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Samandrag

Dinitrogenoksid (NO) er den tredje viktigaste klimagassen ettep G@metan, og ezin

viktig bidragsyter til gydelegginga av ozonlaget. Global®tslipp er aukande, og

mesteparten av utsleppa som er knytt til menneskeleg aktivitet kjem fra denitrifikasjon i
landbruksjord. Denitrifikasjon er ein anaerob respirasjonsstrategi som finst hos mange
mikroorganismar. Fullstendig denitrifikasjon er eiagstis reduksjon av nitrat (NQ via

nitritt (NO2"), nitrogenmonoksid (NO) og dinitrogenoksid>(@ til dinitrogengass (N. Kvart

av reduksjonsstega er katalysert av ei gruppe denitrifikasjonsreduktaser, hgvesvis Nar og/eller
Nap, NirS eller NirK, Nor ogNosZ klade | eller klade 1l. NosZ er det einaste enzymet som er
kiend a kunne redusera® til N2, og det finst berre i prokaryotar. Bakteriar kan dermed tene

som soldatar i kampen mot aukand€®MNitslepp.

Det er fleire faktorar som verkar inn pa ein aniganes potensial for #D-reduksjon.
Det genetiske potensialet for denitrifikasjon varierer mellom organismar, og det er berre nokre
som har det genetiske potensialet feONeduksjon. Sjglv organismar som masZgenet
har ulike potensial for & vere sterN.O-sluk, som mellom anna kan vere grunna metabolsk
regulering. Ei slik regulering vart oppdaga i ein studie av bradyrhizthramer som hadde
det genetiske potensialet for komplett denitrifikasjon, men berre iNajofor dissimilatorisk
reduksjon awitrat. Under kultiveringar med bade nitrat ogO\tilgjengeleg reduserte cellene
nesten utelukkande®. Den komplette denitrifikanteParacoccus denitrificansned bade
Nar ogNapfor dissimilatorisk nitratreduksjon, viste ikkje denne preferansen for Ret
vart hypotetisert at dette kom av ein elektronkonkurranse méiap@ og bg-komplekset,
som donerer elektron til hgvesWsapog NosZ. Det vart fgresladd atidomplekset var ein
sterkare konkurrent for elektron eNap, i tillegg til at NosZ klade kunne fa ekstra elektron
fra proteinet NosR. Dette farte i falgje hypotesa til at celleneMagsom einaste

dissimilatoriske nitratreduktase utviste ein stepOMeduksjon.

I mitt arbeide har eg studert denitrifikasjon i fire bakteriestammer. Tséaavmene,
fra slektaThauera haddeNapsom einaste reduktase for dissimilatorisk nitratreduksjon,
medanPseudomonas stutzeliM300 hadde badeapog Nar. Alle stammene var komplette
denitrifikantar. Gjennom detaljert overvaking av gasskinetikken tiltdgserande celler har
eg vist at elektronkonkurransen melldéapC og bg-komplekset truleg er eit generisk
fenomen funne i fleire slekter. Resultata mine indikerer og at t@¥#n som er involvert i
denitrifikasjon er essensiell for utfallet av elekikonkurransen, og at NosZ klade | har eit



sterkare potensial for & motta elektron enn NosZ klade I, truleg grunna elektrontransport via
NosR.

Komplette denitrifikantar meNapsom den einaste dissimilatoriske niratluktasen
er verdfulle kandidatar fai redusere utsleppa ay®!fra jord. Jordmikroorganismar lev ofte
med sveert avgrensa tilgang pa naering, og vi veit lite om korleis dette paverkar utfallet av
denitrifikasjon. Arbeidet mitt har derfor inkludert gassovervaking av denitrifiserande celler
somvar svelta for karbon. Resultata var optimistiske for bruk av mikroorganismar for &

redusere BD-utslepp, og viste at sjglv svelta celler kan vere stegke k.



Abstract

Nitrous oxide (NO) is the third most important greenhouse @fésr CQ and methane, and it
serves as an important destructor of the ozone layer. GleaéMissions are rising, and
most of the anthropogenicc® comes from denitrification in agricultural soils. Denitrification
is an anaerobic respiratory pathwayridun many microorganisms. Complete denitrification
is the stepwise reduction of nitrgteéOzs’) via nitrite (NO2), nitric oxide(NO) and nitrous

oxide (N20), to dinitrogen gas (M. Each of the reduction steps are catalysed by a group of
denitrification reductaseslar and/omMNap, NirS or NirK, Nor and NosZ cladel or clade II,
respectively. NosZ is the only enzyme known to reduge té N, and it is only found in
prokaryotes. Bacteria can therefore serve as important soldiers in tleealaitist increasing
N20 emissions.

7KHUH DUH VHYHUDO IDFWRUV WKDW FR@rductichX WH WR
The genetic potential for denitrification varies between organisms, and only some carry the
genetic potential for pO reduction. Een organisms that carry thesZgene have different
potentials to serve as strongNsinks, which can be due to metabolic regulation. One such
regulatory mechanism was discovered in studies of bradyrhizobial strains which carried the
genetic potentialdr complete denitrification, but hadapas the only reductase for
dissimilatory nitrate reduction. When cultivated in the presence of b@haNd nitrate, the
cells reduced PO almost exclusively. The complete denitrifltsracoccus denitrificanswith
both Nar andNapfor dissimilatory nitrate reduction, did not show this preference $@.N
This was hypothesised to be due to an electron competition bellap€nand the be
complex, which donates electrondNapand NosZ, respectively. The lcomplex vas
proposed to be a better competitor for electrons, and it was proposed that NosZ clade | got
additional electrons from the protein NosR. This was hypothesised to cause the preferred

reduction of NO in cells withNapas the only dissimilatory nitrate nectase

In my work, | have studied denitrification in four bacterial strains. Three strains, from
the genug hauerahadNapas the only dissimilatory nitrate reductase, wheRssesidomonas
stutzeriJM300 had botitNapand Nar. All strains were completerdtrifiers. Through detailed
PRQLWRULQJ RI WKH FHOOVYT JDV NLQHWLFV GXULQJ GHQLW
competition betweeNapC and the becomplex is likely a generic phenomenon found in

several genera. My results also indicate thatNbsZ clade involved in denitrification is



essential for the outcome of the electron competition, and that NosZ clade | has a stronger

potential to receive electrons than NosZ cladikiely due to electron transport via NosR.

Complete denitrifiers wittNapas the only dissimilatory nitrate reductase are valuable
candidates for mitigating 40 emissions from soils. However, soil microbes live under
conditions with limited nutrients available. Very little is known about how this affects the
outcome of deiification. My work therefore included gas monitoring denitrification from
cells that were starved for carbon. The results were optinngticregards to using
microorganisms to mitigateJ® emissionsand showed that even starved cells can serve as

powerful NO sinks.
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1. Introduction

The microbial respiratory pathway of denitrification is a globally important processmand
important source of the potent greenhouse gas nitrous oxi@®. (INis an important part of

the nitrogen cycle, where biologicaliyailable nitrogen (nitrate, NQ is reduced to

dinitrogen gas (B, viathreeintermediatesDenitrification happens frequently in soils, and
contributes greatly to the large® emissions from the agricultural sectenitrification is

also exploitedn wastewater treatments as one ofrtherobiological processassedto

remove ammonia from wastewateilowever, because denitrifiers can accumula®,Nve

must take care when selecting species for industrial use. An evaluation must be made based
on gendts, the regulation of denitrification and the accumulation of intermediates. Many of
WKH 3SNQRWYV DQG EROWV™ RI GHQLWULILFDWLRQ DUH NQRZ(
discovered, and the variation between denitrifiers is vast. In addition tavéhisardly know
anything about howeallife challenges, such as fluctuations in carbon availability, affects the
regulation of denitrification. The leading belief today, according to my knowledge, is that
denitrifying cells under carbon limitations arecusce of NO, but this belief is based only on

a single study. It is crucial that we learn more about how cells under more natural conditions
denitrify, as this will have implication for mitigating8 emissions from both agricultural

and industrial secter

In this thesis | will attempt to answer several questions regarding denitrification. | will explore
a mechanism found in sevekmbdyrhizobia with a certain denitrification genoty(be 7)

which seems to make the bacteria excellent at reduci@gdNo>. Is this mechanism found

only among théradyrhizobia, or is it found in other bacteria that have the same genetic
potential? My studies will include strains of the gefbauera which are soil bacteria that
arealsoabundant in wastewater treatmef@} | will also explore how some bacteria are
affected by carbon starvation. How do the cells cope with a sudden lack of carbon? Will
starved cells exhibit the same denitrification phenotypes adedetells?To be abé to fully
understand the importance of this research, and to understand the results, | will first present
the overhanging threats ob®-emissions and what might be done about thigll then

delve into the bacterial world to study the mechanisms oftd&cation and some starvation

strategies.



1.1 Nitrous oxide- the forgotten threat

Nitrous oxide (NO) is perhaps best known as laughing gas, but it is also the third most
important anthropogenic greenhouse gas, afterd®@ methane (CH (9, 10) Eventhough

the annual anthropogenic emissions eDNare lower than those of GAN2-O has a heating
potential that is 26298 times larger than that for (@ a 100 years perspectiy&l). This is
partly due to the long lifetime (16020 years) of BD in the atmospher@0, 12) In addition,

N2 LV WRGD\YfV PRVW LPSRUWDQW FRQWULBXMRQ WR WKH C
emissions continue as they are today, and no new methods for mitigation are implemented,
the NO emissions are estimatemlalmost double by 2050, compared to the levels in 2005.
This means that emissions would increase from 5.3 M per year (2002010) to 9.7 Tg
N20-N per year by 2050, or from 3.3 Gt @@quivalents per year (in 2020) to 4.5 Gt£0O
equivalent per yeani2050(10). If greenhouse gas emissions are not reduced, we will not
reach the goal of a mean temperature increase @ {18), and this will have dramatic

global consequencé€9, 14, 15)To increase our chances of reaching1eC goal, efforts
needto be made in the sectors that are responsible #0rd¥hissions, which among others

include both the agricultural sector and the wastewater treatment sector.

The most important source of anthropogeni©ONs agricultural activitie§10, 16) which are
estimated to be responsible for 66 % of annual anthropogenic emi§sii)nshe need for
biologically available nitrogen for food production has increased with a growing world
population, and the invention of industrial nitrogen fixationproduction ofsynthetic
fertilizersmade it possible to meet this need. Between 1860 and 2005, the creation of reactive
(available) nitrogen increased from ~ 15 Tg N per year to 187 Tg N pefly®awhich to a

large extent has been used for synthetic fertilizersudtnl nitrogen fixation is therefore one

of the most important sources of reactive N entering terrestrial sy&i&n©ver the same
period global soil MO emissions increased from 6.3 TgONN per year to 10 Tg #D-N per

year. MineralN-fertilizing is estimated to be responsible for 54 % of the increase in terrestrial
N2O-emissiong19), and the relationship between N input to soils ap@ Bmissions is

believed to be nehinear, and possibly exponent(@d0, 20) Other sources of reaet N are

manure, crop residues and biological nitrogen fixation, especially by legumes in symbiosis



with bacterialn soils, NO is emitted primarily from the processes of denitrificafibnb, 19,
21)and as a byroduct from nitrification(4, 5)(see Bx 1).

Box 1: The nitrogen cycle

The nitrogen cycle is a major biogeochemical cycle, driven mainly by microbial activitie
Nitrogen is vital for life, but exists mainly as M the atmosphere, unavailable for most
life forms. Nitrogen is made available through nitrogen fixation. Biological nitrogen
fixation (Reaction 1 irFigure 9 can only be performed by prokaryotes, that are free livin
or living in mutualistic relationsps with certain plant familie®radyrhizobumis one of

18 genera in the bacterial groopllectively calledrhizobia, which are often found in
nitrogen fixationsymbioses with legumes. Fixed nitrogen exists ag"Nathd can be
incorporated into biomasH.can also be oxidized to NQin the aerobic process
nitrification (Reaction 2)Further reactions in the nitrogen cycle inclutigsimilatory

nitrate reduction to ammonium (DNRAReaction 3)anaerobic ammonium oxidation to
N2 (anammox)Reaction 4and denitrification(Reaction 5)In the anaerobic process
denitrification, nitrogen is brought back to the atmosphere as nitrogen containing gass
(NO, NO and N). Denitrification is regarded as the biggest source @) k the nitrogen
cycle (1-3), but N:O is also released from nitrification, as agmpduct. Nitrification is an

important source of YD in wastewater treatment syste(isb).

N
O,
N.O ®
o
NH;* — Organic matter
NO ®

NO;s

Figure 1: The nitrogen cycle.The microbial processes of the nitrogen cycle. (1) Nitrdgetion.
(2) Nitrification. (3) Dissimilatory nitrate reduction to ammonium. (4) Anaerobic ammonium
oxidation, where N@ and NH* are converted to N (5) Stepwise denitrification of Ngto Ne.

(Created with BioRender.com)



Wastewater treatment plan@VWTP) are responsible for 3 % of anthropogeni® N

emissiong10). One of the main goals in WWT technology is to remove nitrogen from
wastewater. This is often dobg using a combination of nitrification and denitrification, by
which most of the ammonia is transformed to a nitrogen containing gas, whetéaised
Nitrification and denitrification are considered the main sources©ffom WWTP(4).

Therefore, mre knowledge on these processes are needed to efficiently remove nitrogen from
waste water while reducing greenhouse gas emis@2a)s

Both the wastewatendustries and the agricultural industries face challenges when it comes
to handling nutrients (in this case nitrogen) and reducing greenhouse gas emissions. Solving
these challenges is crucial for the future of Planet Earth as we know it(idgaly we are to
maintain a safe environment for future generations, we must take actions. Even if CO
emissions decline as predicted, the annual emissiongaM predicted to continue to
increasg23, 24) and new mitigation options must be foyd@, 24) Luckily, new mitigation
options are under developm€@b), and if they are implemented, we can stabilize the
atmospheric levels of 4D (10).

1.2 How can we use microorganisms to battle ) emissions?

If a collective job is done to mitigatex@ emissions we may be able to redtloeannual
emissions by 2050, and stabilize the atmosphericde¥él>O at 346350 ppm(10). If this is
accomplished, from 2014 to 2050 we will have avoided emissions of 220-NNber year,
or 57 Gt CQ-equivalents fiese numbers will of course look a little different now in 2021)
(10). Several strategies must be implemensed)e of which should aim to reduce the
greenhouse gas emissions from food produdtidn We can use microorganisms to battle

N2O emissions fronseveral sectors, especially agriculture!



Prokaryotes are important soldiers in the battle to redu@eelissions because they are the
only group of organisms were the enzyme NosZ is found. NosZ is the only enzyme that can
reduce NO to harmless B({more on this irChapter 1.3 Many prokaryotes are salivelling
bacteria, and can therefore play an important role in reduci@geiissiongrom

agricultural soils. However, only some prokaryotes carnnteZgene Moreover, the

organisms may naxpress the enzyme under all conditionstte enzyme may have a

reduced efficiency. This is a core problem when finding mitigation options that are based on
microbial activities. We need to know more about the factors that control the production and
reduction of NoO in prokaryotes. Many of these factors lie hidden in the regulation of
denitrification at different levels (genetic, transcriptomic, and metabolic). It is therefore
crucial that the mechanisms and regulatory processes of denitrification are adeeitond.
Research has already revealed that pH plays an important rol® ienhNssions, as NosZ is

not assembled correctly under pH below ~@%8, 26) Soil liming and the use of biochar has
therefore been proposed as mitigation options to incredsgHaand thus reduce
emissiong25, 27, 28)

Research has been done to see if it is possible to engineer the soil microbiome by inoculating
soils directly with efficient MO-reducers. This could be bacteria that perform complete
denitrification or bacteria only capable of reducingdNo N> (25, 29)(more on

denitrification inChapter 1.8 The bacteria can be enriched in organic waste matihane
production called digestates. The digestates are rich in nitrogen and phospthatndre
used as fertilizers in agricultural sof5, 29) This would secure a repeated inoculation of
effective NO reducers into agricultural sojlas it has been shown that inoculation of
microorganisms to soil must be repeated to obtain a sigrif¢tectt (30, 31) Recent
research has demonstrated that select€drdducers can be inoculated into sterilized
digestates, and that the®lemissions from soils treated with such digestates are reduced
(29). However, the use of digestates is not the ordgulation strategy that has been

explored.



