAA FnrP

TTGATTTTIAOCA FnrP

putative SRNA
target
Pden_3255 Cupin
2, conserved
barrel domain
protein

Pden_5127 Fis
family
transcriptional
regulator

Pden_4169
sulfonate/nitrate
transport system
substratebinding
protein

Conservation (blastn)

Neorhizobiunmsp. NCHU2750,
Rhizobium indicuratrain JKLM 13E
Mesorhizobiunsp. WSM1497;
Mesorhizobium amorphae
CCNWGSO012Bjesorhizobium
cicerostrain CC119Z2Paracoccus
suumstrain SC&; Aureimonassp.
AU20

Octadecabacter sgiBW4;
Xuhuaishuia manganoxidasgrain
DY64; Celeribacter
manganoxidanstrain DY25;
Paracoccus sanguirssrain
OM2164;Rhodobacteracea QY30
Paracoccus zhejangensigain J6;
Paracoccus aminovorad&€M7685;
Paradevosia shaoguanensisain
J53; Devosia sp. D8; Paracoccus
yeeistrain FDAARGOS_ 643;
Haematobacter massiliensisrain
OT1 Paracoccus mutanolyticus
strain RS2

3.3.5 sRNA 18 overexpression causes reduction O Nemissions from

denitrifying cultures

Using the same overexpression as mentioned in 3.3.3, sRNA 18, 36 and 79 were

overexpressed from a taurir@ducible promoter in the vector pLMB509. An addition of 10

mM taurine was added to induce expression up te2lEold. Subsequently the Qb of the

overexpression cultures as well as an empty vector control were collected at regular intervals.

All three sRNA overexpression cultures showed similar growth levels as observed in the empty

vector control culture, with a maximum @daof around 0.8 reachedfter 6065 hours post

inoculation (Fig3.10 A). NO emissions were also monitored at regular intervals. While SRNA
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79 showed similar levels ob® emissions to the empty vector control, the overexpression of
SRNA 18 and sRNA 36 resulted in changes to the level®©ahBasured in the cultures.

The overexpression of SRNA 36 resulted in an enhanced rag©agpidduction in the first 3

hours of the experiment (Fi§.10B). While the BO production rate during the first 32 hours

of the experiment was 0.11 mM2N/h for SRNA 36, the rate measured for the empty vector
control was 0.076 mM »D/h. After 32 hours the rate of 0 production decreased and
peaked at comparable levels measured to those in the empty vector control culture. This
suggests that increased levels of SRNA 36 activate the deaitisiicmachinery required for

the production of NO.

The overexpression of SRNA 18 however, resulted in significantly lower leveld efrhtted
from the culture, with the highest amount of 0.2 mM measured at 56 hours post inoculation.
This clear change in the level ofNflux indicated, that the sequential reduction of N@®

N> was some way perturbed by an overexpression of SRNA 18.
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Fig. 3.10 Representative dataset for theverexpression of sRNAs 18, 36 and F@r all three the
overexpressiomloes not affect the growth ratéThe amount of MO produced by. denitrificanss however
affected by sRNA 18 and sRNA(BpCultures ofP. denitrificanglus empty pLMB509 vector (squares) as
well as cultures containing pLMB509 plus sRNAs were grown under denitrification conditions with 20mM
added taurine. The Qi was measured at regular intervalB) N>O levels were measured at regular
intervals
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3.3.6 Arginine patch on the Hfq rim predicts RNA annealing activity

Hfq facilitates interactions between sRNA molecules and their mRNA targets. In many
bacteria arhfq deletion results in stress intolerance or reduced virulence. Based on the RNA
annealing activity of Hfg fronk. coli Pseudomonas aeruginoshisteria monocytogenes
Bacillus subtiliand Staphylococcus aureuswas established, that RNA annealing activity
increases with the number of arginines in a s@wmnserved patch on the rim of the Hfq
hexamer (Zheng et al., 2016). Thus, the amino acid sequence afgimne patch can predict

the chaperone function of Hfg in SRNA regulation in a bacterial species. As the role of Hfq
(Pden_4124) ife. denitrificanss yet to be elucidated, the amino acid sequence was aligned
to those of the other bacterial species listed in the study by Zheng et al., 2016, the arginine
patch was identified and subsequently compared to the sequence of the other listed bacterial

speces.

The amino acid sequence of the arginine patcR.idenitrificangdfg consists of one arginine
followed by a lysine residue, a glycine residue and finally another lysine residue. The lower
arginine content suggests th&. denitrificanshas a lower sRNA annealing activity than
bacteria with strong arginine patches suchEscoliand P. aeruginosahowever, based on

the sequence it is likely to have similar impact on sRNA regulation as observed in L.
monocytogenesKig.3.11; Table3.5). Therefore, Hfq is likely to be of importance for SRNA

function inP. denitrificansand further characterisation of the RNA chaperone is necessary.

Arginine Patch

1 N . 0 . . 5, R, . =0 S obdo 5 0 o, o 40 . B 5 ollso 60
| Sequence [ DKQNLQDAFLNHV qPVTIFLINGVKLQGVI TWFDNFCVLLRRDGQS QLVYKH

Secondary structure (SRR, ...y
— - eE— - e S — -
Disorder ? ? 2 ? ? 2 27 ?

- - - — —

? Disordered ( 22%)
% Alpha helix ( 14%)
Beta strand ( 56%)

Confidence Key
High(9) I FEIIR Low (0)

Fig.3.11 Predicted secondary structure of tfe denitrificangifgmonomer with marked location of the arginine
patch, predicted using PHYREZ2 (Kelley, 24pha helices are marked in green; beta sheets are marked in blue.
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Table 3.5: Amino acid sequences of the conserved patches on the Hfq rim across several bacterial species
(adapted from Zheng et al., 2016). Stronger sequences with a higher arginine content resulted in higher sSRNA
binding ability and therefore a stronger involvememtsRNA regulation

Rim  Hfq Annealing SRNA SRNA
Rate binding regulation
RRER E.coli 100X 3nM ++
RKER P. aeruginosa 10X 33nM ++
RKEK L. 3X 18nM +
monocytogenes

RKEN B. subtilis 1X ND -

KANQ S. aureus 1X 110nM -

RKGK P. denitrificans ? ? ?

To further study the role of Hfq in the model denitrifieP. denitrificans Hfg was
overexpressed using the same overexpression system as mentioned in Bi&3hfq
sequence was cloned into the overexpression vector pLMB509 at the first Ndel site and
transformed intoP. denitrificandy the use of triparental matinglhe RNA chaperone was
overexpressed fronthe taurine-inducible promoter in pLMB509 and an addition of 10 mM
taurine was added to induce expression up te2lefold in both aerobic and anaerobic batch
cultures of P. denitrificans The Olgy of the overeyression cultures as well as an empty
vector control were collected at regular intervals. In aerobic conditions, an overexpression of
Hfq through the addition ofaurine resulted in a small reduction in growth compared to the

empty vector control culture as well as the culture with the {démtaining vector pLMB509
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without an addition oftaurine. A maximum Qdgb of D1 was reached comparew D1.2

reached by the empty vector control cultu¢gig.3.12A).
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Fig.3.12 Overexpression of Hfjom pLMB509 affects growth &f. denitrificansultures in both aerobic,
non-denitrifying (A) and anaerobic, denitrifying (B) conditiof#s). Cultures ofP. denitrificanplus empty
pLMB509 vector (squares) as well as cultures containing pLMB509 plus sRNAs were grown under aerobic,
non- denitrifying conditions andB) denitrification conditions with 10mM added taurine. The égfvas
measured at regular interval€)N.O levels were measured from the anaerobic, denitrifying cultures at
regularintervals

In aerobic culture conditions there was an even clearer impact of Hfg overexpression on
growth. The clear reduction in growth observed in the Hfq overexpression culture resulted in
a maximum OBy of D0.6 compared td)0.9 observed in the empty vector control and the
culture with the Hfgcontaining vector pLMB509 without an additiontafurine (Fig3.12 B).
When monitoring the RO levels emitted from the denitrification cultures, it was clear that

an overexpression of Hfg did not only impact on culture growth but also perturbed the
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sequential reduction of N©to Nz resulting in a decrease i@ emissions measured in the
Hfg-overexpression culture. In the presence of 10rteMrine, approximately 1mM XD was
produced by the Hfq overexpression culture compared®th2 mM measured in the empty
vector control culture. Where no taurine was added to the empty vector control or the Hfq

containing vector, no significant differences isCNemissions were observed.



3.4 Discussion

The ubiquity and importance of SRNAs across bacterial genomes is now widely accepted and
what remains is the challenge of identifying and deciphering the roles of these regulatory
molecules within the context of bacterial regulatory circuits. The largelbmimof SRNAs iR.
denitrificansmakes it a difficult and timeonsuming process to experimentally characterise

the exact role of each sRNA in the denitrification regulatory network. Denitrification is an
important factor in the microbially driven flux &40 to the atmosphere and to date a
comprehensive understanding of the molecular mechanisms and environmental cues that
underpin this process is still lacking. Uncovering the role of SRNAs within the important
biogeochemical cycle comes with a number of @raes that have to be tackled to complete

the picture of the complex regulatory circuits to enhance the understanding of their impact

on the production of the harmful greenhouse gagON

Hypothesisdriven research is the bedrock of modern science and although often-prooe,
computational approaches are a useful tool to generate hypotheses as a direction for
experimental design. Therefore, several computational tools were used to llyitia
characterise structure and targets of select SRNA to have an enhanced understanding of their
potential function before further analysing them experimentally. Several sRNAs were
selected based on two approachesthe first approach utilising expressigratterns and
predicted targets to select sSRNA for further investigation and a second approach based on

putative denitrification regulator sites present upstream of select SRNA sequences.

3.4.1 sRNA Target prediction gives insights into putative SRNA functions

Tobetter understand the function and regulatory networktthe sSRNAs iR. denitrificansit

is important to identify their targets. There are several bioinformatics methods for SRNA
target prediction such as CopraRNA (Patrick et al., 2013) and TargetRNA2 (Kery et al., 2014).
The most accurate method, CopraRNA requires sequence conservAsBiNé and mRNA in

at least four bacterial species and must be run one sRNA at a time. Therefore, this method is

104



highly timeconsuming and is unsuitable for specgsecific SRNA, making this method

impossible to use for the 167 sRNAs identifie@ imenitrificans

The novel bioinformatics tool named sRNARFTarget is the first machine ledrasegl
method that is capable of predicting the probability of interaction between an sRRAA

pair (Naskulwur and Per@astillo, 2021). Machine learning (ML) is a field of sthdymakes

it possible for computers to learn without being explicitly programmed (Samuel, 1959).
Methods based on ML use data to build models, discover statistically significant patterns and
relationships, and consequently make predictions on novel @ishop, 2006). The tool is
generated using a random forest trained on the trinucleotide frequency difference of-sRNA
MRNA pairs (Breimann, 2001). Therefore, it does not require sequence conservation of either
SRNA or mRNA and can be applied to any sRRNA pair making it a suitable method for
transcriptomewide SRNA target prediction ifP. denitrificans Another advantage of
SRNARFTarget is its speed. The tool is 100 times faster than otheongarative genomics

programs.

The results of the Mbased tool clearly grouped the sRNAs into specific SRNAs with a small
number of highly predicted targets and napecific SRNAs with a large number of highly
predicted targets. The presence of both specific and broad target rangessBN#&mmon in
bacteria with welcharacterised sRNndscape#cludingE. colandSalmonellaThe broad

range sRNA, RNAIIl present in S. aureus is able to modulate a global response by regulating
gene expression directly via RIRAA interactions as weds indirectly controlling transcript

levels through other regulators, therefore exhibiting a major impact on virulence (Jakobsen
et al.,, 2017).Common targets of the sRNAs h denitrificansincluded transcriptional
regulators such as GntR, Fis and TetR family regulators as well as transport proteins and a
large number of hypothetical proteins or proteins of unknown functiansl based on the
presence of many broathnge sRNAs some may also be able to act globally via several modes
of interaction As shavn in the 2016 study by Gaimsteral., transcriptional regulator targets

are promising targets to expand the knowledge around the denitrification regulatory network

as they provide a further step towards linking sRNA action with downstream regulatory
processes affecting the biochemigathways in a microbmaking them important players in

larger regulatory networksindeed, sRNAs such &s coliSpot 42 RNA can be parts of
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multioutput loops directly and indirectly acting on the expression of important genes
(Baekkedal et al., 2015)

The second approachiargetRNA 2 uses a variety of features to identify targets of SRNA action
(Kery et a., 2014). These include sRNA sequence conservation, SRNA accessibility, mRNA
accessibility and the energy of sSRRRNA hybridizationThis second approach gave an
additional insight into the most likely targets for each sRNA and similar to the results obtained
through sRNARFTarget, many of thedso included transcriptional regulators, transport
proteins orproteins involved in DNA and RNA metabolisachsas the RNA polymerase sigma

32 subunit RpoH predicted to be targeted by sSRNA 18. One of the firstpaaseg SRNA
targets to be characterized was tigoSgene encoding for the stationary phase sigma factor
sigma S . col(Gottesman and Storz, 2010Jhe gene is positively regulated by SRNAs DsrA
and RprA and negatively regulated by OxyS which shows the importance of SRNA regulation
also regarding sigma factor expression. Sigma factors are of major importance in the initiation
of transcription dumng different environmental conditions as they enable RNA polymerase
binding to gene promoters?. denitrificangossesses nine sigma factor homologues. Their
exact roles are yet to be characterised and identifying SRNAs with a direct involvement in
sigma factor regulation may give further insights into the sigma factors active during

denitrification conditions, makg the predicted targets of SRNA 18 an interesting finding.