The possibility of inoculating legumes with efficieni®ireducers and Nixers as a strategy
to mitigate NO emissions from legume crops is under developnidter a season of
cultivating legumes is ovethe plant residues and root nodules (housing the bacterial
symbiont) are degraded in the soil. This process releasgs Which is oxidized to N@ and
NOs™ during nitrification (see Box 1). The nitrifying bacteria consume oxygen, causing
anoxia. Denitrifying bacteria can then reducesN® nitrogen gasses. Both nitrification and
especially denitrification can be important sources 69 Nvhich makes the degdation of
legume residues a potentially large sowth20 (32, 33) Many commercial bixing

strains used for legume inoculation lack tlesZgene, and therefore contribute to this effect
(25). Field studies have shown that inoculating root nodul#sefficient NbO reducers can
reduce postharvest emissiong32). This could be a promising option for mitigatingO\

emissionswhile ensuring an effective biological fixation of nitrogen.

If the mitigation options present@athis chapteare to besuccessful, more knowledge is
required on the mechanisms of denitrificat(@4). We will now dive a little deeper into the
process of denitrification and how it is regulated before we turn to see how bacteria can deal

with conditions they meet in naturahvironments.

1.3 Denitrification

In the absence of Dmany microorganismsan secure energy production through the
anaerobic respiratory pathway of denitrificati&@mergetically, this is the second most
favourable type of respiration, exceeded only by oxidative respiration. Denitrification is found
in many facultative anaerabbacteria and archaea, and in some fungal spEgis It is

defined as the reduction of N@o NO (34). However, in this thesis, complete denitrification

is defined as the fotstep reduction of nitrate tooNFigure 2). The denitrification steps are
catalysed by four groups of denitrification reductases, whose cellular orientation is illustrated
in Figure 3. Many organisms are not complete denitrifiers, and lack one or several of the

denitrification reductases.



Nar/Nap NirS/NirK qNor/cNor NosZ clade I/I1

NO;

Figure 2: Complete cenitrification. Complete énitrification can be summarized in four steps. The catalytically
active reductases are noted above the arrows. For the first three reactions there are different reductases that can
catalyse the reaction. The reduction eONo N, can only be performed by one enzyme, NosHich is divided

into two clades, clade | and cladeMNO; and NQ are soluble in liquid, whereas NO,®land N are gasseat

physiological temperatures

Nitrate reductase: Thedissimilatoryreduction ofitrateto nitrite is catalysed byhe
dissimilatorynitrate reductaseNar and/oNap. Periplasmic nitrate can be reduced to nitrite
by the periplasmic enzyme compleapAB, expressed from theapgene clustenapEDABC
(5). NapA has a [4FedS}centre and a molybdenium cofactor, whedagB is a cytocrome
(2, 5). NapAB receives electrons from the membrane boNa@dC, which in turn gets

electrons from oxidation of the quinol pdske Figure) (5).

Nitrate can also bdissimilatoryreducedoy NarGin the cytoplasm. Nitrate is first detected
by nitrate sensors, activating nitrate transport through the membrane via the transporters
NarK1 and NarKZ5, 35) Thedissimilatoryreduction of cytoplasmic nitrate is catalysed by
the membrane bound nitrate reductase complex Nar&idbded from the genestime
operonnarGHJI. NarG is the catalytic subunit of NarGHI, and is located inside the
cytoplasm. It contains a molybdenium cofactor in its active site. NarG receives eléainons
the oxidation of the quinol pool, via Narl and NaffHgure3). The electron flow from Narl is
mediated through two hembdo NarH. Further on, the electrons are transported through Fe
S clustergb). The flow of electrons from the membrane to thplasm is associated with a
translocation of protons, creating @ectrochemical gradient across the membrane which is
utilized for ATR-synthesig5).



Nitrite reductase: Dissimilatory nitrite reduction takes place in the periplasm (gram negative
EDFWHULD RU LQ WKH 3SHULSODVP (8bl Nitite i¥ Baddpbtted UDP SR\
out of the cell after cytoplasmdissimilatorynitratereduction(in cells were tis takes place).
Nitrite is transported out via the NarK2 transporter, which is a nitrate/nitrite antif@yterd
reduced to NO by nitrite reductase, NIRgure3). This is the step that defines

denitrification, as it leads to the production of a rg&n containing ga@4, 36) There are

two isofunctional versions of NIR, encodediyS andnirK, and denitrifiers typically have

only one of them. However, some organisms, sudPsaadomonastutzeriJM300, are

reported to have boi87). nirk encodes a homotrimer with a copper centre (CuNIR),
whereairS encodes a homodimer with a cytochrocde (cdiNIR) (5, 38) The electrons for
nitrite reduction are obtained from quinol oxidation by the cytochromedrplex, via
cytochromec (Figure3). During the oxidation of quinones, protons are translocated across the

membrane to the periplasis).

Nitric oxide reductase: The reduction of NO is crucial to the cell, as NO is a radical and
therefore a potent toxitNO is reduced to PO by the membrane bound nitric oxide reductase,
NOR (5). It is a heme copper oxidase, and there are several versions of it. cNor has two
subunits, NorB and NorC. NorC is a typeytocrome, and delivers electrons to NO reduction
via the cytochrome hcomgex (Figure3). The electrons are passed vib-ype heme to the
binuclear centre in NorB were the catalytical site is fo{@nd4) gNor has two functionally
redundant subunits that receive electrons from the direct oxidation of the quin{fFigooé

3) (1, 34) A third version of NOR has also been described. It is a dimer called gCuANor, and
can receive electrons both from the quinol pool and from alugo®ec (1, 34) The

reduction of NO to MO is not associated with proton translocatibn5)

Nitrous oxide reductase:The last step in denitrification is the reduction @ONo Ne. Only
one enzyme, nitrous oxide reductase (NosZ), is known to be able to reduce this potent
greenhouse gas toMNnd it is found only in prokaryot€34). NosZ is a mliicopper enzyme
that is either membrane bound (graositive bacteria) or periplasmic (gramgative
bacteria)5). The functional enzyme is a homodimer, the product ohtdsZgene(39). It has

two copper centres (zand Cu with 4 and 2 copper ionsgspectively) in each monomé,



39). The entire dimer has 12 coppens(34). Electrons are obtained from the cytochrome bc
complex, via a cytocrome(Figure3). One electron is transferred throughaGoa Cuz, were

the reduction of BD occurg5, 34, 39) The distance from Guo Cuw in each monomer is 40
A, which is too long for efficient electron transfer. The monomers are therefore arranged
headto-tail which reduces the distance for electron transfer to (894 thus ensuring

efficientelecton transfer

The NosZ protein can be divided into two groups, termed clade | and clade Il. They
differ in their architecture and secretion from the cytoplasm to the periplasm. Clade | proteins
have the two domains (&@@and Ci) as mentioned. The proteinggported into the periplasm
via the twinrarginine translocation pathway (TApathway)(39). The operon of clade | Nos
also includes the gemmsR whichlikely plays a part in electron donation to No§E, 7, 40)

Clade Il proteins include a third domamg¢ytochrome. These proteins are transported by a

Sec transloco(B9), and are not associated with the NosR protein.
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Figure 3: Denitrification reductases and electron pathwaysThe denitrification reductases are located either
in the membrane or in the periplasm (gram negative bacteritge figure, he different reductases are colour
coded based dthe reaction they catalys€he only exception is the two nitrate reductdsasandNap. These
have different colours because the distinction between them will be important later in this thesis. Coloured
arrows indicate a reductive step in denitrificatiBrack arrows indicate the electron fleto the different
reductases, eithelirectly from the quinol pool (QHAQH) or via the cytochrome bcomplex.The dashed
arrow represents the hypothesised electron flow from NosR to NosZ clHude dircles lined with red represent
small electron shuttle proteins, such as cytochrori#ectrons to the quinol pool originate from the oxidation of
NADH, which is provided from catabolic reactions such as the -T¢#e. The NO reductase qCuANor is not
included. The figure is heavily inspired by the works of Shaplé&ghand Mania(7). Creded with

BioRender.com.

1.3.1 Regulation of denitrification

The expression of the denitrification reductasesaisscriptionallyregulatedvhich is seen as

a safeguard against accumulation of toxic intermediates @@ NO)and as a way teecure

that the most energetically favourable metabolism is udedever, the control mechanisms

YDU\ EHWZHHQ RUJDQLVPV OHDGLQJ WR YDUIRXYV 3GHQLWL
the regulation is not strict enough, el mighwW 3ZDVWH™ HQHUJ\ E\ HISUHVVLQ.
denitrification proteome when oxygen is abundant. However, if the regulation is too rigid, the

cell might be trapped in anoxia without sufficient energy to express the denitrification
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proteomeA poor regulation of denitri€ation can lead to the accumulation of NO to

concentrations that are toxic for the cell.

The regulation of denitrification is an important factor in determining whether an
organism is a source or a sink ofON The regulation varies between species amdhst and
has been studied in some model organisms. Although no universal regulatory mechanism has
been found1), it can be divided into layers that are shared between organisms. Regulatory
signals from the environment, most importantlyad NO, are detected by regulatory
proteins(1, 42, 43) The regulatory proteins may vary between different organisms, but many
belong to a family of transcriptional regulators called the &rpfamily (1, 43) The
regulatory proteins control the expressof the denitrification reductases, of which many are
substrate regulated as wéll 43) Because of the large variation in denitrification regulation
mechanisms, | will present the regulatiorPiseudomonas stutzexs an example, illustrated

in Figure 4.

The most important environmental signals that regulate the onset of denitrification are oxygen
levels and respirable-Nixides, especially NQL, 42, 43) Both of these signals are needed for
the onset of denitrificatiof¥3). The Fn¢factors FnrD andNR respond to the availability of

O, and activate the transcriptionmaf andnor if Oz-levels are low(43). DNR will also serve

as a transcriptional activator wir andnor in the presence of NQ@), but will inhibit the
transcription of thear opewon (1, 43) The activation ohir andnor are tightly connected,

and the reduction of nitrite and NO are thus highly dependent on one aftiikas. essential

to ensure the efficient reduction of the toxic N@e reductions of nitrate and®, on the

other hand, are independent of the other denitrification $4&)sThe presence of nitrogen
oxides also plays an important part in regulatiegitrification. NO is already mentioned
through its effect on DNR. NO will also activate the transcriptionio&ndnor directly, and

can induce the transcription 0wbsZ(1, 43) The increased transcription mf leads to a

positive feedback loop, mwhich more nitrite is reduced to NO, which will continue the
activation ofnir andnor, thereby securing the detoxificationmfrite and NO to NO. nir is

also activated through the presence of nitrite, which in addition activates the transcription of
nor andnosZ(43). The transcription afiosZin P. stutzeridepends on the enzyme NosR,

which may also be involved in electron transfer to N@sZ0, 43) Apart from this, the

transcription of NosZ is independesftthe presence dfitrateand NO (1, 29,43). Nitrate is
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alsoplays a role in regulatindenitrification, and activates the transcriptiomaf through
NarXL proteins(1).

Environmental signals Low O,
v
Regulatory proteins FnrD DNR
I

' » NosR
Denitrification J_ i l
reductases /\‘ Nar /N Nir Nor NosZ
Substrates NO; —» NO; ——» — —» N;

| t t

Figure 4: Regulation of denitrification in Pseudomonas stutzeenitrification inP. stutzeris controlled by

several factorstthe availability of @ and NO being the most important. When oxygen levels are low, the Fnr

factors FnrD and DNR are activated, and regulate the transcription of denitrification genes. Activation steps are
marked as arrws, whereas inhibitory steps are marked withanupd®e Z2Q 37" 7KH GLIITHUHQW UHJXO|
factors (both transcription factors and substrates) are coloured, and the arrows that show what stgpdateey

are given the same colour. (Created with BioRelcden)

These are the main principles of the regulation of denitrification, but there are many other

factors that contribute to different denitrification phenotypes between different organisms.

1.3.2 Denitrification regulatory phenotypes

Differentdenitrification phenotypes are important to consider when discussing
microorganisms as sources or sinks feDNThe different phenotypes can be caused by
different factors on the genetic, transcriptional, and metabolic level. Many organisms lack the
nosZgene, and are thus important sources £ .NDther organisms possesssZ either as

the only or one of a few denitrification reductases, or as part of the settioédenitrification
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genes These organisms may be important sinks fgd NHowever, everhbugh an organism
hasnosZz it may not be able to express the functional protein or use it efficiently. This will
lead to no MO reduction, or a less effective® reduction. Understanding denitrification
phenotypes and why they differ is thus of greanisicance when finding ways to mitigate

N2O emissions.

Many organisms are fufledged denitrifiersywhich can reducaitrateall the way to N.
However, many organisms have truncated denitrification path(@dysThey may lack the
genetic potential to perform complete denitrification, and have other end productsthan N
(34, 44) Studies by Lycus et #4) revealed isolates with different dérfication pathways

in soils, which was summarized in a figure that is reprinted eégere5). The study found a
high frequency of organisms with other end products thabdth in soils of neutral and low
pH (44).

pH 3.7 soil

ECL .9 seriesB | seriesC
Full-fledged 0 1
NIR, NOR, N,OR 0 3
Only N,OR 1 0
NA.I}:ggR', NO, and NO, reduced 0 2
NAR, NIR, NOR 2 0
NIR, NOR 4 4
NAR, NIR 0 0
Only NIR 2 0
Only NAR 13 1
DNRA 1 0

Figure 5: Denitrification phenotypes from soils. The figure is reprinted from Lycus et(@4). Organisms
were isolated from two different soils (high and low pH) and grown in pH 7.3 or pH 5.7 (series B and C,
respectively). The isolates are classified based orperdlict analysis (coloured bars). The denitrification

reductases required for each group are shown in the left column.
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The studies by Lycus et @4)revealed that denitrifienwith the potential for complete
denitrificationshowed different regulatoryhpnotypes. This was also found in a different
study of eight strains afompletedenitrifiers from the genuBhauera.The Thauerastrains
showed two different strategies on handling the onset of denitrificgignSome of the
strains startedenitrification before oxygen was depleted, and produced NO,axd N
successively. In these strains, no accumulation of nitrite was observed, and all the nitrite
produced througHdissimilatorynitrate reduction was quickly reduced to NO. This phenotype
was termed Rapid Complete Onset of denitrification (R@@@) The other strains showed a
phenotype in which all the nitrate was first reduced to nitrite, which accumulated, before
nitrite was further reduced to NO. This phenotype was named a ProgreaseteoD
denitrification (PO)41). The two groups showed a different transcriptional regulation of
denitrification. Organisms with the RCO phenotype showed a transcriptiorSaEndnosZ

at an early stage when oxygen was still present. Organisms wiQtiplenotype showed no
transcription ohirS or nosZbefore all nitrate was reduced to nitrifl). This shows that
strains with the same genetic potential for denitrification, grown under the same
environmental conditions have different potentials fiing as strong pD-sinks. Organisms
with a regulatory phenotype such as the RPO can redifieet\an early stage in
denitrification and are therefore valuablgONsinks compared to organisms with the PO
phenotype.

Differences on the metabolic level alsiects the NO-reducing potential of strains with the
samepotential for complete denitrificatiorhis will be introduced in the next chapter, and

further studied in this thesis.
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1.4 An electron tug of war

Recent studiebave demonstrateaistrong preference forJ® over nitrate ira range of
Bradyrhizobiunstrains that carried a complete set of denitrification genes, when grown
anaerobically in the presence of botsCON\Nand nitrat€6, 7). This was also observed in a strain
of Thauera linalo¢entis (45) . Transcriptional analysis of the bradyrhizobia showed that the
transcripts of botimap (theonly dissimilatorynitrate reductase found in the strains) andZ
were presenturing NeO reduction ruling out that transcriptional regulation of these genes
was the cause of the observed phenofype/Nhen all NO was consumed, and the reduction
of nitrate had started, additionat® was added. This resulted in an instant switch were the
bacteria stded to reduce the added®(7). It was thus clear th&tapwas active during the
reduction of NO. It was therefore proposed that the preferred reduction@fwhs caused

by a competition for electrons, much like a tug of war, and that Nos receivederabty

more electrons thalNap (7). This was further suggested to take place in complete denitrifiers
with Napas the only dissimilatory nitrate reductase (from here on referred\tapesos
organisms), as the complete denitriffaracoccus denitrificansyith both Nar andNap
(organisms with this genotype are from here on referred to akld&organisms), reduced

nitrate and MO simultaneously6).

Nos may have had an additional advantage in the electron competition. NosZ clade I,
the nitrous oxide reductase found in bradyrhizobia, is associated with(8p3Ris
association waspeculatedo increase the competitiveness of Nakié to electron dations
to NosZ clade | via NosR. Thigas supported by the finding that the competition between
NapC and NirK was much more even than the competition betNee8 and NosZ7). As
both NirK and NosZ receive electrons via the-beamplex (Figure 3), it wagroposed that

NosZ was more competitive due to additional electron donations from NosR.

Further experiments showed that if the electron flow to the cytochronmeinplex, which
donates electrons to Nir, Nor and Nos via cytochrome c, was blocked, wiaiteduced

more efficiently. If an external electron donor (TMPD) was added, nitrate was also reduced
more efficiently(7). TMPD donates electrons directly to cytochroméhus leaving more

electrons available for dissimilatory nitrate reductionNégC. This led the authors to
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hypothesise that the observed phenotype was due to a comdetitabactrondetween

NapC (which donates electron tdapA) and the cytochrome bcomplex(7).

Bacterial strains with a preference fofQNovernitratecould serve as excellent sinks fosQ\
reducing both MO produced by themselves and other organisms. It makes them valuable
candidates for soil inoculations. However, we need megearch on how general this
phenotype is, and how it is affected by starvatidre studies donen thiselectrontug of war
areperformed on bacteria grown in carbon rich medium. However, néabghtssuch as
soils often have low levels of carbon, andny organisms in soils thus suffesm semi

stanationor starvation3, 46)

1.5 A life of feast and famine

There is a plethora of studies on starvation in bacteria, and there are many strategies that
bacteria can use to surviudpon starvation, wst cells reduce cell size and volume, either
through shrinking or fragmentation (cell division without growth), tiredcells often take on

a coccoid shapgl7). To reduce energy consumption, cells can lower their metabolic rates.
However, they must be aktie maintain a minimum of metabolic activity for repair of
essential biomolecules, the production of essentidépr® stabilizing mRNA transcripts and
to maintain a membrane potent{db, 47) In this section, | will give a more detailed
description of two strategies that can be used to handle starvation. | will also gresent

leading thoughts odenitrificationduring starvation.

1.5.1 Accumulation ofinternal carbon storages

One strategy that can be used to cope with starvation is the accumulation of
polyhydroxyalkanoates (PHA), oftém the form ofpolyhydroxybutyrate (PHBPHAsserve

as internal storages oérbon, and are found in more than 90 genera of bacteria, including the
genusThauera(8, 48) Experiments have shown that PHA/PHB can fill up to 80 % of the cell

dry weight inEsdericha coliandRalstonia eutrophavhen they are grown in a medium rich
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in carbon(48, 49) Starved bacteria can use their store of FH#B as a carbon source and an
electron donor for respiration, and may thus be able to maintain some metabolic activity

during periods of starvatioi@8, 50) Experiments with the denitrifidf. aminoaromatica

showed that the celldegradedstored PHB to acetyCoA, which entered the TGAycle and

provided reducing energy for the reduction of nit{&e The cellsused reduction energy to
accumulate PHB during periods where carbon was available, instead of reducing available
nitrate to nitrite(8) 7KLV VWUDWHJ\ R 3 S0d & Dhe&fowpd in ofRés srad UY D W
as well, and allows the cells to maintain a higher metabalisimg starvatiorthan cells

without this strategy.

1.5.2 Extremdy slow growth

Cells that lack internal carbon storages can survive starvation theatrgimely slow growth
Experiments on nesporulatingBacillus subtilusshowed the possibility of deep starvation
(46). The cells showed signs of lawetabolic activity, evident from the fact that they
maintained a membrane potentilhe cells showed noosvnregulation of genes related to
cell division, whichled to the conclusion that the cells were dividiegen thougmo increase
in CFUs was observdd6). The cells likely got nutrients from lysed cells, leading tather
constant number of living dsl Thisphenomenon, whictvas termed cryptic growtls likely

to occur in natural oligotrophic environmemisre nutrients are limiteg46). Many

denitrifiers dwell in oligotrophic environments, which may have implications for
denitrification. Howeverto my knowledge there is only one study that has focuses on how

starvation affects denitrificatiofb0).

1.5.3Feast, famine, and denitrification

The study, performed by Schalkte and colleague0), was performed omilcaligenes
faecalis adenitrifier with the genetic potential to reduce nitrite, but not nitrate;t8 Naecalis
showed an increase in the production e®Nluring starvation, as opposed to the production of
N20 when carbon was available. The increase@-production was ypothesised to be caused

by an electron competition between Nos on the one hand and Nir and Nor on th@&®@ther
Based on this single study, the current conception of denitrification during starvation is that it
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leads to increased2® emissions. This ctely needs to be verified by other studies on other
denitrifying organisms and should particularglude complete denitrifierfiavingthe genetic
potential to reduce nitrate tN

Increased knowledge on denitcdtionand NO redudion under natural conditions has been
called for by several studi€$, 22, 42, 51)and will be essential for the continued effort to
find microbial soldiers for the battle againstONemissions. Téa current knowledge gapsve
led a research group at TheMegian University of Life Sciences (NMBU) to direct their

attention to how a life of feast and famine alters denitrification outcomes.

Studies by this research group show #tedins from the genwradyrhizobiumwhich
carry Nap and NosZ but lack Nargtain their strongrefeence forreduction of NO over
nitrate(seeChapter 1.jafter20 hours of starvation (Gao and Frostegard, unpdisie results
whichdiffer from what was found iA. faecalisindicate that theserganismsnayact asstrong
sinks for NO under natural conditionsshere organisms regularly fageduced nutrient
availability. However, this is a mostly unexplored field, amore studieson a wider range of
denitrifying bacteriaareneededf we are to understand how datfitation is controlledunder
natural conditions. This will be valuable knowledgjsofor various engineered systersisch
as wastewater treatmegsiaintswherenutrient levels fluctuate. Another area under development
in newly started projects in our gnous single cell productiorusing denitrifying bacteria (L
Bakken and L Bergaustyvhere upscaling of fermenters often leads to large substrate
fluctuations This thesis will break mostly unexplored ground in the field of starvation and

denitrification in he search for a wider understanding of the subject.

1.6 Hypothesis

This thesis builds on théndings by Mania et al and Gao et @, 7) that denitrifying
bradyrhizobia can act as strong sinks feONTheyhypothesiedthat theobservedpreferred
reduction of NO over nitratas due tcacompetition for electrons between the electron pathway
to NapA via NapC and the pathway to NosZ \iae ba complex. Furthermore, they suggested

that thisphenotype is founoh other NosZcarryingorganismghat haveNapas the only enzyme
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complex fordissimilatorynitrate reductionThe present thesis investigates the validity of that
suggestion by detmining the denitrification phenotype in bacteria that are unrelated to
bradyrhizobia. | hypothesize that:

1. The electron competition betwe&map and Nos found in bradyrhizobia is a generic
phenomenon that exists in bacteria belonging to other subphylayhackl carryNap
and Nos but lack the membrabeund Nar.

2. The phenomenon is typical for bacteria haviNapand the clade | type of NosZ, since
NosZ can receive electrons from NosR in addition to from the@oplex. | do not
expect the same strong® reduction in organisms with the clade Il type NosZ, since
they lack the additional electron pathway through NosR.

3. I hypothesize that the strong preference fgdver nitrate as electron acceptoNisp-

Nos clade | bacteria will be retained undarbon starvation (electron limitation).
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2. Materials and methods

2.1 An incubation system formonitoring denitrification gas kinetics

The denitrification gas kinetics of the different bacterial strains wemr@toredusing a

robotised incubation system (from here on referred to as the robot systesigpedy

Molstad et a(52). The system consists of a water bath, in which vials thigHiquid bacterial
culture are placed, a gas chromatograph (GC) and a chemiluminescence NO &)\yaer
schematic illustration of the system is presentdéignire6. The headspace of the vials is

filled with He-gas and a desired volume of otlgasses (such as® and Q). A magnetic

stirring plate in the water bath, and magnets in the vials, secure a constant stirring of the
medium to minimize aggregation and optimize gas exchange between headspace and liquid.
Samples are taken from the headspaith an autosampler that pierces the rubber septum of
the flasks with a needle. The gas samples are passed through the GC and NO analyser, were
the amount of BD, O, N2, CO,, CHs (in the GC) and NO (NO analyser) is determiriEue

volume sampled from thheadspace is replaced with-ges(52).

He )
15ml min”

Y

Figure 6: The robotized incubation systemA sample from the headspace of the vials is taken with an
autosampler, which pumps an identical amount ofjg back into the vials. The gas sample is analysed in a gas

chromatograph (GC) or an NO analyser. The figure is taken from Molsta¢b&.al
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In addition to gas sampling, liquid samples can be taken manually to measure the
concentrations atfitrite andnitratein the liquid mediumNot more thari00 { is sampled at
several timepoints, usirgneedlethat has been flushed with H@as Analysing tle

concentrations of nitrate and nitrite is done by reducing/NiQ> to NO using saturated
vanadium chloride (VG) in 1 M hydrochloric acid or % w/v sodium iodide (Nal) in acetic

acid for nitrate and nitrite analysis, respectively. Thedé@centration is measuresing an

NO analyser, and a standard curvé ¥M.99) is used to find the nitrate/nitrite concentrations.
Nitrite is measured shortly after sampling, whereas nitrate, which is more stable, can be kept
at +20°C over night ON). If no accumulation of nitrite is observed, the concentrations of
nitrate can be calculated basgumass balance, explainedrigurel2. This is a more

credible alternative than measuring nitrate in the liquid.

2.1.1 Transforming peak areas into gas cono&ations

The concentrations dfeadspace gassae given as peak areas from the,@Gad are

converted to concentrations (ppmv) using an Eghekt (KINCALC)(53). KINCALC is set

with values of the solubilities of the different gasses, the transport rates between the
headspace and the liquid, and the molar volume of the g&3eBor these parameters to be
correct, it is of crucial importance that the temperatume: the pH for the experiment are

noted in the sheet. The KINCALC sheet allows the user to calculate the concentrations of
different gasses and their transformations. This is made possible due to three gas standards
that are always included in empty viaisthe experimentTablel). A response factor for

each gas is calculated by dividing the concentration of the gas in the standard, with the first
measured peak area of the gas. The response factors are used in addition with knowledge of
the volume of thélasks and the mediunin addition to the response factors, some parameters

must be set to obtain reliable data.

For the detection of XD, some robot systems use two detectEED and TCD. The TCD
detector has a large linear range, arttiesefore suitable for measuring high concentrations
of N20. It is, however, unable to detect low concentrations.Gf. Nhe ECDBdetector, on the

other hand, is very sensitive and can detect very low concentration®dkN.1 ppmv). The
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ECD-detector hasa very short linear range, and is therefore not suited for measuring high
concentrations of pO (53). A limit for when KINCALC is supposed to use EG@lues, and
when to use TCBalues is set(53). One of the robot systems often used in this work did not
have an ECBletector, and the limit was thus set to 0. However, the lack of ande@ator

is not a problem for experiments were high concentrations©fadxe used.

Table 1: Gas standards.Three different standards were used to calibrat&KtRN€ALC -sheet. All

concentrations are given in ppmv. Other trace gasses make up the missing parts of the standards.

Gas component Air standard High standard NO standard
02 210 000 >500 -

N2 780 000 >800 999 975
N20 0.58 150 -

NO - - 25

Co, 361 10000 -

CHs 1.84 10 000 -

He - The rest -

In the calculation of the KINCAL&heet, the sampling volume needs to be adjusted. For each
sample taken by the robot, there is a small leakage ah@®N into the flasksAdditionally,

some of the headspace gasses are lost during sampling. Settingpleslsasis done using

data from the air standard. The leakage from this standard is negligible due to the high initial
concentrations of £and N, but the sampling loss is not. The sampling volume is set to a
value which gives stable concentrations efa®d N over timewhen leakages are adjusted

for. The sampling losses are determined in the same way in the high standard, where the

initial concentrations of @and N are low(53).

The last important parameter to set is the zero offset value for oxygéswith actively

growing aerobic cultures are needed for this. As the oxygen concentrations in a vial reaches
minimal values, the peak areas measured by the GC will stabilise at a certain value. This is the
zero offset value for oxygen, which may vagnsiderably between different incubation
systemg53).
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2.2 Bacterial strains

The bacterial strains used in this wadn be divided into two genefBhauera

aminoaromatica S2, Bp. 27,T. terpeniceb8 Eu,T. DNT-1, T. linaloolentis47 andT. sp. 63

were first selected. These have previously been described with regards to their denitrification
phenotypdg41). | failed in growingT. aminoaromaticaT.DNT-1 andT. terpenicaand

therefore include®seudomonas stutzestrainJM300 (DSM 10701) ithe study. The strains
were either grown from stock cultures already available, or from purchased culturésdrom
German Collection of Microorganisms and Cell Cultui2SNZ). Liquid cultures were based

on single colony picks. All strains selected weoenpletedenitrifiers, with different
combinations of the denitrification reductases as presenfeabie?2. All strains carried the
genes for NosZlade |, excepT. linaloolentis whichhad the genes for both NosZ clade | and
clade 11(45). The Thauerastrains hadNapas the only dissimilatory nitrate reductase

complex, and will from hereon be referred td\&g-Nos organismsP. stutzeriJM300 had
bothNapand Nar for dissimilatory nitrate reduction, and is from here on referred to as a Nar

Nos organism.

Table 2: Denitrification genotypes of selected strainsft KH SUHVHQFH RI D JHQH LV PDUNHG ZL\

of Nor present in the itin is not included.

Strain Nar Nap NirS Nirk Nor NosZ
Thauerasp. 27 X X X X
Thauerasp. 63 X X X X
Thauera linaloolentis X X X X
Pseudomonas stutzeX300 X X X X X X

2.3 Medium and incubation conditions

Theinitial strains werelivided into two groups with regards to maaliand incubation
conditions.P. stutzerdM300,T. sp. 27,T.sp. 63 and . linaloolentiswere grown inSistrom$
minimal medium(Appendix A)at 20°C. T. aminoaromaticaT.DNT-1 andT. terpenicavere
grownboth inThaueramedium(Appendix A)(41) and in R2A mediuntAppendix A) at28

°C. The pH in all media was 7.5. These conditions were used for all experiments unless else is
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stated. The cultures were grown in 120serum flasks with 50 hiquid medum, covered

with aluminium foil. A teflon covered magnet in each flask and magnetic stirring plates in the
water baths ensured an even distribution of head space gasses into thm. B&dbo was

kept low, ~0.3 0.4 or ~0.15 for incubations of welfed and starved cultures, respectively

This was done to prevent the formation of local anoxic spots which could lead to the

formation of a denitrification proteome.