Transporters such as metal and ABC transporters are also commonly predicted tahgets.
expression of membrane proteins such as transporters and porins have commonly been
shown to be controlled by sRNAsEncoliand SalmonellgGottesmarand Storz, 2010). Why
these are such predominant targets is still not completely clear but due to the abundance of
identified SRNA examples, there must be a regulatory advantage to this mode of regulation.
Metal transporters are of importance for the dérfication process, as metal ions are used

as electron donors, cofactors and components of the catalytic subunits of important enzymes
(Tavares et al., 2006Regulation of metal transport and cellular metal availability therefore
greatly affects the rate of denitrification, making sSRNAs with metal transporter targets of
high importanceThe predicted targets are an indication of what role an SRNA may be taking

over and where in the denitrification regulatory network they may, &cwever, confirming
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these predictedtargets requires an experimental approach, to validate the computational
findings Despite many advances in computational platforms the need for experimental

validation remains.

3.4.2 sRNA 39 overexpression causes an increased rate@fdxhissions

Based on target predictions, structural folding predictions and existing knowledge of SRNA
expression patterns during denitrifying and ndanitrifying conditions, three SRNAs were
selected for experimental screening. While two sRNAs, sRNAs 5 and 1thaerets have

no impact on growth or pO emissions, an overexpression of SRNA 39 resulted in an enhanced
rate of denitrification compared to the control cultures. The increase® Rux observed in

the overexpression cultures combined with the results of the target prediction tool
sRNARFTarget suggest that SRNA 39 may be capable of directly negatively regulating the
expression ohosZresulting in a decreased activity of the final denitrification reductase and
therefore stalling denitrification at the level of2@ reductionwhich would make it the first

SRNA known to directly interact with a denitrification enzy(key.3.5 + 3.7). To confirm an
interaction of SRNA 39 withosZmRNAseveral further experimental steps will have to be
carried out in the future, including gPCR looking at levels of NosZ expression in the context of
SRNA 39 overexpression to confirm sRNA 39 induced changes in expression as well as DNA
RNA binding studiet® confirm interaction of the SRNARNA pailand to give insights into

the involvement of Hfq

3.4.3 FNRegulated sRNAs may be important links in the denitrification

regulatory network

Across most bacterial species sSRNAs have few, if any, transcriptional regulators identified.
There are few exceptions suchBscolsRNAs MicF and GadF which have 8 and 10 reported

regulators respectively, but for most other SRNAs their regulators remain unknown (Keseler
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et al., 2011). Therefore, a second approach to identifying SRNAs with an important function
within the regulation of the denitrification network was to search for regulator motifs of
known denitrification regulators upstream of all sRNA sequendesughly 20% of
documented interactions regulating SRNAs involve sigma factors that respond to a multitude
of stresses, but due to the lack of knowledge around sigma factols denitrificansthe
consensus search was limited to the known sites of FnrR, NarRR{B¥ssi, 2016)indeed,

there were eight SRNAs that contained putative regulator binding sites upstream to their start
codons suggesting these may be regulated be one or several of the known denitrification
regulators and therefore may be taking over important roleseigulating the denitrification

process.

Out of the three sSRNAs selected for further experimental characterisation, SRNA 18 as well as
SRNA 36 impacted on.@ emissions when overexpressed in denitrificatouttures. While

SRNA 36 caused an enhanced rate gD missions similar to the rate observed in SRNA 39
overexpression cultures (Fi@.7), sRNA 18 resulted in a significant reduction @ON
emissions. One of the putative targets predicted for SRNA 36 is a LysR transcriptional regulator
(Fig. 5). LysR regulators are abundant regulators in prokaryotic organisms, that control single
or operonic gene expression as activators and repressorsefddia et al., 2005). The
functions of LysR type regulatorsRn cenitrificansremain unclear, and a confirmation of the
involvement in the denitrification pathway would give further insight into the role of this
important regulator group in the model denitrifieMany previous sRNAs have shown to
cause global regulatory responses through the regulation of a transcriptional regulator, as has
been suggested for the SRNA DenR (Gaimster et al., 2016). Here it would be of interest to
further examine the expression lelgeof this regulator protein to compare expression levels
with those of the sSRNA during high and lowCNemitting conditions to identify an overlap

and a potential mode of SRNA actidfurthermore, the identification of a seed region of

interaction would provide insights into an interaction between sRNA and mRNA.

The second sRNA that caused a changexi &missions, sSRNA 18, is predicted to target a
TraD family proteinthe RNA polymerase sigma 32 subunit RagH~vell as a number of
hypothetical proteins and proteins of unknown functiors4.4 Proteins are classed as

hypothetical, if they are predicted to be expressed from an open reading frame, but there is
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no experimental evidence of their translation. Across many genomes a large number of genes
remain whose function within the organism is still functionally unknown. Despite the lack of
functional characterisation, these proteins are of great importance asynof them might be
associated with important biochemical and physiological processes and uncovering their
function may give a broader understanding of the whole functional landscape of an organism.
Especially important biochemical processes such aséhdrdication process would benefit
from uncovering the roles of proteins with unknown functions to fill in the knowledge gaps
and aid in better understanding the switches betweex®@N:mission and XD reduction to M.
Therefore, a further investigation of the potential targets of SRNA 18 is required to confirm
where in the denitrification cascade sSRNA 18 influences levels 0§ Bmissions.
Measurements of the denitrification intermediates accumulating within the cultures would
give further insights into wether the denitrification cascade is stalled at previous stages

before NO production, or whether Noroduction is enhanced.

As both sRNA 18 and sRNAsBGwed significant changes in the levels eDNemitted from

the cultures, future work should focus on elucidating their targets and their roles. As seen
during the overexpression of DenR, the novel SRNA 18 reduces the leve3 efriNted from

the cultures when overexpressed, making it an interesting target for the kdowk of NO
emissions An interesting starting point could be the putative sigma factor gene target, as
sigma factors have been established as common sRNA targets with important regulator
function in model organisms such Bscoleand SalmonelldGottesman and Storz, 2010). This
may also be a starting point for the characterisation of the nine sigma factor homologues
present inP. denitrificansto gain further insights into the activity of sigma factors during
denitrification. Furthermore, SRNA 36 is the first SRNR. idenitrificango have been shown

to increase the rate of denitrification. Identifying the mode of action and potentially
uncovering a further denitrification regulatoropitively regulating PO emissions would
strengthen the knowledge around the slowly growing regulatory pictiites work should

also continue via gPCR experiments to identify which of the denitrification enzymes are
specifically affected by changing expression levels of the sRNAs, continuing with
measurements of denitrification intermediates and an Rd& experirent to identify, which
genes are differentially expressed in response to SRNA overexpression. This would provide

insights into SRNA targets andian the further integration into the regulatory network.
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3.4.4 Hfg may have a crucial role in sSRNA actioirdenitrificans

5SALIAGS GKS gARSte& | OOSLIWISR NRtS 2F 1 Tl |3
the detailed mechanisms by which it promotes SRNRNA interactions remains ambiguous.
While the focus has long been on E. coli Hfg, studies of the RNA chaperanange of
bacterial species will help uncover its full role in posttranscriptional regulation. High
resolution structures of Hfg bound to RNA oligomers combined with in vitro binding assays
with Hfg mutants have revealed the presence of several RNARgnsites on both the
proximal and distal faces of the hexameric Hfq ring. Nearly all known Hfg sequences possess
a conserved patch on the outer rim of the hexamer which contains an arginine at position 16.
Position 17 is usually R or K, followed by a reytolar or acidic amino acid. This is also the
case for the predicted Hfg sequence, Pden_4124P idenitrificans(Table 3.3) which is
comparable to the sequence of Hfq in the grpositive foodborne pathogen L.
monocytogeneswhich causes serious infections in humans (Christiansen et al., 2004).
Mutants of L. monocytogenewithout Hfg were more sensitive to environmental stresses
including salt and ethanol stress as well as during entry into the stationary phase suggesting
that it contributes to stress tolerance and pathogenesis through interactions with SRNA

molecules (Chstiansen et al., 2004).

Based on structure alone, the predicted Hfg molecul®.imenitrificanseems likely to have

an involvement in the sRNA regulatory network and may well be a requirement for correct
SRNA function. Indeed, an overexpression of Hf&.irdenitrificanscultures impacted on
growth in both aerobic and anaerobic culture conditions as well as nitrous oxide emissions
from denitrifying cultures (Fig.12). There have previously been reports that Hfq is closely
related to cell growth, due to its association withests resistance and cell survival under
nutrient limitation (Chao & Vogel, 2010). An increased level of Hfq expression may promote
cell growth by enhancing stresesistance in some organisnsich as inPseudomonas
fluorescens while in others it may disrupt cellular physiology by alteration of protein

expression resulting in retardation of cell growth (Vo et al., 20&L et al., 202 In P.
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aeruginosahfg overexpression led to a decrease in ogditility aswell as a dysregulation of

the small RNAhrS which is known to interact with HfFrernandez et al., 2019 the case

of P. denitrificansan overexpression of Hfg from a taurimeducible promoter resulted in
attenuated growth under both aerobic and anaerobic conditions suggesting a significant
alteration of sRNAegulated protein expression impacting on cell growth and therefore

supportingthe previously unconfirmed role of Hfg in RN®&tabolism inP. denitrificans

Additional to the impact on growth, an overexpression of Hfq clearly affected levelgOof N
emitted from the denitrifying cultures. Levels oiIwere approximately-fold lower in the

Hfq overexpression cultures which could also be attributed to the changes insRNlated
protein expression caused by increased availability of the RNA chaperone. As it has been
shown that several SRNAs are calgadif affecting MO emissions, it is plausible, that some of
these sRNAs require the presence of Hfq to binthéar targetas has been the case for many
characterised sRNAs in model organisms sudh asliand Salmonellalncreased availability

of Hfg maytherefore result in a dysregulation aftion of certain SRNAs and therefore result

in an alteration of the levels of X emissions from the cultures. To gain further insights into
the importance of Hfg, the generation of an Hfq knockout mutant would be benefiaal
compare the phenotypic effects of overexpression and deletion and more importantly, to
assess the impact @RNA overexpression in the absence of. Afdditionally, binding assays

of Hfg and select sSRNAs could give the confirmation of interaction required to validate the

importance of Hfg in sSRNikduced regulation ifP. denitrificans

3.4.5 Conclusion

The identification of further sRNAs with an involvement in the denitrification pathway
demonstrates the significant gaps in the understanding of this process. These gaps need to
be filled to help inform future development of>28 mitigation. We show that advances in
sRNAtarget predictions tools allow for initial SRNA screening and aid in the identification of

putative targets for experimental screening. Furthermore, the presence of known regulator
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consensus sites upstream of an SRNA can give insights into SRNAs potentially involved in a
regulatory response. Using these two approaches three sRNAs were identified that @ter N
emissions. Once their exact roles and functions within the complex denitrification network
are uncovered, these and other sSRNAs could possibly be utilised to specifically target and
knock down MO emissions frorR. denitrificansin this study the RNA chaperone is shown to

be of importance irP. denitrificangnd its exact rolén SRNA action will have to be elucidated

to give an overview which sRNAs require its presence, and to determine how it fits into the

existing regulatory network.