2.4 Preparing incubation flasks for gas kinetics experiments

Special incubation flasksere prepared for the incubation experiments in the robot system.
The flasks were the same type used for growing precultures; 128ram bottles with 50 m

liquid medium. For experiments where nitrate was used as an electron acceptem#&NO
added tolte medium. The flasks were sealed with butyl rubber septa and aluminium crimps,
to avoid gas leakage. The headspace gasses in the flasks were removed through a series of
evacuation and H#lling steps, referred to as a Heash. During the Havash, the flaks

were kept on magnetic stirring plates to ensure a homogenisation of the liquid/gas phase.
After the Hewash, the headspace in all the flaslesfilled with He-gas. The overpressure

was balanced out, and the desired volumes of other gasses weresiddedspecial gas

tight syringe. Before inoculation, the $k&s were kept ON to create an equilibrium between

nitrogen in the medium and the head space gasses.

2.5 Experimental designs

2.5.1 Gas kinetics for welffed cultures

Well-fed cultures wergrown in their respective media with a low @3- 0.4)for several
generations. The incubation flasks were premade with meditmi100 pmolKNO3z and 1

ml N2O (~ 90 umol)and 0.7 rhO. (~ 60 umol)in the headspace. The incubation flasks were
inoculated with a volume equalling 1f culture with OReo= 0.1(~ s& y & rcells), and
incubated in the robot system at temperatures suited for each stréh¢2@8°C). Liquid
samples for nitrite measurements were harvested during the firstdi@amsitrification.A

minimum of thregeplicatesvere used for eadineatment in the experiments
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2.5.2 Starvation bioassay

$ 3VWDUYDWLRQ ELRDVVD\" ZDV GHYHORSHG WR H[DPLQH W
electron donor limitation) on denitigation phenotypes. A buffer derived frctdfL VW URP {V
medium without any carbon sources was usadedium (Appendix A)Two strains P.

stutzeriJM300 andr. sp. 27) with complete denitrification pathways were compared. They

carrythe same type of Nir, Nor and Nos liiffer with respect to their denitrification nitrate
reductases. stutzeriIM300 has botNar andNapfor dissimilatory nitrate reduction, wiil

T.sp. 27 has onlilap(Table 2). The cells wergtarved aerobically for 20 hours before being

transferred to anoxic condition§he starvation workflow is visualised figure?7.

Aerobic, well-fed 20 hours aerobic Anaerobic
cultures starvation starvation
02 Wash x 2 02 N 20
Carboht Buffer
medium Buffer + KNO;
02 w“h X2, Combinedto Combinedto N 20
one cell one cell pellet
paliat Buffer
Carbon Buffer
medium + KNO3
Wash x2
0, N,O
Carbon Buffer Buffer
medium + KNO;

Figure 7: Starvation bioassay workflow.Cells werecultivated DHURELFDOO\ LQ 6LVWUWRPTV PHGLX
0.15, before being transferred to oxic buffers and starved for 20 hours. After starvation, the cells were transferred

to anoxic flasks with buffer and KN@&nd NO as electron acceptors. In the visualizati@iisdrom three

precultures are combined to one cell pellet through centrifugation, and equally distributed to three flasks with

buffer. This set up was used frequently, but four or five flasks were combined in one cell pellet in other

experiments, depentj on the total number of flasks in the experiment. Created with BioRender.com.
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Precultures of cellaere first grown aerobically in carbon rich medium, withdgy 0.15 for
several generations. Portions of culture were regularly transferred to new medium to prevent
too dense cultures and anoxic conditions, which would lead to de novo synthesis of
denitrification reductases. Several precultures were made. The @gitipellet from a

preculture was transferred to aerobic, carbon free buffer after undergoiitgtteeps seen

to the left inFigure?. The cells were centrifuggd 0,000 g, 15 min, 4C) and washed twice

with autoclaved ddikD. Cell pellets from di#rent precultures were combined to one cell
pellet. This pellet was resuspended in carbon free buffet flencell pellein the

combination, and equally distributed taxic incubation flasks with buffer (1 heell

suspension per flask). This ensurednlogeneity between the replicat&se cells werdept

at 20°C with stirring for 2021 hours. During this time, the cells were starved for electrons as

they performed oxic respiration.

After 20-21 hoursthecultures were centrifuged, and cell pellets wambined and
resuspended in buffer as described abovel. dethsuspension was transferred to premade
anoxic incubation flasksith buffer and electron acceptodQ pmolKNOs, 1 ml N2O). For
the incubations dP. stutzeri | was afraid of trapping the cells in anoxia, without sufficient
energy for the de novo synthesis of denitrification reductases. To give the cells a more gradual
transitionto anoxic conditions, | added a small volume of oxygen to the incubation flasks
(166 pl or ~ 7 umol)Liquid samples for nitrite measurements were taken when

denitrification started, seen as a reduction gdnd a production of N

After starving thecellsof T. sp. 27, the flasks were Heashed. This left the cells without
electron- donors or accepterl suspected that this would keep the cells inactivated ON,
before they were transferred to anoxic incubation flasks (100 pmokKN®@® N2O). Due to
the long period of oxygen reductionf stutzeri115hours) 6ee Figure 2), nooxygen was
added to the incubation flasks Bfsp. 27. Some oxyge@.3umol flask ) was still present
in the flaskspartly from the buffer used to resuspend the cell pelisnitrate samples were

taken, as the strain is reported not to accumuiigriée (41).
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2.5.2.1Providing starved cells with carbon

| wanted to examine hothe starvedcells responedto a sudden access carbon after a

period of starvation. This was examined in starved cels sfutzeridM300.Fourml of a

carbon solution containing the carbon sources found in MV WURP TV PHGUXP

! succinate, 0.001375 glthL-glutamic acid, 0.00055 gl L-aspartic acid, 0.00275 glth
nitrilotrioacetat¢ was added to three of the incubation flasks after ~140 hours of starvation.
This led to a slight pH decrease in the buffer from 7.5 to. A88itional N2O (0.5 m or ~ 43

pmol) was added to ensure that enough electron acceptors were present during the more rapid

metabolism that was expected to folldviquid samples for nitrite measurements were taken.

Three flasks oP. stutzeriJM300 were kept for a longer period ofrsttion. After being

starved according to the starvation bioassay (Figure 7)wheskept under anoxic

conditions for 19 days, with regular additions ofdN After 19 days, the septas covering the
flasks were replaced by aluminium foil, and the cellsengtarved under oxic conditions for
an additional 92 day#\fter a total of113 day=f starvation 100 umol KNQ was added to

the flasks, and they were heashedAdditional electron acceptors and donors in the form of
1 ml N2O and 4 rhcarbon solution was addedhichled to a small decrease in pH from 7.5

to 7.25. Liquid samples were taken for nitrite measurements

2.5.2.2 The transition from feast to famine

Due to the extremely slow metabolism observeR.istutzeriJM300, a new starvation
experiment waslesignedo study how the cells handi¢he shift fromwell-fed to carbon

limited conditions.The cells were grown in two different modified versions of\8i&) R P | V
medium, both with 0.08§ | -* succinate. One type of media contained thgliRamic acid
andDDVSDUWLF DFLG IRXQG L QI''&ahd/0NY R Préspedivel) wWhereas J
the other type lacked glutamic acid and aspartic acid altogether. This medium was used to
determine ifP. stutzeriJM300 depends atime extracellular availability of these twaimino

acids for growth. The shift to starvation wasdstéd using the robot system under oxc26

mmol G as electron acceptor) aadoxic(0.52 mmol NO as electron acceptadnditions

The cells were provided with 0.037 mmol succinate as an electron donor, which should
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provide 0.52 mmol electrons. Twice many electrons, 1.04 mmol, are needed to completely
reduce the electron acceptors. Thisseu@ ORZHG PH WR VWXG\ KRZ WKH FHO
affected by a sudden lack of electrons.

2.53 Determining the relationship between Olgoo and cell number

The relationship between @& and cell number (@lony FormingUnits (CFU)ml) was

determined foP. stutzeriJM300. A preculture was grown to @9= 0.54 and diluted with

0.9 % NacCl in a fivefold dilution series. Okxo of the differentilutions was measured and

100pl of thecultures that were diluted®57 and 5 times were spread on®L VW URP YV DJDU
plates (pH = 7.pwith a drigalski spatula. The plates were incubated aCatil visible

colonies appeared. Thredution series were made, and the plating of the dilutions was done

in triplicates. The number of CFUIwas used to determine the amounts of cells in the

original culture and the dilutions. A simple linear regression model was assumed, and a

regressionihe was fitted in Btudio (AppendixB).

2.54 Microscopic investigations of starved and welfed cells

To determinghe effectsof starvationon cell size,morphology,andinternalstoresof PHB in
P. stutzeriJM300andT. sp.27 cellswereexaminedusingconfocalmicroscopy Starvedand
well-fed cellswerecomparedaftergrowth bothunderoxic anddenitrifying conditions.

Well-fed cellsweregrownin SL V W UrkedruimvAerobic culturesweregrownwith vigorous
stirring up to an ODeoo betweerD.1and0.4. Anaerobicpreculturesveremadeby adding100
pmol KNOs to aerobiccultures He-washingtheflasksandadding0.7 ml O and1 ml N2O,
andleavingthemON. AerobiccultureswereHe-washedvithout addinganyelectron
acceptorsto preventfurthergrowthandpossiblyanoxicconditionsdueto increasectell

densites.

Starvedcultureswerepreparedasdescribedor the starvationbioassayFigure 7).

After 20 hoursof aerobicstarvation someflaskswereHe-washedand 100 umol KNOsz and1
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ml N>O wasaddedto inducedenitrification.The cultureswereleft for 4.5 +5 hours.The

othercultureswerekeptoxic.

All cultureswerefixed simultaneouslyCell culturesweremixedwith afixing solution(2 %
paraformaldehydpwt/vol] and2.5% glutaraldehydgvol/vol] in phosphatébufferedsaline,
pH=7.4)atal:1ratio. Thecellswerevortexedandleft for fixing for 1 houratroom
temperatureandlater ON at4 °C. Afterwards,the cellswerewashedhricewith PBSand

keptin 30 ul PBSat 4°C for four monthsuntil microscopy.

Thecellswerestainedwith 0.5l nilered (0.1 mg/ml) and0.5 ul dapi(0.5mg/ml),and
0.5l of eachsamplewasspreadntoathin layerof 1.2% agaros€Biorad,dilutedin PBS).
Themicroscopywasperformedby usinga ZeissAxioObservemicroscopewith ZEN Blue
Software.Microscopicimagesweretakenusingan ORCA-Flash4.0v2 Digital CMOS
camergHamamatsuPhotonics}througha 100x PCobjective. An HPX 120 Illluminator
(Zeiss)wasusedasallight sourcefor fluorescencenicroscopy.Theimageswereanalysed

usingthelmageJsoftware.

29



3. Results

The results presented in this thesis include a comparison of the denitrification phenotypes of
four bacterial straind(. stutzeriJM300,T. linaloolentis T. sp. 63 and'. sp. 27) that are all
full-fledged denitrifiers, but differ in the types of genes encoding the denitrification
reductases. Two strainB, stutzeriJM300 andr. sp. 27, were studied in greater detail and

their phenotypes and morphologies were compared wiewn with sufficient carbon source

(well-fed) vswith a lack of carbon source (starved).

3.1 Denitrification in well-fed cells

The denitrification phenotype of wefibd cells was studied for all fostrains (Figure 8 AD).
The strains belonging to tlgeenusThaueracarry the genes fddap as the only dissimilatory
nitrate reductase complex, thus lacking genes coding formMatutzeriJM300carries genes
for both Nar andNap. All four strains carry the genes for NosZ clade |, exdefinaloolentis

which carries genes for both NosZ clade | an@ #ble 2).
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Figure 8: Denitrification phenotypes in four denitrifying strains. 7KH VWUDLQYYV JHOQWLF SRWHQW
denitrificationsteps N@ reduction and BD reductioris shown in the top left corner of each figudl. strains

are complete denitrifier®. stutzeriJM300 carries both Nar amdap for dissimilatory nitrate reduction, whereas

the remaining strains only carlapas the dissimilatory nitrate reductase. All strains carry NosZ clade I, except

T. linaloolentis which carries both NosZ clade | and cladgHecells ZHUH JURZQ LQ 6LVWURPYV PHG
°C with vigorous stirringhroughout the incubation. The flaskdtially contained ~ 25 pmol £60- 90' umol

N20-N and ~ 100 umol N@. The concentratiaof O, NoO-N, N>-N and NQ- are given as pmdlask?® on the

left-hand axis, whereas the concentration of NO is given as nmofftasthe righthand axis. Standard

deviations are given as vertical bars (n = 3 for all cultures eXcapt 27 (n = 2)). Some standard deviations are

too small to be visible. The cycle timfs gas samplingaried between the experimeni$e kinetics vere

followed beyond the point wheedl N added to the system was recovered agktept for the incubation af.

sp.27 (PanelB). The incubation of. sp. 27was ended after alxogenoutN.O was reduced, and the reduction

of NOs had started.

1 The low concentration of #D-N in theincubation ofP. stutzeri{60 umol flask') waslikely caused by a low

partial pressure of XD in the syringeisedto transfer gas to the incubation flasks.
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Thefours strainsKigure8, A-D) showedsome differences in their denitrification phenotypes.
All the strainsrespiedoxygenat first, and @nitrification statdwhen oxygerwas close to
depleted~ 5 pmol flask?). At the onset of denitrification, all strs reducd N2O, which led

to an accumulation of Nn the flasks. However, the strains didin the reduction of

nitrate. BothP. stutzeriFigure 8 and 9 A) and. linaloolentis(Figure 8 and 9 Lreducel

nitrate and MO simultaneouslyThe two strainsontinuel to reduce nitrate once>N was
depleted.

In contrasto this, the reduction of nitratagged behindh T. sp.27 (Figure 8 and B) andT.
sp.63 (Figure 8 and 9 D Nitrate reductiowasseen towards the end of®l reductionn T.
sp. 63(Figure8 and Figured). When NO was depletedthe concentration of NN (~ 85
umol flask?) exceeded the N added to theteys as NO (~ 82 umol flask!). This indicate
thatabout 3 umobf the N-N arosefrom the reduction ohitrate. InT. sp. 27,0n the other
hand,no nitrate reductiomas seen before JO was completely depleted he incubatiorwas

ended before a#xogenously added was retrieved as N
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Figure 9: Cumulated reduction of NOs and exogenousN20 for four denitrifying strains. The cumulated
valueswerecalculated from the same dataset used to determine the denitrification pheiieiype=3). The
cumulatededuced MO (orange) awse from externally provided A, added initiallyto the headspace. The
cumulatededuced\NOs (green) consistdof all N from NG retrieved as B The reduction of exogenous®
N is calculated based on thedreduction rates from timepoint to timepoint. The production sNNnot
included here) iikewise calculated based on the-production rates from timepoint to timepoint. N@alues
are based on mass balance calculations were the difference betwiderddluced and MD-N reduced is

assigned to N@-reduction. This is shown in more detailRigure12.

Ideally, the gas kinetics should have been accompanied by analyses of the prot€ospe of

27 andP. stutzeriJM300, but the results could not be obtained. Even though the peptide
extractions for some samples were successful, the results weediaide (AppendidC). The
problems may be caused by the production of exopolysaccharides (slime). A more thorough

discussion of the proteome analysis and what went wrong can be foApgéemdix C.
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After determining the denitrification phenotypes of the four strains, more extensive research
was performed oifi. sp. 27 andP. stutzeriJM300. Themorphology of the strainsill first be
presented before | delve deeper into their denitrification and explore hgp\wahdlel

starvation.

3.2 A microscopical portrait of P. stutzeriJM300 andT. sp. 27

Cells of P. stutzerandT. sp. 27 from different treatmentsxic andanoxic starved and well
fed cells) were studied microscopicalfigure10 A-G), whichshowedrodformedcellswith

a lengthof ~ 2 um. The cells oP. stutzer{Figurel0A, C and E) appeared slimmer than the
cells of T. sp. 27 Figure10B, D, F and G)which showed a more ovococcoid shape. The
well-fed cells of P. stutzerwere not noticeably different under oxic conditioRgy(ire10 A)
compared t@anoxic conditionsKigure10 C), whereas the wefed cells ofT. sp. 27took on a
more coccoid shapender anoxic conditiong={gure10 D) compared to oxic conditions
(Figurel0B). Starvedcellsunder both oxic and anoxic conditiofisgure10 E-G) differed
from the welfed cells Figure10 A-D) by having darker areas towards the cell poles. This
wasparticularly evidentor cells of T. sp. 27 Figure10F and G. No anaerobically starved
cells of P. stutzeriwerefound in the microscopic investigations after fixation. The reason for

this is unclear.

The cells were also stained widhpi andnile red b investigate the presence of intracellular
storages of carbon in the form of PHBEhe results are presentedrigurel11 A-G. Nile red
(red)stainslipids, such as PHB and the cell membranbereas dapi (blue) stains DNA.

Many of the wellfed cells ofT. sp. 27 showed areas with increased nile red sigmalEated

with arrows inFigure11 B and D),from here on referred to as granules. Such granules were
not found in starved cell${gurell F and G).The areas dominated by granules showed
weaker dapi signals than the surrounding areas (not shown). The nile red granules were not
found in wellfed cells ofP. stutzer(Figure1l1l A and C),were the cells expressed an even,

low signal of nilered. This was likely caused by staining of cell membrane lipids.
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Psedumonas stutzeri Thauerasp. 27

Oxic

well-fed

Anoxic

well-fed

Oxic

starved

Anoxic

starved

Figure 10: Morphology of well-fed and starved cells oP. stutzeriJM300 (A, C and E) andT. sp. 27 (B, D,

F and G). The cells were subjected to both oxic conditions (A, B, E and F) and anoxic conditions (C, D and G).
The cells in pictures & were wellfed, whereas the cells in pictures&were starved. No anaerobic starved

cells of P. stutzeriwere obtainedfter fixation, for unknown reasonghe cells were studied using phase

contrast. Two replicates for each treatment were investigated.
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Psedumonas streri Thauerasp. 27

Oxic

well-fed

Anoxic

well-fed

Oxic

starved

Anoxic

starved

Figure 11: Microscopic investigations ofcellular PHB content. Cells ofP. stutzeri{A, C and B andT. sp. 27
(B, D, F and G were stained witllapi (blue) andile red (red). Both welfed cells (AD) and starved cell€&f

G) were investigatedunder oxic conditions (A, B, E and F) and anoxic conditions (C, D and@pi stains
DNA, while nile red stains PHB and the cell weitrong signals dfile red in weltfed cells ofT. sp. 27 are
indicatedwith arrows. No anaerobicstarved cells oP. stutzeriwere obtainedafter fixation, for unknown
reasonsThe pictures are the same as the phase contrast pictérigsiin10. Two replicates for each treatment

were investigated.
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3.3 Starvation strategies

The consequences of starvation on denitrification were studiedsitutzeridM300andT. sp.
27. The cells were starved accordinghe starvation bioassay from chapter 2.5igure7.
The transition from welfed conditionsto carbon limited conditiong/as studied ifP. stutzeri

3.3.1 The metabolic shutdown of. stutzeriJM300

The first starvation experiments in this thesis were conduct®d stutzerj as presented in
Figurel2 and 13A and B A small amount obxygen(~ 7 pl) was added to the incubation
flasks, as described in chapter 2.%t200k the cells 215hoursto deplete thioxygen The

first 95 hours of aerobic respiration have been cut from the figures, which now include the
depletion of oxygen and the onset of denitrificatibshould be noted that the concentration
of N2O-N decreased with ~ 15 pmol flaskiuring the first 95 hours of the incubation, while
the concentration of NN during this period increased with only ~ 3.3 pmol ffAsKhis
suggests that the decrease HONN was caused by headspace dilution dusagnpling (see
Appendix D).
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Figure 12: Denitrification in starved Pseudomonas stutzediM300. Thecellswere starved following the
starvation bioassafFigure 7) with 0.23 %initial O, and kept at 20C with vigorous stirringhroughout the
incubation. The flaskmitially contained~ 7 umol Q, ~ 65 pmol NO-N and ~ 100 umol N@. Due to the very
slow respiration of oxygen during the first 115 hours, the first 95 hours of the incubation are notRuosVi
shows the denitrification phenotype of starved cdlte concentrations of #0-N, No-N and NQ are given as
umol flask?! on the lefthand axis, whereas the concentrations p&i@ NO are given as umol flaskand nmol
flask?, respectively, onhe righthand axis. Standard deviations are given as vertical bar8)(iPanel Bshows
thecumulative reduction of ¥ and NQ and the cumulative production of, fbr the same cultures as in panel
A. The reduction of exogenous®N (orange) is calcutad based on the ®-reduction rates from timepoint to
timepoint. The production of NN (purple) is likewise calculated based on thepkbduction rates from
timepoint to timepoint. N@ values are based on mass balance calculations were the differemeerbi-N

produced and PO-N reduced is assigned to N@eduction (green).
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The metabolism of starvdel stutzeriwas extremely slowvith a cell specific respiration of
1.37 ++0.934 fmol ecell*h! (mean + sd), equalling 1 % of the respiration of widt
denitrifying cells. Oxygen was depleted after about 1{Sdurel2 A). Denitrification
startedabout5 h before thatat 110 hour}, seen as slight decrease in2®, accompanied by
acorresponding increase N2. At the same timehte cumulative reduction of externally
addedN20O-N increasd (Figure12 B). No reduction of nitrate was observed in most of the
flasks. However, ioneflask, a gradual decrease of nitrate was calcul@tguire 13 A and

B) to occur at the same time asONreduction.
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Figure 13: Denitrification in starved Pseudomonas stutzediM300 with nitrate reduction. Thecellswere
starved followinghe starvationbioassay Figure 3 with 0.23 % initial Q, and kept at 20C with vigorous
stirring throughout the incubation. The flaskdtially contained ~ 7 pmol & ~ 65 pmol NO-N and ~ 100 pmol
NOs. Due to the very slow respiration of oxygen during the first 115 hours, the first 95 dicitve incubation
are not shownPanel Ashows the denitrification of starved celiote that the concentrations of@N, N>-N
and NQ are given as umol flaskon the lefthand axis, whereas the concentrations @ NO are given as
umol flask! and nmol flask, respectively, on the rightand axisThis phenotype was only observed in one
flask; hence no standard deviations are gi?amel Bshows the cumalive reductiorof N.O and N@ and the

cumulative production of Nfor the same culture as in panel A.
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One culture reduced nitrate towards the end of oxygen respiration, as shown in Figure 13
Figurel3B illustrates that most of theccumulated NN did in fact originate from the
reduction of nitrate. The reduction of exogenou®Ml only accounted for 1.25 umol flask

of the total 9.3 umol flask of accumulated NN. This culture also showed a slower
respiration of oxygen, and hadinal G concentration of ~ 2 umol flaskat the end of the
experiment, compared to a fina} G@ncentration of ~ 0 umol for the other culturgyrel2
A). Despite the slower aerobic respiration, the overall cell specific respiration was 5.60 +/
0.968 fmol electrons celih, which is 2 % of the cell specific respiration of wielti
denitrifying cells. Since no carbon was provided in the medium, the calculations of cell
specific respiration were based on the assumption that the cell number wastcons
throughout the incubation time.

3.3.1.1 The transition from feast to famine

Due to the extremely slow metabolism of starifedtutzerj an experiment was conducted to
study the metabolic response when the cells entered starvation. Celtgavenan carbon
restrictedmedia with(S1)or without(S2)glutamic and aspartic ac{®ee Table). The
metabolic activity is portrayed Figurel4 A-D and Figurel5. The cells showed a fast
metabolism(217and 237 fmol electrons c&lh™ under oxic ad anoxic conditions,
respectivelyduring the first 1615 h whena carbon substrateas still availablen the

medium The fast metabolism was seen as a rapid consumption of the electron accgptor (O
N20), and a corresponding production of {{Eigure14 A-D). For thecellsgrown with
glutamc acidand aspdic acid(Figurel4 A and C), the respiration rate decrehafter about
10 and 15 h, respectivelgfter approximately 5@, all electron acceptors were consumed
(Figure 14 A and G)and the C@production ceased.
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Table3: 7ZR YHUVLRQV Rl 6LVWURPYTV PHGLXP ZLWKheantediabse@GHapVUDWLRQ
6 ZHUH GHULYHG IURP 6LVWURPYV PHGLXP EXW WKHNEBGEHQWUDWLRC

media (S1) contained glutami@nd aspartic acid.

Medium Succinate L - aspartic acid L - glutamic acid
[9/1] [9/1] [9/1]

S1 0.086 0.04 0.1

S2 0.086 - -

Figure 14: Metabolic activity of cells in carbon restricted medum, with and without glutamic and aspartic

acid. Cellsof P. stutzeriZHUH JURZQ LQ 6LV WO0.68B §/iguctidaiel With (X arwf K) or without (B
and D)glutamic and aspartic acid (0.1 g/l and 0.04 g/l, respectivEhg metabolic activity is shown as the
respiration of available electron acceptors {@ panelsA and B or NO for panelsC and D), and as the
production of CQand N (for cells under anoxic conditionsjhe provided amounts of carbon source and
electron acceptor (Kr NoO) were chosen so that the electron acceptors would be depleted before the carbon

source. This was not the case for cells were glutamic acid and aspartic acid were present in the medium.
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For thecellsgrown withoutglutamic and aspartic ac{ffigure14 B and D), the metabolism
cameto a halt after 1.5 h. Theconsumption oélectron acceptor decreasggnificantly,

and Q-levels and MO-levels stabilizd at about 100 pmol flaskand 200 umol flask,
respectivelyAt this point the cells were expected to have used all the carbon provided in the
medium, and to have entered starvation. Following the transition to starvation, the cell

specific respiration fell considerably, as viszed in Figurel5.

Figure 15: Cell specific respiration during the transition from feast to famine inP. stutzeriJM300. The

ILJXUHV VKRZ WKH WUDQVLWLRQ IURP D SKDVH ZLWK FDUERQ DYDLODE!
carbonSURYLGHG LQ WKH PHGLXP ZDV DVVXPHG WR EH GHSOHWHG 3&DUEF
anoxic (denitrifying) conditions. The metabolic activity of the cells is shown as electron flow (cetiftdr') on

the right axis, and as cell specific peation on the left axis. The cell specific respiration is given as percent of

maximum respiration of the cell¥{a. Note that the values for cell specific electron flow are logarithmic, and

that the right figure has a minimum value of 0.1, whereatethégure has a minimum value of 0.01.

As the cells assumedly depleted their carbon sources, the electron flow per cell dropped to
0.62+/- 0.18 fmol electrons cellh® for cells under oxic conditions, and 0.28 /03 fmol
electrons celt h' for cells under denitrifying conditions (mean $d). InFigure 15, the

depletion of carbon is seen as a transition from the green phase to the blue phase. When
carbon substratgsuccinate) was available, the cells respired at a maximunviate. As

they entered starvation, the cell specific electron flow fell to 2.4 % and 1.284.afnder
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oxic and denitrifying conditions, respectively. The respiration rate was a stable low

throughout the rest of the incubation time.

3.3.12 The recovery of starvedP. stutzeriJM300

To investigate the possible recovery from starvation, some cultuResstiftzerreceived
carbon substrate and additionalNafter starvation. Three cultures had been starved under
oxic conditions for 115 h (+ 20 h prior to incubation, see Figure 7) and then under anoxic
conditions for an additional 25 h. The response to carbon@uditshown irFigure16. Prior

to carbon addition, no nitrate had been reduEéglite12).

N20 and C added

|

Figure 16: Providing starved cells ofP. stutzeriwith carbon. After 115hours of oxic starvation arb hours

of anoxicstarvation, an amount of carbon equal to 306 VWURPYV PHGLXP ZDV DGGHG WR WKH
43 pmol N>O-N was added to provide the cells with sufficient electron acceptmnsto the carbon addition (at

146 h) The addition of NO is shown with a dashed lin€he cycle time fogassampling waseducedo get a

higher resolution. The concentrations of NO did not exceed 1 nmol, and are thecgfeihewn in thdigure.

Standard deviations are given as vertical bars (n = 3).
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The addition of carbon to starved cells led to an increased rat®ofeduction and N
production, as evident froffigure16. Following the principles present@d Appendix E it
was calculated that2 % of the initial cells responded to the addition of carhess than 10
h after carbon addition, the cells had reduced all externally provig@dTe total
accumulated concentration 0N when NO was depleted~ 87.6 pmol flask)
corresponddto the NO-N reduced~ 86.8umol flask?) at the same time. This suggst
thatalmostno nitratewas reduced before 0 was depleted, as is aldtustratedin Figurel6.
Nitratewas reduced after the depletion ofON The cells showed different nitrate reduction
strategy than what was seen for wlelll P. stutzeriFigure8 A), were NO and nitratavere

reduced simultaneously.

Cells that were starvddrther, first under anoxic and thender oxic conditions faa
total of 113 days alsshowed a recovery after carbon addition. The share of viable cells after

this long period of starvation was between 0.25 % and 1.56 % (n = 3).

3.3.2 The starvation ofT. sp. 27

Sinceoxygen reductionvasextremely slowin starvedP. stutzer, starved cells of . sp. 27
were added directly to anoxic incubation flagks explained in the starvation bioassay in
Chapter 2.5.2 anBligure7). The incubation flasks containacsmall amountf oxygen (2.3
pumol), whichwasreduced within 15 [iFigure17 A). Once oxygen was depleted, the cells
reduced MO to N for approximately 1%. The reduction rate of J increasd from ~ 0.24
umol N2O-N ht to ~ 0.76 pmol NO-N h during this time Figure 17 B). After 30-35 h, the
N2O-reduction and Mproduction stoped and thecumulated reduced D stabilized after
the reduction of approximately 20 umot®. Based on the assumption that no nitrite was

accumulated it was concluded that no reduction of nitrate took place.
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Figure 17: Denitrification in starved Thauerasp. 27.Thecellswere starved according to the starvation
bioassaydescribedn Chapter 2.5.2ZFigure7), and kept at 20C with vigorous stirringhroughout the

incubation. The flaskmitially contained~ 2.3 pmol Q, ~ 90 pmol NO-N and ~ 100 pmol N@ as electron

acceptors.Panel Ashows the denitrification kinetics of starved cdllste that the concentratisof N2O-N,

N2-N and NQ" are given as pumol flaskon the lefthand axis, whereas the concentration gfsQjiven as pmol

flask® on the riglt-hand axis. The concentrations of NO are left out of the figure because they were considered

as noise. Standard deviations are given as vertical bars (fPar®l Bshows the accumulated reduction and

production of NO and N@, and N, respectivelyPanel Cillustrates the cell specific electron flowdj (fmol

cell! hY) to G, (blue line), NO (orange line) and the total electron flow (black line) throughout the incubation

time. The electron flow was divided into three phasesof bkl VSLUDWLRQ GHQLWULILFDWLRQ DC
SDXVH" ZKLFK DUH SUHVHQWHG DV D EOXH DQ RUDQJH DQG D JUH\ SKI
were based on {eduction rates, dD reduction rates and the cell number per vial, estimate@Diao

measurements.