Clearly, this has been an understudied area to date andakisvell as further researchvill
be required to fill in the existing knowledge gaps. Future work should further combine studies
within model organisms such aB. denitrificanswith metaanalyses of sRNA in the

environment.
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4. NirR- a novel regulator of denitrification



4.1 Introduction

Small RNAs (sRNAs) are now considered important components of bacterial regulatory
networks and recent work in our laboratory has confirmed the involvement of one sRNA,
DenR Denitrification Repressor- SRNA 29), in the regulation of nitrous oxide levels fildm
denitrificansdenitrification cultures. This was, to our knowledge, the first example of an SRNA
directly regulating denitrification (Gaimster et al., 2016). Dengkpressed most highly under
aerobic conditions and lowest when complete denitrification is occurring. It is encoded on the
positive strand oP. denitrificanchromosome 1 and is transcribed in the opposite direction

of a nucleoside ABC transporter membrane protein (Pden_0526). An overexpression of DenR
resulted in a significant reduction in the amount afNemitted from the cultures, compared

to the empty vector control. Mutation of either al® region or a &p region between bases

72 and 80 of thesRNA resulted in disruption of DenR secondary structure and removed its

impact on denitrification confirming the direct effect of the SRNA on denitrification.

Measurements of the denitrification intermediates indicated that denitrification was stalled

at nitrite reduction (Gaimster et al., 2016). The overexpression of DenR resulted in a change
in expression of a total of 53 genes. Expression levels of nitritectase genenirS
(Pden_2487), theorB(Pden_2483) andorC(Pden_2484) genes encoding catalytic subunits

of nitric oxide reductase, as well aesZ(Pden_4219) encoding nitrous oxide reductase were
downregulated as a result of DenR overexpression. Artteagther gene products regulated

by DenRhere were proteins involved in energy metabolism, transport proteins as well as
proteins involved in carbohydrate metabolism. Most interestinge expression levels of

four transcriptional regulators were altered in response to DenR. A TetR family regulator
(Pden_0668) and a TraR/DksA family regulator (Pden_0916) were downregulated while a
GntRtype regulator (Pden_2475) and a LysR family regu{@den_4369) were upregulated.

All four of these regulators wengreviously uncharacterised . denitrificansor with regard

to denitrification.

Onecomponent systems are the most common prokaryotic signal transduction mechanism.

They consist of a single polypeptide that contains both a sensory domain and-hibdi#g
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domain. Among these, the TetR family of regulators are known to regulate numerous aspects
of bacterial physiology and are capable of interacting with a vast array of ligands (Cuthbertson
& Nodwell, 2013). The members of the TetR family consist of -tarrinal DNAbinding

domain and a larger-@rminal domain which can interact with one or more srmatlecule

or protein ligands. The enormous diversity within this family has shown that the members
can function as both activators and repressors while senadsgeither local or global
regulators. TraR and DksA are transcription factors encod&d aoli(Gopalkrishnan et al.,
2017). They are highly conserved across major bacteriophage and bacterial groups suggesting
that their regulatory functions are strongly selected for in evolutionElrcoliTraR acts as a

global regulator inhibiting certain promoters while activating others.

Of the two types of regulators upregulated by DenR overexpression, LysR reglators are a well
characterised group that are highly conserved and ubiquitous amongst prokaryotes
(Maddocks & Oyston, 2008). They have a conserved structure with-t@nmiihal DNA
binding helixturn-helix (HTH) motif and a@rminal ceinducer binding domain and regulate

a diverse set of genes including those involved in virulence, metabolism, quorum sensing and
motility. The GntR family of transcriptional regulators was first dbed in 1991 and named

after the gluconateoperon repressor iBacillus subtiligSuvorova et al., 2015Members of

the family share a highly similar-tsdrminal HTH DNAIinding domain but differ in the -C
terminal effectorbinding and oligomerization domains. Thée@minal domain does not bind

to DNA, but it can impose steric constraints on the EbWAling domain affecting the HTH

motif.

According to the type of the-@rminal domain, the members of the GntR family are divided

into four main (FadR, HutC, MocR and YtrA) and two minor (AraR and PImA) subfamilies. The
FadR subfamily is the largest subfamily and comprises about 40% of then kBotR
regulators. Members of this subfamily bind effectors, small organic ligands, such as carboxylic
acids and subsequently undergo conformational changes that affect DNA bidiagg et

al., 2009) The @erminal domain of the second subfamily, Hut@s a length of around 170
F'YAY2 I OARa | yR O02y&«BKA KD LI-dheetSFuRtardgRigali ataly 2 T
2002). Its folding structure suggests that it may bind smaller effector molecules, such as

histidine (HutC), fatty acids (FarR), sugars (TreR), and alkylphosphonates SokoF)\a et
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al., 2015. The third subfamily, MocR, differs from the other groups due to a latgen@nal
domain with an average length of 350 amino acids while members of the final subfamily, YtrA,
have a reduced-@&rminal domain with only twd -helices and an average length of about 50

amino acids.

A

nirR 5'-.

. . GCGATGACCGGCCTGTCGCGCGT...~-3’

DenR 3'-...UGGCCGG-5"
B
P
l AUG
nirR (768bp) ——
, V )
irs
nirR mRNA = ):I

,_ggn

Enhances nirR stability/prevents degradation Repression of nirS

Fig.4.1 Proposed mechanism of Defiltluced repression afirSby the novel GntRype regulator NirRA: The
7-bp seed region of SRNARNA interactionB: Proposed mechanism of repressioywhich Denknteract with
the seed region withimirRmRNA, enhancingirRstability to facilitate repression afirS

The GntRtype regulator irP. denitrificanglisplayed conserved expression patterns identical

to those seen with DenR (Gaimster et al., 2016). Overexpression of the regulator phenocopied
DenR overexpression and resulted in nitrite accumulation and a reductiosgGreMissions.
Furthermore, the regulator shares abp region of sequence homology with DenR which is
located within the CDS gintR(Fig4.1A). The study proposed a mechanism by which sRNA
29 (DenR) stabilisepitRmRNA, possibly by blocking the activity of RNaseliated decay.

In turn, the GntRype regulator represses the expression of nitrite reductase resulting in the
stalling of denitrification at the stage of nitrite reduction observed in the study (Gaimster e
al., 2016).Therefore, the GntRype regulator was given the name NirR (nitrite reductase

repressor).
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4.2 Aims

This study aims to gain further insights into the genes targeted by DenR. Furthermore, it aims
to evaluate the interaction of DenR witntRmRNA in more detathrough the purification
and experimental characterisation of NigRd explores the detailed molecular interactions

of the proposed regulatory model.

Chapter Hypotheses:
- DenR and NirR interact via a 7bp seed region

- NirR is a novel regulator of denitrification

- NirR can be purified for downstream binding assays between DenR and NirR
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4.3 Results

4.3.1 Eight of the 53 Dend&fferentially regulated genes contain the 7bp seed

recognition site

In order to gain further insights into the 53 genes differentially regulated as a result of DenR

overexpression, sequences of all 53 genes were screened for the presence ebpheeéd

region predicted as region of interaction between NirR and DenR.s€goentially, seven

further genes were confirmed to possess the sequence {29. Of the seven genes, three

genes (Pden_1996, Pden_ 3414 and Pden_4058) encoded for hypothetical proteins or

proteins of unknown function. Two of the remaining genes encddedransport proteins; a

sulfate ABC transporter (Pden_1798) and a cation transporter (Pden_4058).

Pden_2495

encodes for a cytochrome d1 and Pden_2487 encodes for nitrite reductase, suggesting that

DenR may also be capable of directly regulating levidir® expression.

nirR 5/'-..
Pden_1798 5'-..
Pden_1996 5/'-..
Pden_2487 5'-..
Pden_2495 5'-..
Pden_3414 5'-..
Pden_ 4058 5'-..

Pden_4125 5'-..

DenR

.GCGATGACCGGCCTGTCGCGCGT .

.GACAAGACCGGCCGCGACGTGAC.

. TAGCGGACCGGCCGAGGCGCCGA.

.CGGAAGACCGGCCGACCAGCAGG.

.GGCGGCACCGGCCCGGCGCTGAT.

.ACCCTGACCGGCCGGGTGCTGGG.

.CGCTGAACCGGCCGCTGGCCGAG.

. CGGCCGACCGGCCCGAGGGCCTG.

3 r— . s e UGGCCGG_S !

=3

=3’

=37

=3

=3’

=37

Fig.4.2: Computationally predicted gengmssessinghe 7-bp seed region of interaction identified for DenR

and NirRin their promoter regions
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4.3.2 Based on the structure of the-t€rminal domain, NirR is classified as

HutC subfamily regulator

To date, NirR remains structurally and functionally uncharacterisd®l. idenitrificansand
therefore several computational tools were used to gain further insights into folding structure
and ligand binding capabilities. The NirR protein is 255 amino acids long and has a mass of
27,464 Da. Phyre2 is a wdlased tool for prediction and analigsof protein structure and
function (Kelley et al., 2015). TherR sequence was submitted to Phyre2 to generate a
prediction for both secondary and tertiary structures the regulator protein(Fig. 4.3 and

4.4). The secondary structure of a protein is determined by the pattern of hydrogen bonding
and NirR contains both-K S A O I-dheett sifuRturdswhich were predicted with high
confidence levels (Fig.3). The €erminal domain contains a combination of botihelices

|y Rshees while the Nterminal domain is dominated by-helices.

The entirety of the NirR prediction contains regions of disorder, which are often regions of
functional importance that make prediction difficult. The predictions scores for secondary
structure as well as disorder prediction is lower than average whichbaajue to a lack of

sequence homologues detected in the Phyre2 database.
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Fig.4.3 Secondary structure dflirR predicted using Phyre2 (Kelley et al., 201B)edicted alpha helices are
shown ingreen while beta sheets are markexs blue arrows. The SS confidence line indicates the confidence
in the prediction, with red being high confidence and blue low confidence. The Disorder line contains the
prediction of disordered regions in the NirR protein. These are often regions ofumgtional importance.
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Image coloured by rainbow N — C terminus
Model dimensions (A): X:54.296 Y:40.325 Z:62.667

Fig.4.4 Tertiary structure of NirRredicted using Phyre2 and based on the-hthe transcriptional repressor
dasr, which was selected as highest scoring template. Of the NirR sequence 225 residues (89% of the sequence)
have been modelled with 100% confidence.

Having predicted thesecondary and tertiarjolding structures, it was possible to determine

the subfamily of GntR type regulatdiirR belongs tas thesubfamilies are distinguished
based on the structure of their-rminal domains. The length of thet€minal domain as

well as the combination df-helicesl Yy Rshées suggested, that NirR was part of the HutC
subfamily. An alignment of the Germinal domain of NirR with the sequences of known HutC
subfamily regulators collected by Rigali et al, 20bhficmed the presence of six conserved
alpha helices and seven beta sheet structures which therefore confirmed the classification of

GntR as a Hut8ubfamily regulator (Figt.5). This potentially gives further insight into its
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mechanism of action and can aid in the further characterisation of this novel regulatory

protein.
Yvoh Bsu -SKPRMEQALQGLTSFTEDMES - ————--. RGMTPGSRLIDYQL IDSTEELAATL.GCCHP S ST v AND T PIRRNESHIPFELA -—-GE
FarR Eco KEERVNYDIPQLTSFDEKLSDR - - HVDTHSEVLIFEVIPADDFLOQOLOI TPQD RSN K KGR THMP LALF - —PD
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Fig.4.5 Structurebased sequence alignment of thet€@minal domains of proteins of the H@ family of GntR
type regulators (adapted from Rigali et al., 2004lpha helices are marked in grey and beta sheets are showm
in black.Bacterial abbreviations as followed: BsBacillus subtilisEco =Escherichia cgliSty =Salmonella
Typhimurium, Ppu seudomonas putidé&sam =Streptomyces ambofacienSli =Streptomyces lividan$den
=Paracoccus denitrificans
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4.3.3 Purification ofP.denitrificansNirR for use in DNA binding assays

Test expression of NirR was carried autder a number of conditions with varying
concentrations of the transcriptiotriggering reagent isopropyl-D-1-thiogalactopyranoside
(IPTG from 0.001mM to 1mM to induce protein expression from the lac operon &6.

NirR protein was produced at increased levels when induced with 0.01mM, 0.1mM and 1mM.
The hghest levels of NirR protein expression (molecular weight: 27 kDa) howeeee
observed at induction with 0.1mM IPTG overnight at 30°C.