The electron flows to the utilized electron acceptossar@ NO, were calculated as an
estimate for cell specific respiration throughout the incubation time. The electron flows are
presented ifrigurel7 C, togethewith the total &ctron flow to both electron acceptofhe
total electron flow was highest at the start of the incubation time, with a maxainBu3il

fmol electrons cefth’?, due to a peak in the electron flow teON The total electron flow
dropped from thipoint, but the electron flow to®emained stable at 1.24-€.11 fmol
electrons ceft h! throughout the phase of aerobic respiration (blue).

During the transition from aerobic respiration to denitrification (blue to orange phase)
after about 15 h, thelectron flow to @decreased to an average of 0.050t02 fmol
electrongell* hl. The electron flow to PO increased to a maximum of 2.17 fmol electrons
cellthtafter 30 h. During the last stages of denitrification, before the cells entered the
SPHWDEROLF SDXVH" JUH\ SKBEMé&hd thivskaldo EhOtbtd WddtR® IORZ WF
flow) dropped significantly. From 40 h and onwards, the total electron flow stabilised at 0.1
+/- 0.04 fmol electronsell* . During this phase, the cells showsaisignificant metabolic
activity based on gas kineti¢Bigure17 A). The electron flow calculations were based on the

assumption of a constant cell number throughout the incubation period.
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4. Discussion

4.1 Denitrification phenotypes and the electron tug of war

The results fronfrigures8 and9 support thdirst hypothesis postulated (originally by Mania

et al and Gao et b, 7)) in this thesisthat there is indeed an electron competition between
NapC and the becomplex.As shown for diverse strains of bradyrhizobia in those studies, the
two organismd’. sp. 27 and . sp. 63 withNapas the only dissimilatory nitrateductase

complex and NosZlade | studied in this thesis both showed a strong preference@oower
nitrate. However, the preference was not absolute, and a small reduction of nitrate was seen
towards the end of XD-reduction forT. sp.63 (Figures 8 and9). This suggested thabth
reductases were present duringDNreduction, as indicated by transcription analygjsand
confirmed by proteomics (Gao and Frostegard, unpublished results) in bradyrhizobia. A small
leakage of electrons téapC is coherent with previous investigat®in bradyrhizobi&6, 7)

and does not discard the hypotheBisstutzeriJM300, with the genetic potential for both Nar
andNap, reduced nitrate and-® simultaneously, in accordance with the hypothesis. Ideally,
my results should have included proteomvestigations, to confirm the presence of the
denitrification reductases. This could have confirmed that the prefest@ddduction irNap-
Nosorganisms is due to metabolic regulations, had Baghand NosZ been detected during
N20 reduction. Unfortoately, the proteome extraction®f stutzeriwas unsuccessful, as was

the mass spectrometric analysis of the proteonie g55. 27. This is discussed in Chapter
4.1.2.3. However, other factors than the presence of Nar aapseem to play an

importantrole in the electron allocation between denitrification reductases. This was evident

from one of my tested strainE, linaloolentis which did not show the expected phenotype.

4.1.1 NosZclades and their effect on denitrification

T. linaloolentishas the genetic potential filapas theonly dissimilatorynitrate reductase
complex, and was thus expected to redug@ prior to nitrate. However, the strain showed a
phenotype similar to a NaMosorganism, such a8. stutzeriFigures8 and 9. | have two
possible explanations for this divergent phenotype. First, it may be that the electron
competition betweeNapC and the becomplex, and its implications for2® reduction in
Nap-Nos organisms, is not as generic as hypothesised. Thedsexplanation is that this is
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caused byl. linaloolentispotential for both NosZ clade | and clad€4b). | hypothesised

that NosZ clade Il organisms wiltap, but not Nar, would not show the same strong
preference for BD reduction, due to the lack BbsR. If NosZ clade Il was the dominant
NosZ version in denitrification ifi. linaloolentis this could explain why the strains showed a

simultaneous reduction of nitrate angN

Some of the properties of NosZ clade | and clade Il support the idea that NosZ clade Il was
dominant during denitrification if. linaloolentis NosZ clade Il is found to have a higher
affinity for N2O than NosZ clade(b4). | therefore speculate that evenough both clades

may have been present during the incubation, NosZ clade || domingdecttuction. Even
though NosZ clade Il had the highest affinity faxNdoes not necessarily make it a strong
competitor for electrons. Without the aid in electt@nsfer for NosR, the possibility to

reduce NO may have been limited, resulting in a simultaneous reduction of nitrate;@nd N

A study by Semedo et 845) suggest that NosZ clade Il is inhibited by high concentrations of
nitrate, by the nitrate conceation used in my experiments (2 mM) were likely too low to
cause this inhibition. | therefore propose thaDNeduction was dominated by NosZ clade Il

in my incubation ofT. linaloolentis.However, this is based purely on speculations. Further
studies, ombined with transcriptome and/or proteome investigations are needed to

understand the effect of NosZ clades on denitrification.

4.1.2 Technical discussion
4.12.1 The case of the slow growinthauera strains

Three of therhauerastrains originally included in this thesik, terpenica, T. DNAL andT.
aminoaromaticayvere excluded from my work. They were reported as being slow growing
cells with the genetic potential for complete denitrification, including the genes foNhiar,

and Nos(41). Initially, they were grown in R2ZA medium under oxienditions (Appendix A),

as suggested by the culture collection they originated from (DSMZ). Prior to incubation, they
were inoculated into a medium earlier designed for culturing theses{#a) referred to as
Thaueramedium (see Appendix AHowever, none of the strains showed any detectable
denitrificationactivity (Appendix F).This was also the case when R2A was used during the
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incubation(Appendix F).Similarly, no aerobic growth was detectedlimueramedium,
even though three different batches of media were tested. Since time was limited, | could not
invest more effort into getting those strains to grow, and they were replaésgbgomonas

stutzeriJM300, which had the same genetic potential for denitrification.

4.1.2.2 Calculating the relationship between @band cell number

The factor describing the relationship between OD and cell number &hutzeriwas

determined through plate spreadamd a simple linear regressianalysis (Appendix B).

Although the R-value was very high (0.999), the number is associated with some uncertainty.
The CFU/ml was only decided for three cell densities, so a large part of the standard curve is
based on intg@olation. However, the linear relationship between OD and cell number up to
certain densities is well known, so | do not consider this to be of major concern. More
importantly, the variation between replica plates was huge, varying from 100 to > 800
colonies per plate for the least diluted series. Additionally, the factor was only determined for
P. stutzeri The relationship between OD and cell number should have been determified for
sp. 27 as well, but no colonies appeared on the plate after plate spreading. The cells originated
from an actively growing culture, and had previously grown on the agar | used. It therefore

remains a mystery to me why this was unsuccessful.

Despite the ariation associated with the relationship between OD and cell number, it was still
used while analysing data. The factor was never used to determine the number of cells present
at a certain time, but was always used in comparisons. In all the compahsosene factor

was used to determine cell number, thus discarding the importance of the factor itself. The
factor could therefore also be used on starved cells and anaerobically grown cells, even
though the true relationship between OD and cell numbenuaidgely to be the same for

different treatments or strains.

50



4.2 Utilization of carbon sources irP. stutzeriJM300

The utilization of three different carbon sources was neatly demonstrated in an experiment
with P. stutzeriJM300, as illustrated in panels A and Grgdure 14. The cells were given

access to succinate, aspartic acid, and glutamic acid. The cells sholassi@adiauxic

growth, were the cells first exploited one carbon source before synthetising enzymes to utilize

the next carbon sour¢b5).

| suspect that during the first period of exponential growth (the first 10 to 15 hours for
oxic and anoxic growt, respectively), the cells used succinate and glutamic acid as their
FDUERQ VRXUFHY 7KH FHOOV ZHUH JURZQ RQ 6LVWURPTV F
source in between incubations, and were therefore expected to possess the enzymes necessary
for succinate degradation from the start of incubation. Additionally, as succinate is an
intermediate in the TCAYycle, one can assume that cells would rather grow on succinate than
aspartic acid. Studying the kineticshigure14 also indicates that succiesis utilized prior
to aspartic acid, as the first period of exponential growth in panels A and C resemble the
growth in panels B and D, where the cells only had access to succinate. It is likely that
enzymes for the uptake glutamic acid were also expdes§dlutamic acid is an intermediate in
the TCAF\FOH DQG LV LQYROYHG LQ WKH IRUMPDDMWMIDOEQ RI PRVW
metabolites as an amigyoup donato(56). | therefore assume that the cells utilized
succinate and glutamic acid prioraspartic acid.

After the depletion of succinate and glutamic acid, as seen by decreased ratesnof IO
reduction as well as of GOand N production, the cells entered a lag phase. During this
phase, the cells were metabolically active and regpitiough at a much slower rate than

during succinate/glutamic acid growth. During the lag phase, new enzymes for the utilization
of aspartic acid were likely synthesised. Once the cells had adapted to grow on aspartic acid,
the metabolism increased, ae tcells entered a new stage of exponential growth. However,
the cells quickly depleted their electron acceptorsai@ NO) before they could grow

further. None the less, the experiment is a textbook example of the enzymatic adaptation and
diauxic growththat Monod described ithe 1940 1 85). Additionally, it showed that

cells of P. stutzeridM300 did not depend on a supply of aspartic acid or glutamic acid to

grow.
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4.3 A life of feast and famine

4.3.1 The transition from feast to famine

The transition from feast to famine fh stutzeriJM300 is a dramatic story of sudden change.
The transition was studied by growing cells in a medium with a shortage of electron donors
(0.52 mmol electrons from succinate) compared to electron accep@ta{tnol electrons

from O, or N2O). As seen irrigure 14 B and D,the cells responded almost immediately to

the lack of carbon sources by reducing their metabolic activity considerably. Based on gas
kinetics fFigure 14) the metabolism of the cells seemedhut down completely, as no
increase in C@was seen. There was a small decrease Bn@N20 concentrationsifter
succinate was depleted, but as this was not seen in conjunction with an increasgtn CO
may wellhave been caused by headspace diludiaring sampling. None the less, the cells

still sustained a low metabolic activity.

7KH PHWDEROLF DFWLYLW\ VXVWDLQHG GXULQJ WKH 3PHWD
electron flow Figurel5). Upon starvation, the electron flow quickly dropped, and eventually
stabilised at a rate equal to @2 % ofVmax(cell specific electron flow seen during succinate
utilization). Interestingly, the cell specific respiration under oxic conditions was asibegh

as the respiration under denitrifying conditions. This is not unreasonable. Cells living in oxic
environments must constantly face the dangers posed by reactive oxygen species (ROS), such
as HO> and Q. ROS can cause damages to enzymes, paitiglie S centres, and nucleic

acids. In order to prevent and repair such damages, the cells must have scavenging enzymes to
control the intracellular concentrations of ROS, and a variety of repair systems at the ready

(57). Cells in anoxic environmentspahe other hand, do not face these challenges, and it is

likely that they can settle at a lower metabolic rate.
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4.3.2 Starvation strategies

Cells of P. stutzerthat had been starved according to the starvation bioassay in Figure 7
VHHPHG WR EH LQ D SPHWDEROLF VKXWGRZQ" DV H[SHFWHC
The cells therefore performed oxic respiration for about 120 hours to reduce the 74umol O
added to the flasks. At the same time, a considerable lossids seen, which was

assigned mostly to headspalkition due to samplingAppendix D).However, a slight

increase in Moccurred during this time. This could either be due to a small leaage
atmospheric air into the incubation flasks, or it could suggest that some denitrification took
place during oxygen reduction, which is not unreason@&®le Even though the presence of
oxygen is one of the most important repressors of denitrificgtiof3) cells are seen to start

N20 reduction at low @tensions Figure8) (41, 58) It is advantageous for cells to express a

part of the denitrification proteome before the oxygen tension gets too low. If the oxygen
tension gets too low, the cells midye trapped in anoxia, without sufficient energy to

synthesise the denitrification proteome. Synthesising a part of the proteome early enables the
cells to start respiring anoxically once oxygen is depleted, providing energy to synthetise the
remaining deitrification proteomg59, 60) Additionally, nosZis hypothesised to be

transcribed constitutively foF. sp. 27, also under oxic conditio@l), and this may also be

the case foP. stutzeri This argumentation supports the idea that a small redudtidspto

N2 may have taken place from the onset of incubation. After oxygen was depleted, the slow
metabolism continued, and the cells start to denitrify, keeping a cell specific electron flow of

about 1.37 fmol electrons cél?.

The cells ofT. sp. 27 seemed to show a different strategy to handle starvatioR.tkarnzeri
During the first hours of starvatiom, sp. 27 kept a relatively stable electron flow 2 imol
electrons celt ' (Figure17 ). During this time, oxygen was depleteshd some bD was
reduced to W After about 30 hours, the reduction ofONceased, and the cell specific

electron flow dropped significantly to 0.1 fmol electrons tkit (Figure 10C). Even though

the cell specific electron flow during respiration vilshe same order as the cell specific
electron flow in starve®. stutzericalculated fronfFigures12 and13), the reduction of @

and NO was much faster far. sp. 27. Additionally, the results on the transition from feast to
famine ofP. stutzeriFigure 15) showed that the starved cells had a cell specific electron flow

of 0.28 fmol electrons celihl. This supports the idea that starvatioTirsp. 27 is diided
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LQWR DQ DFWLYH IDFH RI ORZ EXW QRWLFHDEOM UHVSLUD
stutzerj on the other hand, showed a stabile low metabolism over a long period of time, with
a slow respiration rate. This idea is further supported byntbescopic investigations

performed on welfed and starved cells.

Microscopic investigations of. sp. 27 andP. stutzeriFigures 10 and J)Isuggested that.

sp. 27 accumulates PHB as an internal carbon storage, wRerdaszeridoes not. The nile

red granules iff. sp. 27 can reasonably be assumed to be PHB, since strains from this genus
have previously been reported to accumulate P8JB8) Thegrains occurred only in well

fed cells, and were randomly spread across the cells. The areas dominated by grains showed a
much lower signal of dapi, which stains DNA. This indicated that the grains were located in
between DNA, which is a logical assumgtifor lipid-containing granules. Another argument

that the grains were in fact PHB is the fact that they seemed to be absent from starved cells. |
believe that upon starvation, the cells used the extra carbon available in the granules (PHB) to
maintain a fgher metabolism for a longer time. It should be noted that this is a speculation
based only on visual examinations, and needs to be confirmed by quantitative analyses of
PHB content.

| further believe that the cells &f stutzerdid not accumulate PHBs no granules were

found in the microscopic investigatiorfSdure 11), and no strains d?. stutzeriare reported

to accumulate intracellular carbon storages in the form of @1B62) However, the

possibility thatP. stutzeraccumulates other carbstorages, such as glycogen, cannot be
rejected. Based on my results, it is difficult to evaluate whether this is the case. Based on the
transition from feast to famin@igure15), WKH FHOOV VHHP WR HQWHU D VWD
VKXWGRZQ ™ IURP tevnalltabehRBoL@eN ake[depleted, seen as a constant decrease
in cell specific electron flow. However, starved cells that respired oxygen for 115 hours
showed a clear increase in dhce denitrification was initiated. This suggests that the cells
remaine active for a longer time than sp. 27, where the cells did not show any noticeable
respiration after 40 hours (+ 20 hours of oxic respiration prior to incubation and 16 hours as
He-washed, see Chapter 2.5.2). Due to the slightly different experinsetiigls folP.

stutzeriandT. sp. 27, an accurate comparison is difficult. The precise starvation strategies for
P. stutzeriandT. sp. 27 remain unknown. However, some vkelbwn starvation strategies

were observed in both strains.
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Both P. stutzeriandT. sp. 27 showed some typical morphological changes when subjected to
starvation. As seen iRigurel0, starved cells oT . sp. 27 (panels F and G) had a rounder

shape and were possibly smaller than sedl cells, although the size change was difficult to
determine with the naked eye. These morphological changes were not unexpected, as energy
starved cells are often seen tke@n a more coccoid sha@’). Both strains showed an
accumulation of dark matter towards the cell poles, which is most evident in panel G
(anaerobically starved cells ®f sp. 27). The dark matter was likely cellular material, and the
accumulation towals the poles suggested that these cells were fragmenting, which in turn
results in smaller cells. | suspect that if the cells were starved for a longer time, the size
reduction would be more prominent. The morphological changes lead to both smaller cell
sizes and a reduced surface area to volume ratio. This increases the diffusion rates in the cells

and facilitates the uptake of nutrients from the environment.

The efficiency of nutrient uptake by starved cells was showR fetutzeriFigure16). After

about 140 hours of starvation under both oxic and anoxic conditions, a small fraction of the
original population (42 %) was revived. Even in cultures that had been subjected to various
periods of oxic and anoxic starvation for a total of 113 days, abbut@2 % of the cells

were still viable. The experiment shows that bacterial cells can persist and survive over long
periods of time by shutting down their metabolism to a minimum, still ensuring vital cellular
functions. When the cells experience a faixutrients, only a small fragment of the

population needs to be viable, thus securing the population to rise again. My results are in
agreement with Gray et al, who found that cells of-gporulatingB. subtiliswere viable

after 100 days of starvatiqd6). In addition, | showed that cells can survive even longer, and

under more drastically changing conditions, tBassubtiliswas subjected to.

55



4.3.3 Technical discussion

4.3.3.1Differencesin cell specificelectronflow

The cell specific electron flow for starv&d stutzeriwas calculated based on two different
incubations, seen iRigures12, 13and15. The cell specific electron flow was about 10 times

higher in the incubations frofigures12 and13, compared to thencubation inFigure15.

First, this indicates that the washing of cells according to the starvation bioBggagT)

GLG QRW UHGXFH WKH FHOOVY DELOLW\ WR UHVSLUH 7KLYV

incubations of starved cells.

Secondlythe electron flowsn Figures12 and 13 werealculated differently tham
Figurel5. In Figures 12 and13, the electron flow was calculated by using the rate 63-N
reduction and @reduction at different timepoints. The reduction of 1 mpt€guires 4 mol
electrons, whereas the reduction of 1 mgDNequires 1 mol electrons. Based on the cell
number at the onset of incubation, the cell specific electron flow was calculated. This method
was also used to calculate cell specific electron flmvstarvedT. sp. 27 Figurel7 C). The
method assumes that the cell number remains constant throughout the incubation time, due to
the lack of carbon substrate. It is theoretically possible that the cell number did in fact
increase throughout the inculaat period, either through fragmentation, growth on internal
carbon sources, or both. If so, the cell specific electron flow would in fact be lower than the
calculated electron flow. The cell specific electron flowrigure15was calculated based on
simuated cell growth, as explainéd Appendix E.Thus, the differences calculated between
different samples may not be as large as estimated.

Nevertheless, the cells weseverelystarved andhad a metabolic activity not higher than 2 %
of the metabolic actity of well-fed cells.The discussion of denitrification during starvation

(Chapter 4.4) is therefore not affected by the observed differences.
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4.3.3.1 Microscopic investigations

The microscopic investigations of wélld and starved cells couféive been performed

differently to obtain more reliable resulihe anaerobic cells, both wd#d and starved,

should have stayed under anoxic conditions for much longer tbdmdrs. With a

generation time of 2:8 hours for both strains, the cellsneesubject to anoxic conditions for

no more than two generations. This is not necessarily enough for the cells to show an altered
morphology. The cells were expected to shrink upon anoxia, due to a considerable reduction
observed in OD in cultures thatmisitioned from oxia to anoxia. However, shrinking was not
supported by the microscopic investigations, possibly because the cells had not been under
anoxic conditions for long enough. Another suggestion for the reduction in optical density
could be cell agregation. Even under constant stirring, anaerobic cells, and especially starved
cells of T. sp. 27, tended to form biofilms on the glass wall of the culture flask, thus

efficiently removing the cells from the suspension. Increased surface adhesiordiagaun
starvation response in many strafAg). A tendency of increased aggregation was indeed
observed in the microscopic investigation of anaerobic-fgdlT. sp. 27, but not in the

anaerobic starved, as would have been expected.

As mentioned in chapt 2.54, some cultures were Heashed prior to fixation, without any
electron acceptors present. Starved cellB.ep. 27 were kept like this with neither electron
acceptors nor electron donors available. This was done to stabilize the cells ovezkedye

to avoid working during the weekend. | suspected that the cells would be immobilized in this
state with little chances to grow. Low amounts of oxygen were likely left in the flasks, as seen
from other starvation experiments. However, this would safyport a little growth to the

well-fed cells, whilst subjecting the starved cells to a deeper starvation, forcing them to
sacrifice more of their restricted electron donors. A minimum of metabolism in the starved
cells must have been present regardi@ssliscussed previously. One could argue that He
washing the starved cells over the weekend was unnecessary, and that the period of aerobic
starvation could simply have been extended.

The wellfed cells were Havashed to prevent excessive growth. The maason that
the starved cells were Heashed was to investigate cells that had undergone the same

treatment as the cells used in the incubation experiments (20 hours of oxic starvation). The
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prolonged starvation after Heashing may be a reason for why therphological changes in
starved cells were more distinct fbrsp. 27 than foP. stutzeri It can take up to several
weeks for a starvatiemduced change in morphology to app@sf). One could therefore

argue that all the cells should have been sthfer a longer time.

4.4 Denitrification during starvation

My results on denitrification in starved cells were surprising, and they showed that starved
cells can be strong sinks foe®. Based on my hypothesis regarding denitrification and
starvation, cells of . sp. 27 were expected to reducgONprior to nitrate due to the electron
competition betweeNapC and the becomplex. The results in Figure 17 show that the cells
did indeed rduce NO almost exclusively. For the same reason, celB. stutzeriwere

expected to reduce nitrate angONsimultaneously. Interestingly, this was not the case.

Despite the observation that stutzershowed no preference for® over nitrate in welfed
incubations (Figure 8 A), 9 out of 10 starved cultures showed a strong prefereng® for N
(Figure 12). Only one starved culture reduced nitrate to a larger extentADa(friyure 13).
This could suggest that there is a degree of stochasticity negdhedi expression of the
denitrification reductases . stutzerj as has been observed in other strains as(@@|!

Such a degree of stochasticity is supported by previous investigations of denitrificdion in
stutzeriJM300 (Milligan and Frostegardnpublished results) (Appendix G). The study
included analyses of the transcriptome of cells that transitioned from oxic to anoxic
(denitrifying) conditions in welfed cultures, and it showed thedrG was expressed much
later thamapA. My incubations bwell-fed cultures indicate thaiarG was expressed, as the
cells showed the phenotype of a typical INBxs organism. This indicates that the
transcription oharGin P. stutzeriJM300 is stochastic. This offers a possible explanation for

the two phenotypes observed in incubations of starved cells.

The nine starved cultures which exhibited a preference #Orridduction might have
had a late expression nér, compared tmap. With time, the cells entered a deeper

starvation, and might have been too starved to expeesat a later stage. The cells would
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then act as if they wemdap-Nos cells, and thus expected to redug® Igrior to nitrate, as
observed. The one culture which hattate reduction (Figure 13) might have had an early

expression ohar, and thus shown a phenotype that can be expected forlddsasrganism.

7KLY DUJXPHQWDWLRQ LV VXSSR URVdtEzeteellSYWhithlHadc W W KDW 3
previously showed preferred MO reduction when starved, kept this preference @ N

when carbon was provided (Figure 16). This supports the thought that these cells had not
expressedar, and that they did not express it during the first hours after carbon supply, when

N20 was available. However, the mechanism behind this proposed stochastic expression of

nar is unknown. Further studies should include analyses of the transcriptome and/or proteome

of both wellfed and starved cultures Bf stutzerto get a better picterof the regulation of

the expression afar.

Regardless of why starved cellsRfstutzershowed two phenotypes, | can conclude that
starvation does not necessarily lead to increased emission®paslpreviously suggested

(50). I have shown thdtlap-Nos clade | organisms that are strong@inks due to their
preferred reduction of #D, can retain this phenotype under nutrient limitations. However,
there are probably several factors that affect the outcome of denitrification under nutrient
limitations. More research is needed to unravel these mysteries and understand more about
what factors lead to increased@emissions during starvation, and what factors lead to cells
being good MO-sinks during starvation. This knowledge will be crucialdeveloping

efficient microbiological mitigation options to reduceONemissions.
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4.5 Areas of application

The results in this thesis contribute to knowledge that is of interest for several reasons. The
results increase our understanding ofrttechanisms behind denitrification, through studying
the allocation of electrons betwelRapC and the becomplex. It also casts some meuch

needed light on the regulation of denitrification under natural conditions, in this case under
carbon limitation. Théact that starved cells functioned agON\sinks in the presence of nitrate

is optimistic for the possibility of using microorganisms to mitigai®femissions. This can

be valuable both in the agricultural sector and in wastewater treatment technologies.

4.5.1 The agricultural sector

The potential of using microbes to battlgONemissions from the agricultural sector is large.
Microorganisms can be inoculated into the soil to engineer the soil microbiome through
vectors such as waste water digesté2&s 29)or via seeds (such as from legumes) that are
coated with efficient kfixing and NO-reducing bacterié?5, 32) My work has investigated
the hypothesis that organisms wiNlap as the only nitrate reductase will show a preferred
reduction of NO prior to nitrate, and that this is caused by an electron competition between
NapC and the becomplex. Organisms with a preferred reduction gbNould slow down

the removal of nitrate from soils, leaving more available for plant growth, whilst limiting the
emissions of NO from soils. While the electron competition appears to @xistganisms
beyond bradyrhizobia, it also appears to be influenced by more factors than just the presence
of Nar and/oNap. The genetic potential for the NosZ clade seems to be of special
importance. Additionally, other{gxides present in soils, suchrasgite, could influence the
allocation of electrons to Nos, and thus possibly hamper the stedhgelduction potential of
the cells. My results show thitap-Nos clade | organisms are potential agricultural
inoculants, though their denitrification phéyyoe should be screened under natural conditions

to verify that they will contribute to the desired effect @ONreduction.
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4.5.2 Wastewater treatment

Increased knowledge of microbiattkansformation will always be valuable to the wastewater
treatment sector, where such transformations are actively used. My work has contributed to
this sector by exploring denitrification mechanisms in the g&hasiera which are

commonly found in wastewater microbial communi(@s | have shown that fluctuations in
carbon availability, which occur in wastewater communities, does not necessarily lead to
increased emissions ob@. This knowledge is also interesting taiological phosphate

removal, were a feagamine regime can combine phosphate removal, through accumulation

of PHB, and nitrogen removal, through denitrification during famine with PHB as an electron
source(63). My results show that thgossibility of wsing strong MO sinks in wastewater
communities is not limited by nutrient fluctuations, and the potential to reduce greenhouse gas

emissions from wastewater treatments is large.

4.6 Further research

My results also show some of the knowledge dhpsstill exist regarding microbial-N
transformations. The role of the Neslades should be assessed further, to unravel their role
in making an organism a strong®sink. The bioenergetics of different enzymes should also
be studied. The discovery dfe lowKm of NosZ clade 1(54) shows that this enzyme might

be a much more efficient scavenger eONn natural environments were® concentrations

may be fluctuating. Similarly assessing the bioenergetics of other denitrification reductases
might leadto similar discoveries. Studies on the competitiveness between the denitrification
reductases should be performed, as soils are complex environments where organisms will not
only have nitrate and J0 available, as in my experiments. The competition betWaemor

and NosZ is perhaps of special interest, based on starvation studies suggesting that Nir is a
stronger competitor than NosZ when carbon is lim{&). Transcriptome and proteome
analyses should also be performed to increase our understandiog alifferent conditions
affect the expression of denitrification reductase genes, and other genes associated with
denitrification, such as the bacomplex and cytochrome Expanding our knowledge on

these areas would be valuable to furtherrag®obes in NO mitigation strategies.
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5. Concluding remarks

Being able to eftiently use bacteria d¥>0-sinks will be a valuable tool in the fight against
climate changén different sectors such as agriculture and wastewater treatments. The results
obtained in this thesis have strengthened the hypothesis that there is a general electron
competition betweeNapC and the becomplex which affects the denitrification phenotype

of bacterial strains. Furthermore, at least for some strains, the resultst$bhapthis electron
competition is not altered when cells are starved. My results also reveal knowledge gaps with
regards to the role of the Nosfade on denitrificationLast, but not least, my work has

shown that starvation is not necessarily assatiaith increased emissions of@, contrary

to popular belief. Many mysteries of denitrification under natural conditions remain to be
solved. More research on the metabolic regulation and electron allocations between the
denitrification reductases is nestito provide the best options for microbial mitigation of
N2O-emissions. Nevertheless, my results are optimistic with regards to using microbial

soldiers in natural environments to fight alongside us in the battle agafDstiissions!
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7. Appendix

7.1 Appendix A: Media for bacterial growth

All the compositions belowre used for 1 X media.

7116 LVWURPUYV PHGL

Table 7.11: The chemical composition S LVWURPIYV PHGLXP

Chemical Weight/volume
KoHPOy 3.489g

or KH.PO, 272¢g
(NH4)2S0s 05¢g

or NH4CI 0.195¢g
Succinic acid 4.00¢g
L +Glutamic acid 0.10g¢
L +Aspartic acid 0.04 g
NacCl 0.5¢
Nitrilotriacetic acid 020¢g
MgSQs x 7H.0 03049

or MgCl, x 6H,O 0244 ¢
CaCbx 2H,0 00334 g
FeSQ x 7H.0O 0.0020 g
(NH4)sM07024(1 % solution) 0.02 m
Trace Elements Solution 01m
Vitamins Solution 01m
Distilled water 1000.00 ml
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Table 7.1.2: 7KH FKHPLFDO FRPSRVLWLRQ RI WKH WUDFH HOHPHQWY VROXWL
buffer.

Chemical Weight/volume
EDTA 1.765¢

ZnSQ x 7TH0 10.95¢g

FeSQ x 7H.0 509

MnSQ; x H2O 154¢

CuSQ x 5H,0 0.392 g
Co(NOs)2 X 6H0 0.248 g

H3BO3 0.114 g
Distilled water 100 mi

Table7.1.3: 7KH FKHPLFDO FRPSRVLWLRQV RI WKH YLWDPLQV VROXWLRQ IRU

Chemical Weight/volume
Nicotinic acid 109
Thiamine HCI 05¢g

Biotin 0.010g
Distilled water 100 mi

7.1.2R2A medium

Table 7.1.4:The chemical composition &2A medium

Chemical Weight/volume
Yeast extract 0.50¢g
Proteose Peptone (Difco no. 3) 0.504¢
Casamino acids 0.504¢
Glucose 0.50¢

Soluble starch 0.50¢
Na-pyruvate 0.304¢
K2HPO4 0.30¢g

MgSO04 x 7TH20 0.05¢g

Distilled water 1000.00 ml
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7.1.3Thaueramedium

Table 7.1.5:The chemical composition ghaueramedium(41).

Chemical Weight/volume
20 x mineral solution 50 mL

KH,PQy 253¢g

KoHPO, 14.2 g
Peptone from meat 59

Meat extract 39

Distilled water 1000.00 ml

7146 LVWURPYV EXIIHU

Table 7.1.6:The chemical composition dE X IIlHU GHULYHG IURP 6LVWURPYTV PHGLXP

Chemical Weight/volume
K:HPOy 174 g
(NH4)2SQy 025¢g
NaCl 025¢g
MgSQy x 7H0 015¢
CaCbx 2H,O 0.0167 g
FeSQ x 7H0 0.0010¢g
(NH4)6M07024 001 m

(1 % solution)

Trace Elements Solution 005m
Distilled water 1000.00 ml

7.1.5Phosphate buffeed saline (PBS)

Table 7.1.7:The chemical composition ghosphate buffered saline.