150

100
75

50
37

Fig. 4.6: Test Expressiohane 1: Precision Plus Protein Standards Ladder, Lane 2: BL21 pET14b GntR (pre
induction), Lane 3: BL21 pET14b GntR (0.001mM IPTG), Lane 4: BL21 pET14b GntR (0.01 mM IPTG), Lane 5: BL21
pPET14b GntR (0.1 mM IPTG), Lane 6: BL21 pET14b GntR (1 mM IPTG)BLaheEmpty pET14b Control

(0.1mM IPTG), Lane 8: BL21 Empty pET14b Control (ImM IPTG)



Having determinedhe ideal expression conditions, Hegyged NirR was purified following
overexpression irkE. coliBL21 (DE3). Following successful overexpression-Niswas
purified as described in 2.4.9. The elution profile showed the release of NirR protein in two
stages from fractions 2.B.8 to 2.C.6 (Bi@). When using the cell pellet of 2L overexpression
culture, there were two clear bands (F@8). The first band corresponding to the molecular
mass of 27kDA of 10HMIrR was clearly visibldét was accompanied by a second band at
around 50kDa suggesting the presence of a NirR dimer at high concentrations of protein in
the fractions. The fractions in lanesl9 were collected and buffer exchanged into a storage
buffer.

Fig.4.7 Theelution profile for NirR from the AKTMChromatography Systenklution of NirRvas measured at
280nm; the first peak shows the release of unbound material followed by the elution of bound protein with an
increase of buffer B. Fractions 2B8 to 2C6 were collected.
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Fig.4.8: Samples from 17 fractions collected (lane$@and 1220) during the elution stage of the purification
procedure were resolved by SIPAGE. Proteins were stained with InstantBtuéane 1: PrecisionPlus Protein
Dual Color Standardlane 2: Column Flowthrough

When reducing the amount of cell pelletsed during protein purificatignthe protein
appearedto be present mainly as a monomdorming a clear band at 27kDa corresponding

to the molecular weight of 2:®isNirR(Fig. 4.9)
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10 =

Fig.4.9 Samples from 17 fractions collected (lane$@Band 1220) during the elution stage of the purification
procedure were resolved by SIPAGE. Proteins were stained with InstantBtué&ane 1: PrecisionPlus Protein
Dual Color Standardlane 2: Column Flowthrough

The protein concentration of the final elution was determined using a Bradford assay, a
colorimetric protein assay based on an absorbance shift of the dye Coomassie brilliant blue
G-250 (Bradford, 1976)Binding of protein molecules to the dye results in a colour change

from brown to blue. The difference between the dyes is greatest at 595nm, making this the

optimal wavelength to measure the colour of the Coomassieqhp¢ein complex. Based on
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the standard curve generated using bovine serum albumin (BSA), the protein concentration

in the elution fractions was determined to [340pug (Fig.4.10).
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Fig.4.10Bradford assafor the determination of NirRprotein concentration in the purification elution fractions
Absorbance was measured at 595 nm iR was present at a concentration of 310.

4.3.4 Competitive binding of the denitrification regulators NNR and NirR

The consensus sequence of all known motifs of HufiGfamily transcription factors
resembles the motif identified for members of the FadR subfamily. To generate a putative
HutC regulator binding motif, sequences from 1300+ known HutC recognition sequences
collected by Suvorova et al., were submitted to MEME Suite, anaiéd sequence analysis
tool. The putative motif contained a highly conserved G and T at positions 2 and 3 of the motif

as well as a highly conserved A/G anat @ositions 8 and 9 of thmotif.
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Fig.4.11 HutC subfamily regulator recognitidviotif Generated using MEME, with sequences from Suvorova et
al. (1300+ sequences of recognition sequences of HutC subfamily regulators)

To identify the location of the NirBonsensus sequence upstreamnS the nirSpromoter
sequence (up to 100 bp upstream of the start codon) was submitted to the web tool Motif
Matcher. The computationally predicted putative NirR motif is located 30 nt upstream of the
TSS and contains the conserved GT and GC that were identifiedMEME Suite (Fig.11).

The predicted site overlapped with the known FbBk recognised by the denitrification
regulator NNR which is known to bind upstreammoSto upregulate expression in response

to deaeasing oxygen levels (F®§12). The FNfRox is located at a positios1.5 relative to

the transcription start sites of both theirl and thenirSgenes. An overlap in the binding sites
as well as the countefunction of the two regulators suggests a potential competition for the
binding upstream ofnirS Competitive binding affects expression levels of a gene and
therefore a further investigation of the relation of both NirR and NNR could give further

insights into the finguning ofnirSexpression.
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GCACCTCGGCCTTAACAAAGGTCAAAGCCCCGCGCGCGGATTGCGCCCAGGA

|
NirR
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+1
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ACGGCGTGAACGCGCGCCAGCAAATAGGAAAGCCAGIEE T

Fig.4.12 DNA sequence of the region upstream of tisSgene. Shown is the transcriptional start site (TSS) for
the nirS gene, the suggested NNR and NirR binding sites

4.3.5 DNA Bindind\ssays

Surface Plasmon Resonance (SPR) is an ogiotadiquethat can be used without radimr
other labellingto measure molecular interactions in real timmeaking it a useful tool for initial
screening of NirDNA bindingThe liganeanalyte pair is represented in response units (RZ)
and Rnaxis the maximal feasible SPR signal generated by an interaEiven DNA probesf

the regionupstream ofnirSwere utilised and purified NirR was added at a rangd.¥ to
10uM. The reactions were carried out in triplicatéslow-level respons®f up to around 45%
Rnaxwas observed at the higher concentrations of 5uM and 10uM &-18). This lowlevel
response,however, waslikely not sequence specdi Although an Rax of 100% israrely
achieved as this would require 100% of the probes to be occupied by a ligand, a specific
response would be expected to have arfof above 60%, which was not the case for the
NirR experimenttor the lower protein concentrations, no interaction of thetein and the
DNA probes on the chipere detected. Further studies will be required to provide concrete

evidence of NirR binding to the promoter sequence upstreamird.
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Fig.4.13 Surface plasmon resonanteassay NirR binding the nirSpromoter region Purified NirR was added
at a range of 1nM to 10uMvith each reaction carried out in triplicat€or all5 promoter probes GRR 1 to
GntR 5low-level responsainits (Ray Were observed at the higher concentrations of 5uM and 10ulwer
protein concentrations did not show a specific binding response.



4.4 Discussion

4.4.1 The DenR regulon

DenRis known to differentially regulate the expression of 53 genes including a novel GntR
type regulator, named NirR due to its proposed function of repressing the expression of NirS
(Gaimster et al., 2016). Comparable to other sR&tget pairs, NirR and Dé&share a-bp

seed region of complementaritffome bacteria have one region of interaction while others
such as Spot42 or Fnrigave multiple seed regions that pair with different mMRNA targets
(Durand & Storz, 2010; Beisel & Storz, 20Tk seed regiorwas identified to be present in

7 further geneswithin P. denitrificanssuggesting that these genes may also be directly
regulated byDenR ithe seed region is used for more than one targaitentially resulting in

a global regulatory respons&urprisingly nirSwasamong the identified genes suggesting
that DenR may be able to directly targatSexpression, while also regulating its expression
via the novel transcriptional regulator NirRRn interaction that had been overlooked in
previous studies (8mster et al., 2016)This could further explain the significant impact of
DenR overexpression on denitrificatiddany weltcharacterised SRNAs across the bacterial
kingdom are known to have more than one mRNA target and therefore it is likely that DenR
is indeed capable of interacting with further transcript$ie region of interaction and the

targeting of other genes will have to be explored further to confirm the interaction.

4.4.2 Classification of NirR

The GntRamily is known to regulate transcription through allostery on binding to
metabolites (Haydon & Guest, 1991). Allostery is the process wherein binding of a ligand or
effector molecule, such as a denitrification intermediate alters the activity pfotein at a
distant site. This can alter the affinity of a regulator protein to Di¢8ulting in it becoming

a molecular switch. Ligand binding occurs at thHer@inal domain affecting oligomerisation

of the transcription modulatorMany well charactased GntR regulators require the presence
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of metal cofactors such as iron to efficiently bind DNA targets (Suvorova et al., 2015). In light
of metals being of high importance during denitrification, it is not unlikely, Ehatenitrificans
NirRalso requires the presence of a metal cofactor such as iron or copeing identified

the importance of the previously uncharacterised GntR regulator NirR in regulating the
denitrification machinerythis chapterdemonstrates that NirR is part of the HutC regulator
subfamily. Thetwo-domain proteins with a smaller-dérminal HTHdomain and a larger-C
terminal domain have been implicated in processes like antibiotic production and sensing of
the nutritional status in the immediate environmeas well a®ther important physiological

responsegRigali et al., 2002).

4.4.3 Regulation ohirSby NirR

Regulatory networks for activation and repression of gene expression lie at the heart of
cellular computation. Extracellular signals such as changes in nutrient availabilities are
integrated by transcription factors which in turn switch on and off reg@SNA. Regulatory
regions are often highly complex and consist of both repetitive and overlapping transcription
factor binding sites resulting in a cooperation as well as competition of transcriptional
regulators with one another. Competition for regulati is still poorly understood as few
studies have directly addressed the competitive interactions between transcription factors.
The FNRbox upstream ohirSrecognised by the NNR transcriptional activator dimer allows
for an activation of nirS gene expression. An induced sequence change of the motif resulted
in a complete inactivation of the promoter confirming the importance of this site for NNR
action (Saunedrs et al., 2002).

The NirR recognition motif was predicted utilising known sequences of HutC family regulator
binding sitesby inputting these sequences into the motif finding algorithm Motif Matcher

The consensus sequence of all analysed binding sites of theddbf@mily is an AFfich
sequence. The common distance between the conserved GT and AC is 4nt (Suvorova et al.,
2015). A proteilDNA correlation analysis showed that positions significamt dinding

specificity of HutC transcription factors resemble the ones identified for FadRErawiand
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the FadR subfamily in general. Amino acids in position 28 of the HTH domain correlate with
nucleotides 8/17 (Suvorova et al., 2015). The most frequent amino acid in this position is Arg,
as is the case for NirR. According to electrochemical characterisst®ngly prefers the

interaction with the G/C pair within the motif, possibhteracting with the G.

The overlap in predicted binding sites for NirR and NNR upstreamSsuggests a potential
competition for binding to the promoter region and regulating the expression of the crucial
denitrification enzyme. While NirR acts as a transcriptional repressor, decreasing the levels of
nirSexpression, NNR acts as a transcriptional activator, increasing the len@iSexfpression

in response to lowered oxygen levels. Further insights into this competitive interaction would

be given by overexpressing NirR in the presence as well as the absence of NNR and comparing

expression ohirS

4.4.4 Role of effector molecules in the binding of NirR upstreammis

GntR regulators are known to require effector molecutbat interact with the effector
binding domain at the @rminus of the protein. This usually results in a conformational
change and the dimerization of the regulator to allow for subsequent binding of a DNA
operator sequenceAllostery is anmportant phenomenorthat allows bacterial regulatory
proteins to function as molecular switches turning on and off the expression of certain genes
in the presence or absence of certain molecubtshigh concenttions post purification, two
distinct bands suggested the presence of a NirR dimewonformation that is seen in many
other GntR regulators in their active form (Jain, 20M&any known GntR regulators require

the presence of effector moleculesuch as iron or molybdenurthat are products or

substrates for the metabolic pathway they regulate.

As proteirDNA binding assays WirRand the promoter sequence upstreamrmfSremained
unspecific, it seems likely that NirR also requires the presence of metal ions, a specific effector
molecule or that the protein was not present in its active form post purificatitspecially in

the context of denitrification, metal cofactors are a likely requirement for a denitrification
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specific regulator protein. Equally, other transcriptional regulators require the presence of
denitrification intermediate to become transcriptionally active. For example, the RegSR
proteins inB. diazoefficiensespond to the presence of nitrate and oxygen, which alter
protein conformation and hencéranscriptional activity (Elsen et al., 200#urther DNA
protein interaction studiesuch as an expanded SPR experiment or an BitS8An addition

of denitrification intermediate®r additional metal ionsnay provide further insights into the

bindingcapabilityof NirR upstream tmirS.

4.4.5 Conclusion

To our knowledge, this was the first purification of NirR prot&ime further characterisation

of DenR and NirR has providetbre insights into thenteraction and has opened paths for
future studies to determine the exact roles of the two regulators within the denitrification
pathway. DenRis proposed to interact with NirR via abp seed region, that is present in 7
other genes potentially regulated by the sRWNAturn, NirR stalls denitrification by repressing
expression of the denitrification enzyme NirS which is responsible of nitrite reduBiioding

of the regulator upstream of thairSoperon may be dependent on the presence of effector
molecules such as the denitrification intermediates. This shouldhbesubject of future
studies regarding the novel denitrification regulatérfull understanding of DenR and NirR
would further expand the picture of the denitrification regulatory network and strengthen

the use ofP. denitrificanss a regulatory model of denitrification.



5. Genomewide mappingof transcriptional start sites
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5.1 Introduction

The prokaryotic transcriptome is highly dynamic and encompasses the complete set of RNA.
It changes in response to varying environmental conditions, growth stages or developmental
stages. Initially it was thought thatanscriptomes were nearly entirely composed of rRNAS,
tRNAs, several housekeeping RNAs and prateding mRNAs. Comparative transcriptome
studies have shown that transcriptional maps may differ even among closely related species
and in recent years it lkabecome clear that both eukaryotes and prokaryotes contain large

numbers of additional nowoding regulatory RNA moleculefiich have been termed sRNAs.

Transcription of DNA into RNA is one of the key processes in molecular biology and is executed
in all cellular organisms (Crick, 1970). The enzyme responsible for transcription, the DNA
dependent RNA polymerase (RNAP) is composed of multiple subunitgatiyasubstantially
across the three domains of life (Werner & Grohmann, 2011). However, a core set of subunits
are conserved in general architecture reflecting the universal functions that the enzyme
performs. RNA polymerases locate promotetsch aresequences that direct the enzyme to

the gene.For the majority of housekeeping gendwse promoters are centreéB5bp and-

10bp upstream from the transcriptional start si(€ig. 5.1) The first base of a gene to be
0Nl YAONAROGSR o0& wb! LJIf &YS NhoitDasesd he iesuling NNI & L
transcript is referred to as the transcription start site (TSS). The RNAP subsequently opens
and unwinds the doublstranded DNA and catges templatedde-novo polymerisation of
ribonucleotides. After initiationof transcription, the enzyme transitions to an elongation

complex until transcription of the gene is completed and the process terminated.

In bacteria, a single RNAP performs all transcription. The enzyme consists of an evolutionary
conserved catalytic core which requires the presence of an initiation factor, sigma) >~ ¥ 2 NJ
promoter-specific DNA binding and unwinding (Burgess et al., 1969). Sigma factors are
responsible for determining promoter specificity and control how efficiently transcription is
AYVAGALFI GSR 0. dzZNHS&a4&aX HAannmL ® toye RNAPGSWNS idthe 2 y 2
formation of the active RNAP holoenzyme. All bactéda 4 3 Saa | LINRA YI NBE K2

T I O ("@wWhiEEh controls transcription of essential genes during growth. Promoters that are
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recognized by the primary factor are generally comprised of two conserved sequence motifs
upstream of the transcription start site: the85 element (TTGACA) and thED element

(TATAAT). Bacteria can also express different sigma factors in response etendiff
environmental conditions allowing adaptation to specific niches. For instanée colunder
YAGUGNRISY &adFNBFGA2Yy O2yRAGA2Yy4is iedpdhsible ffod S NI | G
activating transcription These sigma factors often also recagidifferent promoter

elements. For RpoN this may be the consen&tland-12 consensus sequences (Thony and

Hennecke, 1989).

Fig.5.1: Bacterial promoters recognised by the primary sigma factor are comprised of two conserved regions:
the -35 element and thel0 element

To date little is known about the involvement of sigma factors in denitrificatioRalstonia
eutropha(formerly known asAlcaligenes eutrophlisigma factor >*has been implicated in
anaerobic growth on nitrate suggesting an importance in the regulation of denitrification
related genes in this organism (Romermann et al., 1989). The organism is known to utilize the
*%.dependent regulator NorR to activate transcription of ther operon (Pohlmann et al.,
2000).In contrast aPseudomonas aeruginosa rpoNitant is able to anaerobically grow on
YAUGUNT G§So Ly >ivdssiown2idNdrtryl & @iveEse set of genes such as those
encoding glutamine synthetase, urease and flagellin (Totten et al., 199®. &tutzeri
expression levels of Nar, Nir, Nor and Nos proteingpoNy dzf t Ydzi | y (3% aK2gS
influenced both nitrite reductase and nitric oxide reductase activity without affecting
transcription of their structural genes (Hartig & Zumft 1998). This suggests a role of the sigma

factor in posttranslational processes rather than at the level of genpressiomr potentially
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an involvement via an indirect effec@dditionally, the RpoN regulon controls genes involved

in the response to nitrogen limitation, nitric oxide stress, availability of alternative carbon
sources and nucleic acid damageSalmonellalyphimurium (Hartman et al., 2018 the

model organism<E. coli, RpoN affects both nitrogen and carbon metabolism as well as
fermentation, cell envelope biogenesis and stress resistance (Reitzer and Schneider, 2001;
Riordan and Mitra, 2017. denitrificansencodes a homb 2 3 dz& asiwall as homologues

to other sigma factors and further insights into the role of these factors in regulation of the
denitrification apparatus is required to uncover the transcriptional switches in the model

denitrifier (Tableb.1).

Table5.1: The seven sigma factors B§cherichia cORNA polymerase

Factor Gene | Size (kDa)| Consensus binding site Genes
regulated

"¢ D) rpoD 70 TTGACAL7TATAAT Housekeeping

RN rpoN | 54 CTGGCAN5TTGCA Nitrogen
metabolism

389 rpoS | 38 TTGACAI12TGTGCTATACT Stationary
phase

T30 H) rpoH | 32 CTTGAAI14CCCC Heat shock

) fliA 28 TAAAN15GCCGATAA Flagellar
proteins

"E rpoE 24 GAACTN16TCTGA Extreme heat
shock

" fecl fecl 19 GGAAAN17TC Iron transport

Pinpointing the TSS of an RNA permits the identification of potential regulator binding sites
or sigmafactor recognition sites that specify a promoter region. Identifying the regulatory
signals required for transcriptional regulation is crucial to underding the nature of the
factors involved in a transcriptional response. A major challenge in transcriptomic studies is

the construction of reliable transcriptome maps and the identification of transcription start
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sites across the genomBue to the importance of TSS identification in numerous biological
contexts, a large number of methods for global TSS Profiling have been discovered and
developed.The first published transcriptome maps were based on a manual curation of
putative TSSs, a process that is tinmsuming and not easily scalable to the entirety of a
genome or to a larger number of organisms and conditions. Advances in sequencing and the

reduction of sequencing costs have allowedtfo enhancedate ofidentification of TSSs

5.2 Aims

This study aims to explore the differences in the transcriptome of the model denitAfier
denitrificansunder denitrifying and nowenitrifying conditions. The overarching aim of this
study is to further develog. denitrificansas a regulatory as well as biochemical model of
bacterial denitrification. Therefore, it aims to identify and annotate the transcription start
sites to provide further insights into promoter activity and explore the role of sigma factors

in the regulationof denitrification.

Hypotheses:
- ldentifying the transcription start sites will provide insights into the promoter usage
in P. denitrificans

- There is a sigma factor controlling transcription during denitrification
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5.3 Results

5.3.1Categorisation of TSS

It has been shown that copper availabildffects the transcription of enzymes involved in

N2O production inP. denitrificansspecifically the activity of the final denitrification enzyme
NosZ To allow further insight into the transcriptional landscape during denitrifying and non
denitrifying conditions, the transcriptome &. denitrificansunder CuH and CuL conditions
was determined using differential RN&q (Gaimster et al., 2016)hese datasetgenerated

by Gainster et al., 201@ere utilised to carry out comprehensive mapping of transcription
start site across the genomActive promoters were determined by identifying transcription
start sites (TSS) under the two culture conditions. T&® wdentified using dRNseq data

and the automatic TSS annotation tool TSSAR by comparison of the mappedhea@d#P

values were subtracted from the +TAP values. Then, peaks were called with a cut off value of

10 readsand classed as Primary, Internal and Antisense TSSS.2RA.

For chromosome 1, 6091 individual TSS were annotated under CuH conditigakiépcut

off 1e-05; noise threshold 2; max range to merge 5). 4844 remained after consecutive TSS
were mergedlUnder CuL conditions, 5074 individual TSS were annotat¥@l(ge cut off 1e

05; noise threshold 2; max range to merge 5). 3¥68emained after consecutive TSS were
merged.For chromosome 2, 3507 individual TSS were annotated under CuH conditions (p
Value cut off 1€05; noise threshold 2; max range to merge 5). 285rhaimed after
consecutive TSS were merged. Under CuL conditions, 2868 individual TSS were annotated (p
Value cut off 1e05; noise threshold 2; max range to merge 5). 235 emained after
consecutive TSS were mergéahr the plasmid, 1023 individual TSS were annotated under
CuH conditions @value cut off 1e05; noise threshold 2; max range to merge 5). 862
remained after consecutive TSS were merged. Under CuL conditions, 760 individual TSS were
annotated (pvalue cutoff 1e-05; noise threshold 2, max ra@go merge 5). 645SS$emained

after consecutive TSS were merged.
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Fig.5.2 A: Categorization of TSS into different classes; TSS positioned upstream aitadnot
gene (primary), TSS located internally to a génternal) and antisense TSS (antiseriBe)
The three classes of TSS identified acRsdenitrificansChromosome 1 under CuH and CuL
conditions

The location of TSS were mapped onto the genome using thebaséd tool Proksee, an
expert system for genome assembly, annotation, and visualisg&an 5.3)Grant et al.,

2023). The Proksee output showed the presence of TSS (dark green) alongside the coding
sequences (dark blue) present across the two chromosomes and the plasmid under copper
high and copper low conditions highlighting that TSSs were evenly dispersed across the
germome relative to the number of genes present on each chromosonidere wee
significantly more unique TSS present undet@n conditions (Figh.4A) than under Glow
conditions (Fig.54B). This could be attributed to the ability to carry out complete
denitrification, with several genes involved in the pathway switched on rather than stunted

denitrification resulting in the release ob@, as observed in the absence of copper
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Fig.5.3 TSS loci across the t denitrificanchromosomes and the plasmid generated using Proksee (Grant
et al., 2023)A: chromosome 1 (red), Ghigh.B: Chromosome 1 (red), @aw. C:chromosome 2 (light green),

Cuhigh. D: chromosome 2 (light green), daw. E plasmid (orange), Ghigh. F: plasmid (orange), Glow.
Coding Sequences are shown in dark blue and location of TSS is marked in dark green
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Fig.5.4 Numberof unique TSS under CuH and CuL conditions on chromosome 1 (C1), chromosome 2 (C2) and
the plasmid (P)Highest numbers of unique TSS are present on chromosome 1 corresponding to chromosome
size.ADuring CuH conditions more unique TSS were Identified.

5.3.2 Benchmarking the differences in transcriptional landscape usingribge
operon

To benchmark the differences in the transcriptional landscape during denitrificatiehi¢g@u
conditions and nordenitrification conditions (Glow), transcription of thenosoperon was
analysedn close detail. The structural gene for the enzyme nitrous oxide reduat@s2] (s
located within a gene cluster consisting of genes encoding for products required for the
maturation of the denitrification enzyme. The transcriptional landscape of the operon for
each condition was visualized using the IntegraBshome Browser to allow comparison and

to manually annotate the transcription start sites based upon the results obtained from the
transcription start site analysis. As expected, expression levelsszland nosRappeared to

be upregulated under CuH conditions with several primary and internal TSSs detected across
both genes (Figh.5). Under CuL conditions however, the expression levels are low and fewer
TSSs were identified. Only one internal TSS withinnth€Zgene and one primary TSS

upstream ofnosRremained in comparison to the TSSs detected under CuH conditions.

ThenosCgene however is more highly expressed under Cu limitation and has an additional

primary TSS 227bp upstream of thesCgene (Fig5.5). There are two further TSSs that are
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only present under CuL conditions, which are located antisense tmds€and the nosD

gene.