Chemical Weight
NaCl 8.475¢g
NaHPQOQr x 2H,0 1.093 g
NaHPQs x H20 0.276 g
Distilled water 1000.00 ml
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7.2 Appendix B: R code for fitting a simple linear regression model in RStudio

Figure 7.2.2 Fitting a simpldinear regression model for the relationship between OD and CFU.

Figure 7.2.2:Output from fitting a simple linear regression model in RStudio. n = 3.

Figure 7.2.3:Plotting values for OD (axis) and CFU (3axis), with the estimated regression lfnem Figure
7.2.2.
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Figure 7.2.4: Estimated regression lineThe linear relationship between @pand CFU/ml is presented in the
standard curve. R= 0.9999.

7.3 Appendix C: Proteomics

An attempt was made to determine taktive amounts of denitrification reductasesing
denitrification, by analysing the cell proteome. This was done for botkfeceind starved
cultures ofP. stutzeriJM300, and welfed cultures ofl. sp. 27. The samples were obtained
by centrifuging entire incubation flasks (~50 ml liquid cufuand storing the cell pellets &t
20°C. The time points for sampling were determined by monitoring the gas kinetics in real
time. Samples were taken in triplicates from the inoculum, duri@ féduction and at the
onset of nitrate reduction upéime depletion of BO. Two different methods for peptide

extraction were used. Unfortunately, no results were obtained.

For cells ofP. stutzeri the extraction of the proteome did not go as planned. Theedkell

cells excreted a large amount of exopolgdarides (slime) that clogged the Strap filters used
in the proteomextraction (see Appendix 723for the protocol)This made following the
protocol impossible. Although this was only the case for-¥eelicells, and not starved cells,
the proteome of ell-fed cells was essential as a negative control. Had | had mord time,

could have used a protocol developed by Arntzen @4alAppendix7.3.1). This protocol is
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based on the separation of peptides using an@D3&nd $ presumably not as sensitive
towards slime. However, this is a rather ttos@suming method, argtevious attempts to use
it were unsuccessful. Even though the extracted peptides were of high concentrations and
quality (Table7.3.1) only the longest peptides were successfully exéact

The peptides from cells d@f. sp. 27 were extracted according to the protocégpendix

7.3.2 seemingly without difficulties, and yielded high peptide concentratses Table

7.3.2. Despite this, the MS analysis did not give reliable chromatographic results, as they
deviated betweesamples (AppendiX.3.3. NosZ was not found among the extracted

proteins, even though it is a periplasmic enzyme ai@ \Was reduced by the cells.

Additionally, the retention times for equal peptides varied with more than 60 seconds. All
these factors made the results questionable. It was suggested that the problems were caused by
the production of slime. This is possible, as anaerobic cellsspf. 27 semed to aggregate

(based on visual evaluations), which could be due to the production of slime. It was only the
chromatograms of anaerobic cells that were problematic, further supporting that slime
production was the culprit. Later studies should taketbduction of slime under

consideration, and use a method less susceptible to slime. For future research, it may also be

possible to remove the slime through enzymatic degradation.

7.3.1 Peptide extraction with gel separation

This protocol is developed by Arntzen e{@4). The cell pellets were dissolved in 300 pL

lysis buffer and lysed by bead beating (0.2 g 106 micron glass beads) in a FastPrep for 2*45
seconds &.5 m/s The protein concentration in the supernatant wessned by using a

BCA protein assay. 5 yL supernatant was diluted in 45 pLo@d&hd added to 1 mL BCA
working solution. The samples were incubated &@&6r 30 minutes, and the absorbance at
562 nm was measured to determine the protein concentréliersamples were diluted, if
necessary, to final concentrations of about 2 pg/uL. 20 pL of the sample was mixed with 7.5
ML Nupage 4x sample buffer and 3 uL Nupage 10x reducing agent, and incubatéd &ir70

10 minutes. Prior to gel application, the gd@s were spun down (1 min, 000g). 25 pL of

the samples were applied in wells in an Si¥§e gel. Each well was loaded with between
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15-20 ug protein. The gel container was filled with TGS buffer to an appropriate volume, and
the gel was run at 270 V fdr5 minutes, until the bonds had travelled some centimetres. The
gel was stained with Coomassie blue for 1 hour, and washed twice wil difbre

destaining. The gel was first destained twice for 20 minutes with a 100 % solutici®©(ddH
methanol and atie acid in the ratio 50/40/10 [v/v/v]), and then ON in a 50 % solution.

After destaining, the gel bands were cut out of the gel into 1x1 mm cubes, and transferred to
Eppendorf Protein LoBind tubes. 200 pL ddHwas added, and the samples were incubated
for 15 minutes at RT in a thermo mixer (800 rpm). After incubation, the liquid was removed,
and the samples were incubated with 2004@N/AmBic (50 %acetonitrile (ACN)25mM
ammonium bicarbonate (AmBic)) for 15 minutes at RT in a thermo mixer (800 rpm). Th

step was repeated once. The samples were incubated for 5 minutes at RT with 100 pL 100%
ACN in a thermo mixer (800 rpm). The liquid was removed, and the samples air dried for 1
minutes.The samples were then reduced by adding 50 yL [thiothreitol solution (10

mM DTT/100 mM AmBic), and incubated for 30 minutes at6an a thermo mixer (800

rpm). After the samples had cooled down, and excess DTT was removed, 50 uL
iodoacetamide (IAA) solution (55 mM IAA/100 mM AmBic) was addedlcylat the

samples. The samples were incubated for 30 minutes at RT in the dark. IBXcess

removed, and 200 pL 100 % ACN was added. The samples were incubated for 5 minutes at
RT in a thermo mixer (800 rpm). Excess liquid was removed, and the samples were air dried

for 1-2 minutes.

Digestion of the proteins was done by adding 30 pLp$hny solution (10 ng/uL trypsin in

trypsin buffer(25 mM AmBic/10 % ACN)and incubating for 30 minutes on ice. The gel

pieces were covered with additional trypsin buffer and incubated ON°&t i7a thermo

mixer (800 rpm).After incubation, 40 puL 1 %rifluoroacetic acid(TFA) was added to the
samples, and they were sonicated on a water bath at RT for 15 minutes. To prepare the
samples for MS, the last steps were performed using special tips (ZipTips). These were
conditioned to enhance binding, and eipudted between sample series. The equilibration

was done by pipetting up 20 pL 100% MeOH, which was discarded to waste. 10 pL 70 %
ACN/0.1 % TFA was pipetted up and discarded to waste, and the same was done with 10 pL
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0.1 % TFA. To bind the samples, thegre pipetted up and down 4 times using the

equilibrated ZipTip. The tip was then cleaned with a tissue. The samples were washed by
pipetting up 10 pL 0.1 % TFA, which was discarded to waste. The samples were eluted in an
HPLC vial by pipetting up and dowhtimes in100 % ACN/0.1 % TFA. The samples in the

HPLC vialswere concentrated using a Speedvac, until they werd deypeptides were

dissolved in 10 pL 2 % ACN/0.1 % TFAefore analysis, the peptides were sonicated for 5
minutes, and the peptide camtration was determined with Nanodrop at 205 see (Table

7.3.]). The samples were analysed using reverse phase chromatography, using a highly
hydrophobic C18 column. MS/MS and QTOF was used. The analysis was operated in PASEF

mode.

Table 7.3.1:Peptide concentration and qualitiessafnples fronP. stutzeridM300.

Sample Concentration A205 A280
[mg/ml]
1.0.1 0.389 12.06 0.05
1.0.2 0.313 9.71 -0.07
1.0.3 0.355 11.0 0.02
2.0.1 0.338 10.47 -0.04
2.0.2 0.351 10.87 -0.02
2.0.3 0.358 11.09 0.01
221 0.359 11.12 0.00
2.2.2 0.290 8.98 0.07
2.2.3 0.367 11.38 0.04

7.3.2 Peptide extraction using STrap tips

This protocol for preparing samples for proteomic analyses is developed by Morten Skaugen
(pers. com.). It uses STrap tips to extract the peptides froipsibe cells The tips were

prepared by stacking discs of Empore C18 (2 discs) and Munktell MK360 jliart¢l 2

discs) in a Protein LoBind pipette tip and adding 270 pl STrapping solution (90 % methanol
and 100 mM Tris pH 7.1). The tips were placed in LoBind eppendorf tubes for collection of

the flow through, and turned 18f@r each centrifugation step.
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The cell pellets were dissolved in 500 pl lysis buffer (4 % SDS, 50 mMdir{pH 7.9), 10
mM dithiothreitol (DTT)) and heat treated at 5 for 10 minutes. The cells were lysed
through bead beating (0.2 g 106 micron glass beads) in a FastPrep46rsgconds at 6.5
m/s. Thirty-six pl of the supernatant was alkylated with iodoacetamide (IAA) to a final
concentration of 50 mM, and incubated in the dark for 20 minutes. After alkylation, the
samples were acidified by adding 4 pl phosphoric acid (12.9%gnty pl of the samples
were loaded into the STrapping solution and spun down (10 min,g)00be STrap tips
were washed by spinning through 100 pl STrapping solution, whereupon 50 mM ammonium
bicarbonate (AmBic) was added and spun down. The tipstveersferred to a new Protein
LoBind collection tube and the proteins, located in the filter, were digested by briefly
spinning a trypsin solution (33 ng/ul trypsin in 50 mM AmBic) into the filters. The protein

digestion was performed for 48 minutes at7 °C.

After trypsination the trypsin was spun through the column, and 50 ul &&#@6roacetic

acid (TFA) was added to the flow through, which was spun through the column once more.
The column was washed by spinning down 100 pl 0.1 % TFA, and the STrap tip was added to
a new Protein LoBind collection tube. The peptides were eluted by shortly spinrehgian
solution (80 % acetonitrile (ACN)/0.1 % TFA) into the column, and letting it sit for 2

minutes, before completing the elution by centrifugation for about 5 minutes at 2500 g.

The samples were dried using a Speeddfatdissolved in 10 pl loadingolution (2 %

ACN/0.1 % formic acid). The samples were sonicated at RT for 10 minutes and the protein
concentration was determined using NanodegeTable7.3.2. The samples were diluted in
loading solution to 200 ng/ul if necessary and stored°@t #hey were analysed using

reverse phase chromatography, using a highly hydrophobic C18 column. MS/MS and QTOF

was used. The analysis was operated in PASEF mode.
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Table 7.3.2:Peptide concentration and qualitiessafnples fronThauerasp. 27.

Sample Oxic/Anoxic Concentration A205 A280
[mg/ml]
TO1 Oxic 0.292 9.25 1.23
T02 Oxic 0.246 7.63 0.07
TO3 Oxic 0.359 11.13 0.10
T12 Anoxic 0.305 9.44 0.52
T13 Anoxic 0.298 8.97 0.28
T21 Anoxic 0.183 5.67 0.12
T22 Anoxic 0.296 9.18 0.35
T23 Anoxic 0.291 9.01 0.28
T31 Anoxic 0.323 10.01 0.30
T32 Anoxic 0.371 11.52 0.39
T33 Anoxic 0.361 11.19 0.40

7.3.3 Chromatograms

Three of the analysed samples frdnsp. 27 with peptides from cells grown under oxic
conditions showed similar chromatograms which were reliable, even though the total ion
current (TIC) was a little lower than expected. This could be caused by a low loading volume.

A representative chromatgn for the three first samples is showrkrigure7.3.1
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Figure 7.3.1 The chromatogram from sample TOIL §p. 27), with peptides from cells grown under oxic
conditions. The total ion current is sensible, and peptides are eluted from the doltngithe entire run time

(seen as purple peaks). The solvent is eluted at the end of the run (red signal).

The peptide samples from samples T12 and onwards showed non reliable chromatograms.
These samples were obtained from cells grown under anoxigioasdThe TIC was very
low for these samples, and almost all peptides were eluted at the end of the run, together with

the solvent. A representative chromatogram is shoviAigare7.3.2
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Figure 7.3.2 Chromatogram for peptides obtained from anaeroblis of T. sp. 27. The TIC is very low

throughout the runtime, and a majority of the peptides (purple peeks) are eluted together with the solvent (red).

7.4 Appendix D: Incubation of starved P. stutzeriJM300

When studying the 115 hours of oxic respiration in the starvation experiménsuftzer; it
seemed as if the cells were actively reducin@ Nas the concentration ob®N gradually
decrease@Figure7.4.1). However, just a fraction of the U H G X R®I @as recovered as;N

N, leading to the conclusion that® was not removed through denitrification. The
disappearance of & was quickly assigned to headspace dilution during sampling, when He
gas replaces the sampled gas, leading to a caormbhation of the headspace. This dilution

was evident in longime incubations with little metabolic activity. Another indication that the
decrease in pPO-N was due to headspace dilution was seen when the cycle time for sampling
was reduced (after ~ 40 tns). Up until this point, the decrease isNN was linear, but the

rate decreased once the cycling time was increased, but remained linear. This was a strong
indication that the decrease inMN was primarily caused by a constant dilution, and only to

avery little degree microbial activity.
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Figure 7.4.1: The complete incubation of starvBd stutzeri Oxygen is gradually reduced during the first100

120 hours. The concentration of®N shows a considerate decrease from the start agfidlibation, but this is

likely due to dilution of the headspace during sampling. The cycle time for sampling is reduced from 2 hours to 4
hours after 40 hours, and increased again when the concentratigiNagthirted to increase. Note that the
concentrabn of No-N is given on the righband axis. Even thoughNN increases throughout the incubation,

the concentration of NN is approximatelyb pmol flask! when the concentration ofz-N has decreased with
approximately 20 umol flask Standard deviatits are given as vertical bars (n = 9).

7.5 Appendix E: Calculating cell specific electron flow

The calculations behind estimating cell specific electron flow rate were presented to me by
Lars Bakken (pers.comm). They were based om$semption that the cells grow

exponentially when carbon sources are available. Based on this, an estimate of the exponential
growth curve could be made. The estimate was based on the observed electron flow to the
available electron acceptor per flask,nfredmepoint to timepoint. During exponential growth,

the relationship between initial electron flow ra#Q@)) and growth ratel) can be

summarized like this:
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8:r ;A% Equation 7.5.1

VmaxWas set as 2*16mol e celit hl. The relationshifpetween growth yieldY), growth rate

(1) andVmaxis

Equation 7.5.2

igia

The initial cell numberN(0Q)) was calculated:

O:r; L !

Tgis

Equation 7.5.3

By using the parameters found from Equations 7.5.1, 7.5.Z &1l the cell number
throughout the incubation tim&l(t)) was calculated, based on the electron flow to the

available electron acceptor:

O:RLO:r;EABHKSTr (; Equation 7.5.4

The cell specific respiration at each timepoints was calculated, and given a&.% of
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7.6 Appendix F: Gas kinetics of discarded hauerastrains

Figure 7.6.1:Gas kinetics of the three discardBuauerastrains. All cells were grown ihaueramedium,

except the culture which gas kinetics in shown in the bottom right corner. These cells were grown in R2A
medium. The strains were wéd, and supplied with ~ 20 pumokO~ 100 umol NO and 100 pumol N@. The
decrease in pO for cultures grown in Thaueraedium is assigned to head space dilution during sampling. None
of the cultures showed significant denitrification activity whilst growiliaueramedium. The culture grown in
R2A-medium showed oxic regpition during the first 40 hours. No denitrification was seen before the cells had
been incubated for 80 hours, when the reduction rate®@fiftreased and a production of Was seen.

Standard deviations are given as vertical bars, but are often tdasipalseen (n=3).
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7.7 Appendix G: Late expression oharG in P. stutzeriJM300

Figure 7.7.1: The transcription of different denitrification reductases in an incubatiéh stiutzeriJM300
during the transition from oxic to anoxic conditionapA is expressed in small amounts after 7 hours, together

with nosZ narG s not expressed until 123 haurs after inoculation, with a peak of transcripts after 15 hours.
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