Cul

CuH ‘I I
L- n

[ [T [ FE:>

pasZ
1,376 008 1,376,000 1,380 008 1,382,000 1,384,000 1,

i <J <Jm = JM = ﬁ*

Cul

Fig.5 Visualization of the mapped sequence reads of the nos operBaliacoccus denitrificansider CuH (red)

and Cul(green) conditions (Integrated Genome Browser). The names of coding genes are labelled in black and
the TSS are indicated by cornered arrowith the TSS pointing towards the right indicating TSS on the positive
strand and TSS oriented towards the left indicating the negative strB88 only present under CuH conditions

are indicated in red, whilst TSS present only under CuL conditions are visualised in green. TSS present under

both conditions are shown in black

5.3.3 Visualisation of TSS

To allow for fast and convenient visualisation of the TSSs across the comptiaitrificans
genome, the TSS information files for each chromosome were converted to GFF files which
can be easily viewed alongside the chromosome using the Artemis Genome Browser. As a
result, the browser displays location and naared number of the TSS on the forward or the
reverse strand of the genome. Furthermore, an sRNA information file was manually created
to allowthe display of SRNA locations on each chromosome %Y. The sRNAs upregulated

under high NO emitting conditions were marked in pink, while the sRNAs downregulated
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under high NO emitting conditions were marked in turquoise. The sRNAs upregulated under
low N:O emitting conditions were marked in green and finally, the sRNAs downregulated
under low NO emitting conditions were marked in orange. A visualisation of TSSs as well as
sRNAs will allow fdurther ease of transcriptome analysis and will aid in addressing further

guestions surrounding thE. denitrificandranscriptome.
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Fig. 5.6 Visualisationof TSSs and sRNAs alongside Rhalenitrificansgenome using the Artemis Genome
Browser. TSSs are shown as arrows, as indicted by the blue circle while SRNAs are labelled with their name as
part of the genome annotation file

5.3.4 Identification of TSS across the denitrification enzyme genes

Having identified the location of TSSs across Bhedenitrificansgenome, further gene
operons important for the switch between complete denitrification andONemitting
incomplete denitrification conditions could be analysed to compare the transcriptional
activity during denitrifying and nedenitrifying conditions. The first operons to be analysed
were the four denitrification enzyme operonsar, nir, nor and nos encoding for nitrate
reductase, nitrite reductase, nitric oxide reductase and nitrous oxide reductase. For all four
operons differences between the two conditions could be observed, with some TSSs only

present under CuH conditions and others only preasunder CuL conditions.
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Fig.5.7 Visualization of the mapped sequence reads of the operon inParacoccus denitrificansnder CuH

(red) and Culblue) conditions (Integrated Genome Browser). The names of coding genes are labelled in black
and the TSS are indicated by cornered arravith the TSS pointing towards the right indicating TSS on the
positive strand and TSS oriented towards the left indicating the negative stie@® only present under CuH
conditions are indicated in red. TSS present under both conditions are shown in black

For the nitrate reductase operomdr) there were three additional TSSs identified under CuH
conditions, with two present on the negative strand and one on the positive strandb(Pig.

The two TSSs present on the negative strand lie within thel aad the naKgenes and are
classified as internal TSSs. The additional TSS on the positive strand is an antisense TSS to
narH.The expression patterns however only differed at very low levels, confirminghtrat

expression is not significantly affected by thek of copper from the culture media.

For the nitrite reductase operon (nithere were also three additional TSSs annotated under
CuH conditions (Fi§.8). All three of them are located on the positive strand and are internal

TSSs to thairS the nirHand thenirN genes. Similar to the expression changes observed in
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Fig.5.8 Visualization of the mapped sequence reads of tiireoperon inParacoccus denitrificansnder CuH

(red) and CuL (blue) conditions (Integrated Genome Browser). The names of coding genes are labelled in black
and the TSS are indicated by cornered arravith the TSS pointing towards the right indicating TSS on the
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Fig.5.9 Visualization of the mapped sequence reads of rtbe operon inParacoccus denitrificansnder CuH

(red) and CuL (blue) conditions (Integrated Genome Browser). The names of coding genes are labelled in black
and the TSS are indicated by cornered arrovith the TSS pointing towards the right indicating TSS on the
positive strand and TSS oriented towards the left indicating the negative stie@® present only under CuL
conditions are visualised in blue. TSS present under both conditions are gihblack
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the nar operon, the expression of the nir operon is also not significantly affected by the lack
of copper from the culture media.

The TSSs of thear operon under CuH and Caanditions only differ at one single TSS which

is present only in the absence of copper from the culture media @®). This TSS is an
internal TSS located on the negative strand within the narQ gene. All other TSSs remained the
same under both conditions and the expression patterns of the operon did not change

significantly between the two conditions.
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Fig.5.10 Visualization of the mapped sequence reads ofrilesoperon inParacoccus denitrificansnder CuH

(red) and Culblue) conditions (Integrated Genome Browser). The names of coding genes are labelled in black
and the TSS are indicated by cornered arrovith the TSS pointing towards the right indicating TSS on the
positive strand and TSS oriented towards the left indicating the negative stie®@ only present under CuH

conditions are indicated in red, whilst TSS present only under CuL conditions are visualised in blue. TSS present
under both conditions are shown in black

The final denitrification operon, th&os operon was most significantly affected by the
presence or absence of copper from the culture media as seen in 5.3.2. After merging
consecutive TSSs, four additional TSSs were identified purely under CuH conditions and two
TSSs were present only under @ohditions (Fig5.10). Three of the four TSSs present only

in the presence of copper were located on the negative strand, with two present intgofal

the nosZand thenosRyene and one located upstreammdsZ therefore classified as primary

TSS. The fourth TSS present only under CuH denitrifying culture conditions is located on the
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positive strand antisense toosZ Of the two TSSs present only under CuL conditions, one TSS
is located antisense toosFwhile the other is a primary TSSrtosC The expression patterns

of the operon are changed significantly in the presence or absence of copper and therefore,
the nos operon is the denitrification enzyme operon that is most heavily impacted by a change

in copper concentrations.

5.3.5 Identification of conserved promoter motifs

As little is known about conserved promoter motifs across Phelenitrificanggenome, the

initial search focussed on an identification of the core promoter regions witi@snd-35
elements. Sequences up to 60nt upstream of all identified primary TSSs were extracted and
submitted to Improbizer, a motfinding algorithm that considers location of sequence
patterns within the input sequences and favours motifs that occur at the same location (Ao
et al., 2004). A majority of sequences possess a motif centred at pos366:836 (CTTGCC)

as well as a secammotif at position-11 to -16 (GCATT) (Fig.11). The second motif is A and

T rich, which is also the case for the highly conser¥@dhexamer oE. colwith the consensus
sequence TATAAT. Despite the presence of As and Ts, the sequence differs fEancdhe
consensus sequence and therefore neither of the two identified motifs are closely related to

the -10 and-35 boxes known to be recognised by the housekeeping sigma fadtocioli
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CuH489
Profile Motif 1:
motif score: 4.2549 motif position: 22.74 (sd=1.17) consensus=CTTGCC

a 0.2 0.135 0.099 0.003 0.337 0.249
c 0.435 0.127 0.119 0.003 0.541 0.402
g 0.23 0.142 0.271 0.81 0.004 0.175
t 0.135 0.596 0.511 0.183 0.118 0.175

Profile Motif 2:
motif score: 3.7905 motif position: 44.17 (sd=3.06) consensus=GCATT

a 0.099 0.003 0.58 0.441 0.281
c 0.3 0.601 0.003 0.004 0.154
g 0.404 0.392 0.003 0.003 0.278
t 0.197 0.003 0.413 0.552 0.288

Fig.5.11 Base scoreand motif positionfor two motifs in theP. denitrificangpromoter sequences identified
using ImprobizerScores for each base at its corresponding position are shown and overall motif score was
calculated from the distribution of bases across the motif position.

5.3.6 Sigma factor utilisation i®. denitrificans

A bioinformatics survey of thB. denitrificanggenome has revealed the presence of genes
predicted to encode the major sigma factors that are known to be present in related bacteria.
These include RpoD (Pden_4072), RpoN (Pden_4987), RpoH (Pden_2216) and RpoE
(Pden_2820) (Tablg.2). An alignment of the predicted housekeeping sigma factor RpoD of

P. denitrificansvith RpoD oE. colshowedasimilar length of the two gene transcripts as well

as high levels of sequence similarity (Bi@2). Additionally, a number of extracellular sigma
factors, ECF2 are present. Interestingly, a second gene encoding for a sigma factor of similar
length to RpoD was identifiedts Gterminal shares significant sequence similarity to the
flagellumspecific sigma factor RpoF (24% identity, 46% similarity to théehdth sequence

of FliA fromE. col).



Table5.2: PredictedP. denitrificansigma factors and their % similarity to the colhomologs. * indicates %
similarity toE. colRpoE.

" Factor Gene P.denitrificans % Similarity
homolog
70 rpoD Pden_4072 64
54 rpoN Pden_4987 44
38 rpoS
32 rpoH Pden_2216 63
28 rpoF Pden_2086 46
24 rpoE Pden_2820 48
ECF1 Pden_4533 46
ECF2 Pden_1137 43
ECF3 Pden_4558 46
ECF4 Pden_1629 44*
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Fig.5.12: Maximum likelihoodphylogenetic tree based on amino acid variation from the multiple sequence

alignmentof the ten sigma factor homolog genes presentindenitrificanggreen) and thesevensigma fator
genes in the model bacteriuf. col(blue).

Homologs irP. denitrificansand E. colicluster together which suggests sequence homology
(Fig. 5.12)This applies to all sigma factors, exceptRpoS, of which a homolog is not present

in P. denitrificansas well as forP. denitrificansrpoE, which clustersogether with the
extracellular sigma factors ECF1, ECF2, ECF3 and ECF 4.
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5.4 Discussion

This study is the first genome wide analysis of T8SdenitrificansThrough differential RNA
Sequencing combined with bioinformatics methdds chapterannotated primaryinternal,

and antisense TSS for genes expressed under complete denitrificatidngt@uconditions

and incomplete denitrification (G2 60 O2y RAGA2yad !'a (GKS Yl 22N
are copper deficient, it is important to gain an insight into the traipgmonal landscape during
incomplete denitrification conditions in the absence of copper to identify targets for future
mitigation strategiegSinclair and Edwards, 2008he presence of antisense and internal TSS
alongside primary TSS suggests thatRheéenitrificangranscriptome is highly compleXhe
number of TSS identified across tRedenitrificangenomeis comparable to the number of
TSS identified in other genonvéde transcription start site profiling studies, such as in
Burkholderia cenocepacid®315, in which 3908 TSS were annotated (Sass et al., 2015). An
identification of TSS allows for an addition of relevant information to the Pden_1222
annotation which willprovide the starting point for future evaluation akgulation of

denitrification in the modeMdenitrifier P. denitrificans

Significantlynore unique TSS were present, when the growth media was rich in copper, which
can be explained by the active expression of several genes involved in the final denitrification
step, the conversion of the greenhouse gas nitrous oxide to the harmless atnrasphe
dinitrogen. The levels ohosZand nosRexpression displayed as a result of the differential
RNAseqconfirmspreviously published data by Sullivan et al., 2013 witbZbeing expressed

at low levels in the absence of copper due to the higkd€mand of the enzymd&.he products

of nosRand nosCare involved in copper transport ambsZassembly and have therefore
been shown to influence the indirect transcriptional regulationnosSZ The genenosXis
homologous tanirl (Pden_2486) and NosX is likely to be involved in metal ion transport and
the assembly ohosZ(Giannopoulos, 2014). The remaining genesDYFkhow sequence
similarities with the equivalent genes found Pseudomonasin which they have been

assigned a role in NosZ maturation.

NosR has been shown to contain residues for binding Cu, which could explain its involvement

in Cudependency of BD reduction. In anaerobic denitrification conditions, the oxygen
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sensitive transcriptional regulator FNR binds upstreamno$Zwhere two FNRbinding
sequences are present. The first one is located at posiffén The second one is located at
position-126 and isot thought to be involved in transcriptional binding as it is located far
away from the start codon. FNR also binds upstreapasZ which encodes for pseudoazurin,
which together with cytochrome sg is responsible for donating electrons to Nos via
cytochrome beg(Giannopoulos, 2014). Indeed, in a proteostiedypaszhad been shown to

have been induced by FNR (Bouchal et al., 2010).nde€gene however is more highly
expressed under Cu limitation which could be a result of an additional primary TSS 227bp
upstream of thenosCgene (Fig5.3). NosC could therefore act as a repressomtsR
explaining the lower levels of the NosR protein in the absence of copper. Further analysis of
the differential transcription start sites unddrigh and low MO emittingconditions across

the genes known to be involved idenitrifications, as well asnovel genes that show
differential expression across the two conditions will allawnore in depth overviewf all

the promoters turned on or off depending on the availability of copper in the environment.

One of the most surprising knowledge gaps in terms of integrating our understanding of
transcriptional regulation of denitrification is the absence of data on which sigma factors
associate with the core RNA polymerase during anaerobic denitrificaiomlenitrificans
possesses homologs to multiple sigma factors known to target diverse sets of promders in
coli forming complex networks. The presence of sigma factor homologs suggests that
transcription inP. denitrificands also dependent on the presenoé specific sigma factors

that recognize distinct promoter sequences and activate gene expression in response to
changes in environmental signals. Despite the association of sigma 54 (RpoN) with ritrogen

regulated genes, there has been no direct assammatif RpoN with denitrification.

The layout of a sigma factor network directly impacts global transcriptional regulation and
therefore dictates the phenotype of the bacteria. Bacterial promoters usually contain specific
sequences for binding of RNA polymerassociated sigma factors,rfexample the-35 and

the -10 boxes of the housekeeping sigma factor RpoB. inoli(Paget, 2015)Thesemotifs
however can vary strongly between alternative sigma factors with different recognition
motifs, extended motifs and structural features of thigrea proteins that influence DNA

melting capacity (Feklistov et al., 201Burthermore, sigma factors can be present as singly
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copy gene or as multi copy genes across the different bacterial families. The heat shock sigma
factor, RpoH, is present as a single copy gene in gammaproteobacterial and as a multi copy
gene in many alphaproteobacterial genomes (Green and Donohue, 200tnéz5alazar et

al., 2009 LopezLeal et al., 201)6 These copies deal with different environmental responses,
with rpoH: responsible for heat shock ampoH: responsible for osmotishock responses

with both recognising diverse consensus sequen@@seen and Donohue, 2006). The
denitrifier P. denitrificanss predictedto have only one copy of each sigma factors, however,

the presence of homologs to the ECF sigma factors provides further putative regulatory
depth. Some sigma factors, such as the ECF group, have a concerted, focused response to
very specific environmental conditions targeting only small regulons which can lead to a lack

in global consensus motifs.

Initial motif searches carried out in th&0 and-35regions upstream of the TSS revealed the
presence of two conserved motifs v denitrificans Despite the significant abundance of
these two motifs across the active promoters during denitrification, these two motifs did not
have close resemblance to the consensus sequences of the houseksepmajactor RpoD

or the nitrogenassociated transcription factor RpoNEncol(Paget, 2015)n the facultative
phototrophic AlphaproteobacteriumRhodobacter sphaeroidesigma factors and their
recognition sitesalsovary significantly from those found iB. coli It has however been
shown, that R. splaeroides possesses a very intricate network with sigma factors of
overlapping functions, allowing the organismsarefullyadapt to a variety of environmental
conditions (Zhang, 2023)This could also be the case for sigma factor regulatioR.in
denitrificans making it harder to elucidate the exact regulatory functi@msl recognition

motifs of each sigma factor and to identify consensus sequences.

It is likely, that the identified consensus sequenicethis studyare of importance to the genes
activated under denitrification conditions and may be sequences recognized by one or more
sigma factors responsible for controlling this physiological process, however, which sigma
factor is responsible remains to be answeraud the search will have to be expanded to
identify smaller groups of motifs within the active promoters during denitrification. As past
research has shown, the higher the specificita sfgma factor, the smaller the regulon, which

can range from as few as two to three genes to as many as several hundred (Feklistov et al.,
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2014). To avoid an oversight of important promoter groups, the motif search will have to be
fine-tuned, to answer the questions around active sigma factors during denitrification.

Furthermore, chromatin immunoprecipitation sequencing could be used to screen the P.
denitrificans genome for sites bound by the sigma factors to identify exactly which regions

are captured by which sigma factors and establish their regulons.

The consensus view remains that transcription from prokaryotic promoters is unidirectional,
a concept that has long been challenged in eukaryotes in which it has been shown that many
RNAP Il promoters simultaneously stimulate antisense transcription wdileéng the
production of a canonical sense RNA (Core et al., 2008). ¢oli it has been shown, that
bidirectional promoters have inherent symmetry allowing RNAP to bind the same section of
duplex DNA in either orientatioWarman et al., 2021)rhis @n allow for coregulation of
divergent operons through binding of transcriptional repressors at binding sites that overlap
a bidirectional promoter sequence adding a further level of complekiguing established

the importance of a finguned transcriptional response in the switch betweenQON
production and MO reduction, it is not unlikely, th&. denitrificangossesses bidirectional
promoters in a similar manner to those characterised by Warman et al., 2021, especially as
these bidirectional promoterare speculated to be capable of giving rise to antisense RNAs
impacting adjacent genes. Studying promoter motif® imenitrificangnore extensively, may
therefore give further insights not only into sigma factor utilisation but also help in the

integration of further sSRNAs into the complex regulatory networks.

This thesis has provided a starting point for the future analysis of promoter usage and sigma
factor utilisation and has opened up avenues for furtherdapth analysis of the
transcriptional complexity irP. denitrificans to strengthen its use as a regulatory and
biochemical model for denitrification. As a next stepyaduld bebeneficial to expand TSS

analysis in the denitrifier to those present undaerobic conditions, to compare the TSS

present under nordenitrifying conditiongo those establisheth this thesisto gain aetter
understanding othe changesccurring duringhe switch between BD emission and XD
consumption.C dzNI KSNXY2NB > (GKS pQ dzy Nl yatliSR NBIA:
sequences between the TSS and the start codon of a gene or gene cliissexill contribute

to the understanding ofP. denitrificansgenesnot only involved in the final step of the
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denitrification but also in the global switch between aerobic and anaerobic metabasm
well as the transcriptional regulators involved in switching these genes on arahaf#ill

yield new targets for future research and the development of novel mitigation strategies.

5.4.1 Conclusion

The data presented in this study provides the starting point for evaluation of the
denitrification regulatory switches and has opened paths for the identification of further
insights into the role of sigma factors in these regulatory processes. TSS ahdiosRiibns

have been mapped onto the genome and have been made available to view using the Artemis
Genome Browser. This tool has the potential to be developed further to include
transcriptional regulator binding sites as well as changing transcriptieislevith changing
environmental conditions to give a global overview over the transcriptional landsigpe

extending the research into sigma factor usage and enhanced promoter complexity
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6. Discussion and Concluding remarks

As the individual results of each chapter have been discussed in the previous chapters, this
general discussion chapter will highlight the major outcomes of this study, the wadéext,

and the potential impact.

6.1 Context

Nitrous oxide is a harmful greenhouse gas that has nearly 300 times the global warming
potential of carbon dioxide. Moreover, nitrous oxide remains in the atmosphere for an
average of 114 years, where it may be converted to nitrogen oxides capable ofidgple
stratospheric ozone laygiGoldblatt et al., 2009)While about 60% of global nitrous oxide
emissions occur naturally, the remaining emissions are caused by anthropogenic influences
such as agriculturévitousek and Howarth, 19917 he global risén nitrous oxide emissions

from 2020 to 2021 was higher than the average annual growth rate over the past 10 years,
highlighting the pressing need for mitigation strategies to reduce emissions of this harmful
gas while also sustaining the agricultural ggeses required to feed the evgrowing world
population (Richardson et al., 20097 o identify novel approaches for the development of
mitigation strategies it is crucial to enhance our understanding of the microbial processes
underlying the productionfonitrous oxide in the natural environment, as these are the major
contributors to the productiorof nitrous oxide The model denitrifieParacoccus denitrificans

has thus far been used as a model for denitrification and it has become increasingly clear that
there are many gaps regarding our knowledge around the regulation of denitrification and

the emissions of nitrous oxide from this model.
The discovery of small RNAs as regulatory molecules has shown that our knowledge around

bacterial regulatory networks in the most diverse environments is far from complete

(Wassarman, 2002; Mdller et al., 2028mall RNAs act as regulatory switches in many of the
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major physiological processes and have been proven to be of importance for the adaptation
to environmental stress and changes in nutrient availability. Small RNAs may act in different
ways by binding to mRNA or protein targets to in turn repress or aetitreg expression of
genes to change a transcriptional response. With more sRNAs being studied, more
mechanisms of sRNiAduced regulation are pinpointedhe discovery of 167 of these short
regulatory molecules has suggested an importance of sSRNAs imifieation, and indeed,

one single sSRNA was capable of altering nitrous oxide emission levels of denitrifying cultures

when overexpresseflGaimster et al., 2016)

6.2. Why study sRNAs ip. denitrificans

Although sRNAs regulate a wide range of important biological processes, our current
understanding of their role is far from complete. A manipulation of only a handful of these
sRNAgn the lab, including DenR, can lead to drastic changes in the response of the lab
organism to an experimental condition. This suggests that there are much larger networks of
unknown sRNAs required in an entire environmental response. Uncovering these sRNA
regulatory networks, understanding the environmental stimuli involvediatefrating these

into the current picture of transcriptional regulator networks and other regulatory molecules
known to be of importance will give us a broader insight into how all major biochemical
processes including denitrification aregulated (Moeller et al., 2021)The use of high
throughput RNA seq has sped up the identification of SRNAs across bacterial ggnomes
however only a few selected SRNAs have been characterised in detail. This study has further
characterised several SRNARndenitrificascapable of both enhancing and slowing the rates

of NbO emissions from a cultu@ndhas provided further evidence that they are crucial links

in the development of novel mitigation strategi#sat have to be integrated into the existing

regulatory networks

Besides the nitrogen cycle, bacterial small RNAs have also been shown to play crucial roles in

other biogeochemical cyclésghlighting the importance of uncovering their roles not only in
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the context of denitrification, but also in theontext of other biogeochemical cycleStudies
focussing on marine cyanobacteria have identified several SRNAs involved in the regulation
of the photosystem, which is a key player in photosynthdsisthermore the discovery of

99 putative sRNAs under carbon and nitrodemting conditions in the model marine
bacterium Ruegeria pomeroyis of interest as this microbe is suggested to scavenge for
alternate sources of organic carbon, affecting the ratios of major biomolecules in carbon
limited conditions(McCarren et al., 2010; Rivers et al., 2016). Interestingly, one of these
SRNAs showed homology to 6S RNA, an important sREAcdoliknown to downregulate
multiple genes during environmental stress such as nutrient limitation (Cavanagh and
Wassarman, 2014). R. pomeroyi6S was upregulated under &d Nlimitation and showed
altered expression patterns in the context of sulfur metabolmsiaking this SRNA a player in
not one but several biogeochemical cycléhis finding highlights the importance, of
examining crucial SRNA playersRn denitrificanswith homologues in other bacteria, to

identify conserved roles across bacterial species and potentially across biogeochemical cycles.

Carbon and sulfur cycling in the biosphere are tightly interwoven through bacterial processes
carried out by marine microorganisms. Dimethylsulfonioproprionate (DMSP) represents a
major carbon and reduced sulfur source in the aquatic environmEme. genes involved in
DMSproduction pathways have been extensively studied, but knowledge of the regulatory
networks controlling the pathways is still lacking (Williams & Todd, 201@).discovery of

182 putative SRNAs R. pomeroywhen grown on DMSP with preded targets involved in
regulation, transport and signalling suggested a potential involvemantsRNAS in
posttranscriptional regulation of both DMSP metabolic pathways (Burns et al., 2016). Further
SRNAs, for instance sRNA42 and sRNA53 have been implicated in the regulation of the DMSP
lyasedddQ.Uncovering the roles of these and other sRNAs found in marine bacteria will
enhance the understanding of the cycling of carbon and sulfur as well as other elements in
the ocean which is an important reservéar all crucial elements'he confirmed existence of

a plethora of sRNA with crucial regulatory roles in biogeochemical pathways further
underlines the importance of integrating their functions across cycles, studying their

existenceand their rolesacross species.



Recent work has demonstrated, that bacterial small RNAs could be applied in the
development of novel diagnostic tool$drallo et al., 2019; Mijelle et al., 2020; Vogel et al.,
2020). Colorectal cancer patients display differences in their stool SRNA profile compared to
healthy patient samples which is a result of hastrobiome dysbiosis (Tarallo et al., 2019).
Furthermoe, pathogenic bacteria such 8/cobacterium tuberculossecrete SRNAs which

can subsequently be detected in the patient plasma. These sRNAs therefore act as biomarkers
for diseases. A pathogen commonly associated with colorectal can€asaium nucleatum
(Brennan and Garrett, 2019). A depletion of this pathogen from the colon by administration
of a short antisense sRNA targeting an essential gene of the bacterium could provide further
insights into the role of this pathogen in the development of the dise@gogel, 2020).
Despite major remaining knowledge gmregarding the transcriptome structure and cell
Sy@St 21 2F GKSAS LRIOSYGALt GFNBSGO 2NBEIYAZ

promising approach in the targeting of antibiotic resistances in the future.

This concept can also be applied in Hayst microbiomes. Gaining an overview of the entirety

of SRNA present in an environmental sample or in an environmental response such as
denitrification could provide valuable insights into the specific responseshencegulatory
switches present at the current state of the sample. Similar to the use of SRNA biomarkers
infection, SRNAsuch as Denf) 2 dzf R Eto@drkel€a (i RSUGSNXYAYS 6KS(KS
soil community is contributing to nitrous oxide prodigst, or whether it is actively removing

the greenhouse gas (Moeller et al., 202I9.achieve this, it would be crucial to gain a detailed
overview of whichP. denitrificanssRNAs are expressed under a certain condition in an
environmental response, not exclusively in an isolated settiugthermore, SRNA could be
engineered to target key microbes or key enzymmsch as Nosayithin the denitrification
cascade and added to fertilizers to allow a control of emissions from the agriculture industry.
Therefoe, a further understanding of the SRNA regulatory circuits within the model organism

P. denitrificangs crucial to continue along this path.
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6.3. Novel regulatos of denitrification

Transcription regulation is a fundamental biologigsedcessand much effort has been made

to identify the important players in this process across all environments to understand how
they work together to regulate levels of gene expressibme different niches through which
bacteria move during the cycle of their life require rapid and \@dhpted responses to
changing environmental cues. For denitrifying bacteria sudh. atenitrificanghese factors
include the presence of a plethora of environmental factors such as metal ions, denitrification
intermediatesand oxygen(Moeller et al., 2021)The regulatory network d?. denitrificanss
therefore composed of a variety of regulatory molecules that work together as well as
opposinglyto each other to allow for an ideal response to a change in conditibims.small

RNAs characterised in this thesis have shown, that there are both small RNAs that enhance
N2.O emission rates, such as sRNA 36 as well as small RNAs repreSsiemmidsions, for
example DenR and sRNA 18 which strongly suggests that the network of sialisRfidr
vaster and more interwoven than initially suspecigdg. 6.1) Within the putative targets of

these small RNAs there is a plethora of novel regulator proteins, transporters as well as sigma
factor genes, which are all additional players in regulating a physiological response.
Uncovering their exact roles and understanding more of the complexity of regulation that
results from promoter architecture is a crucial next step for future reseafielving identified

the importance of SRNAs indltomplex network of interactionimvolved in an environmental
responset has become clear that our picture of regulation is far from complete. This is also

the case for denitrification specifically.

The characterisation of a single SRNA, DenR, has introduced a novel transcriptional regulator
to the denitrification regulatory network, that is still to be fully characterised to determine its
impact on NO emissions (Gaimster et al., 2019). This thesis has provided further insights into
the interactions of DenR and Nividich are suggested to interact to affect expression levels

of the core denitrification enzyme NirS and consequently altering levels@fdxhissions.
Thishas highlighted the importancef adentifying and characterising the targets of other
regulatory small RNAs such as sRNA 18, 36 and 39 which have all been shown to play a role

in the modulation of nitrous oxide emissions from thdel denitrifierP. denitrificandy
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positively or negatively altering levels ofemitted from an overexpression cultur&s their
putative targets contain a plethora of uncharacterised proteins of unknown functions as well
as functionally uncharacterised transcriptional regulators, there is a strong potential for the
identification of furtherkey players in the regulators of denitrification besides the known
regulators FnrP, NNR and NarR. Bioinformatics provides powerful tools for the identification
of SRNAs targeting genes associated wittegulatory function or genes directly involved in
the denitrification response. This can form the basis for further experimental work and can
serve as a starting point for the identification of potential regulatory molecules that could be

the key for tke development of future mitigation strategies.
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Nitrate Nitrite Reductase Nitric Oxide Nitrous Oxide
Reductase (NarG) (Nirs) Reductase (NorB) Reductase (NosZ)

Fig. 6.1 An overview of the known transcriptional and environmental regulators of the
denitrification pathway in the model denitrifying bacteriddaracoccus denitrificangith the
addition of two suggested sRNAs studied in this th@$isblue and red arrows between the
upper layer of the environmental regulatory signals and the layer of the regulatory proteins
indicate signalling event®lUe indicates an inhibitory effect whilsed indicates activation),
while the arrows between the regulatory proteins and thenitrification enzymes indicate
regulation of gene expressipmlue indicates transcriptional repressionhegreenarrows
between the transcriptional regulators indicate the craalk between the regulators which
compete with each other to bind upstream of their targethie yellow boxes indicate SRNAs
involved in the regulatory network.
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6.4 Transcriptional profiling

Knowledge of the exact position of a transcriptional start site provides evidence for the
presence of an active promoter recognised by RNA polymerase with the help of sigma factors.
Not all promoters are active at any given time, therefore a TSS map aemeisle conditions

can provide insights into which genes are active and which are inadtigan also be
exploited to predict specific promoter motiend provide insights into consensus sequences

present

TSS maps have already proven useful in a large number of bacterial species with some TSS
maps proving helpful in the understanding of bacterial pathogenicity or survival in stressful
environments. For instance, 8inorhizobium melilothe identification of TSS and promoters

on a global scale provided a solid foundation for a range of studies focussing on gene
organisation, sigma factors as well as transcription factors and regulatory RNAs, which all
remain to be interconnected irP. denitrificans(Schlite et al.,, 2013). Inthe natural
environment, the availability of copper strongly affects the rate of nitrous oxide emissions,
with copper deficient soils contributing to the production of the harmful greenhouse gas, due
to a lack of activity of the final denitrification enzgmlosZAs a result of a dRN#eq study it

has been proven, that gene expression pattediifer between Curich and Ctlimited culture
conditions.However, it remains unclear which sigma factor is responsible for switching on

transcription under denitrifing conditions.

To further establishP. denitrificansas aregulatory model for the complex denitrification
processes carried out by bacteria in soil and aquatic environngegtsbal transcription start

site maphas beergenerated anchas beenmade accessible as a tool for future reseateh
facilitate further studies on gene regulation and sigma factor usadge enitrificansThis

map is a valuable resource for both future global studies oRthdenitrificangranscriptome

as well as for wlepth analyses of speafgenes and their regulatioScreening for promoter
motifs did not reveal the presence of conserved motifs comparable to those known in other
well-studied bacteria such as. coli Consequently, furthestudies focussed on the sigma

factor homologs identified i. denitrificansvill be needed.



6.5 Advancing the field of SRNA research outside of model organisms

Although sRNAs have proven to be key players in the major biogeochemicalicgitidsg

the nitrogen, carbon and sulfur cyclesur current understanding of their role is far from
complete, particularly with respect to the microbial ecology of diverse environments.
Manipulating a handful of SRNAs can lead to drastic changes in the response of a lab organism
to an experimental codition. This is the case for the DenR, which is capable of decreasing
levels of NO emissions when overexpressedPirdenitrifcans(Gaimster et al., 201%jut also

for sSRNAs 18, 36 and 39 presented in this th&@3iss suggests the existence of much larger
SRNA networks with unknown sRNAs that regulate the entirety of an environmental response.
Uncovering these networks will contribute greatly to our understanding of the environmental
stimuli that cause the switchdbiween complete and incomplete denitrification not only in

the model organisni. denitrificandut also in other environmentally relevant organisms.

The use of highhroughput RNAseqghas led to significant advances in the number of SRNAs
discovered. However,most of available information on sRNAs associated with
biogeochemical cycles is restricted to a limited number of model organisms. Even within these
models limited numbers of sRNAs and their targets have been fully characterised.
Traditionally, coding genes we annotated during genome annotation using automated
pipelines. Meanwhile, nowoding regions were overlookétoeller et al., 2021)The diverse
characteristicof SRNAsud as their variable length and secondary structure as well as a lack
of sequence conservation across distantly related genomes have made a computational
discovery of sRNAsnaextremelydifficult task (Bossi, 2016)Advances in computational
biology such as the development of comparative genomics approaches;stRiAIre
analysis and thermodynamic stabilibased approaches have contributed to an identification

of a vast number of sSRNAs (Sridhar & Gunasekaran,) ZH&ugh the majority have been
identified using comparative genomics, transcriptional sigmaded approaches are
promising in the discovery of novel intergenic SRNAs (Rajendran et al., 2020). The existing
breadth of fully sequenced bacterial and archaeal genomes andexisting whole
transcriptame studies may be a source of future sRNA identification. In the pathogen

Salmonellaryphimurium SL1344 novel and refined identification methods for SRNA discovery

164



have uncovered a large number of previously unknown sRNA, suggesting that these short

regulatory molecules may even outnumber protein coding genes (Houserova et al., 2021).

Postidentification the detection ofsRNAtargetsis a critical bottleneck in functional SRNA
characterisation Target identification enablethe integration of an sRNA into existing
regulatory network models responsible for fibening all microbial responses. Experimental
target confirmation via genetic screens, knockouts and overexpression often followed by
proteomics andmicroarrays or qRPCR are not only timeonsuming but also laborious
(Backofen & Hess, 2010; Georg et al.,, 2019). Therefore, the development of reliable
computational tools such as sSRNARFTarget is highly desamathlaas proven in this thesis,

that a fast and global target pdection approach can enable the generation of hypothesis for
experimental work Furthermore, it is crucial to extend the study of SRNAs in model organism
to a metagenomic scale. In the natural environment, microorganisms do nanligelation
instead they are found in communities in which they interact to form an environmental
response.lt is estimated that laboratory culturing techniques provide information on less
than 1% of the bacterial diversity in a given environmental sample (Torsvik et al). 1990
Integrative -omics approaches can give insights into genes, RNA molecules, proteins and
metabolites present in an entire microbial community that take over a particular function in
the environment. Novel sequencing methods based on sRNAs present irety wdiuman
samples provide insights into the bacterial diversity of patient samples. This is a promising
tool for the analysis of the entirety of the SRNA content as well as the microbial sample profile

(Mjelle et al., 2020).

Metatransciptomic datasets from the ocean have revealed the abundance of sRNA
molecules present in a microbial community and have highlighted the importance of bacterial
SRNAs in processes such as carbon metabolism and nutrient acquisition (Shi et al., 2009).
These sRNAsese identified as part of a pyrosequencing study of total RNA extracted from
the Hawaiian ocean. A large fraction of sequences identified irsthdy shared no homology

with known proteins and many were identified to be novel SRNA sequences. A secdpd stu
identified an abundance of sSRNAs from an extremophilic microbial community in the Atacama
Desert (Gelsinger et al., 2020). Predicted targets for these sRNAs were genes involved in

osmotic adjustments to major rain events in the desert as well as nutaequisition which
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further underpins the importance of SRNAs in the community stress response in the natural
environment. Community studies like these two are important contributors to undogéne

vast number of sRNAs$n situ that are of environmental importance. Therefore,
metatranscriptomic studies of denitrifying communities in soil and aquatic environments
around model organisms such Bsdenitrificanswill be required to gain an insight into SRNA

activity in the environment and identify targets for future mitigatisinategies.

6.7 Concluding remarks

The work presented in this thesis has expanded our understanding of the importance of
SRNAs in regulating denitrification in the model denitrifierdenitrificansin particular, the
resultspresentedfor SRNAs 18, 36 and 39 have shown that the previously characterised sSRNA
DenR is not the only sSRNAHNndenitrificanso have an impact on XD emissions. Their targets
include a range of uncharacterised proteins which may well be important players in the
denitrification regulatory network. Furthermore, many potential novel regulators such as

NirR remain to be integrated into the far from comi@epicture of this regulatory network.

There are many avenues of future wadsulting fromthis researctand specifiexperiments
FNE RSAONAROGSR Ay (KS W5A & Odzkdrthe SRNAs &gl @héin 2 v &
targets remain to be characteris@dth the computational characterisation carried out in this
thesis forming the foundation of experimental wodhnd the study of the Pdenitrificans
transcriptome should be taken further to provide insights into sigma factor usage during
denitrification. Furthermore, the study of SRNAs implied in the biogeochemical nitrogen
cycle and the denitrification response specifically should be taken to a metagenomic level to
elucidate the key players in this respon3éis knowledge could provide targets for future
mitigation strategies to combat excessive nitrous oxide emissions from agricultural soils.
Given the increasing temperatures on Earth and the pressing nederfisation to provide
sufficient crops to sustain the growing world population, there is a desperate need for novel

approachesThere is still a lot more to be discovered and understbetore we can fully

16€



understand the regulatory switches underpinnidgnitrification, but first steps have been

made to facilitate future projects.
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9 Appendices

Appendix A: SRNARFTargesults for all SRNAs identified across thedenitrificangenome
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