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Samandrag

Dinitrogenoksid (N20) er den tredje viktigaste klimagassen etter CO. og metan, og er ein
viktig bidragsyter til gydelegginga av ozonlaget. Globale N2O-utslipp 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 ein stegvis reduksjon av nitrat (NO3’) via
nitritt (NO2"), nitrogenmonoksid (NO) og dinitrogenoksid (N20) til dinitrogengass (N2). Kvart
av reduksjonsstega er katalysert av ei gruppe denitrifikasjonsreduktaser, hgvesvis Nar og/eller
Nap, NirS eller NirK, Nor og NosZ klade | eller klade Il. NosZ er det einaste enzymet som er
kjend & kunne redusera N2O til N2, og det finst berre i prokaryotar. Bakteriar kan dermed tene

som soldatar i kampen mot aukande N.O-utslepp.

Det er fleire faktorar som verkar inn pa ein organismes potensial for N2O-reduksjon.
Det genetiske potensialet for denitrifikasjon varierer mellom organismar, og det er berre nokre
som har det genetiske potensialet for N.O-reduksjon. Sjglv organismar som har nosZ genet
har ulike potensial for & vere sterke N2O-sluk, som mellom anna kan vere grunna metabolsk
regulering. Ei slik regulering vart oppdaga i ein studie av bradyrhizobia-stammer som hadde
det genetiske potensialet for komplett denitrifikasjon, men berre hadde Nap for dissimilatorisk
reduksjon av nitrat. Under kultiveringar med bade nitrat og N2O tilgjengeleg reduserte cellene
nesten utelukkande N2O. Den komplette denitrifikanten Paracoccus denitrificans, med bade
Nar og Nap for dissimilatorisk nitratreduksjon, viste ikkje denne preferansen for N2O. Det
vart hypotetisert at dette kom av ein elektronkonkurranse mellom NapC og bci-komplekset,
som donerer elektron til hgvesvis Nap og NosZ. Det vart fgresladd at bci-komplekset var ein
sterkare konkurrent for elektron enn Nap, i tillegg til at NosZ klade I kunne fa ekstra elektron
frd proteinet NosR. Dette farte i fglgje hypotesa til at cellene med Nap som einaste

dissimilatoriske nitratreduktase utviste ein sterk N>O-reduksjon.

I mitt arbeide har eg studert denitrifikasjon i fire bakteriestammer. Tre av stammene,
fra slekta Thauera, hadde Nap som einaste reduktase for dissimilatorisk nitratreduksjon,
medan Pseudomonas stutzeri JM300 hadde bade Nap og Nar. Alle stammene var komplette
denitrifikantar. Gjennom detaljert overvaking av gasskinetikken til denitrifiserande celler har
eg vist at elektronkonkurransen mellom NapC og bci-komplekset truleg er eit generisk
fenomen funne i fleire slekter. Resultata mine indikerer 0g at NosZ-kladen som er involvert i

denitrifikasjon er essensiell for utfallet av elektronkonkurransen, og at NosZ klade I har eit



sterkare potensial for & motta elektron enn NosZ klade I1, truleg grunna elektrontransport via
NosR.

Komplette denitrifikantar med Nap som den einaste dissimilatoriske nitrat-reduktasen
er verdfulle kandidatar for a redusere utsleppa av N2O fra jord. Jordmikroorganismar lev ofte
med svert avgrensa tilgang pa naering, og vi veit lite om korleis dette paverkar utfallet av
denitrifikasjon. Arbeidet mitt har derfor inkludert gassovervaking av denitrifiserande celler
som var svelta for karbon. Resultata var optimistiske for bruk av mikroorganismar for a

redusere N2O-utslepp, og viste at sjalv svelta celler kan vere sterke N2O-sluk.



Abstract

Nitrous oxide (N20) is the third most important greenhouse gas after CO> and methane, and it
serves as an important destructor of the ozone layer. Global N2O emissions are rising, and
most of the anthropogenic N2O comes from denitrification in agricultural soils. Denitrification
IS an anaerobic respiratory pathway found in many microorganisms. Complete denitrification
is the stepwise reduction of nitrate (NO3") via nitrite (NO2"), nitric oxide (NO) and nitrous
oxide (N20), to dinitrogen gas (N). Each of the reduction steps are catalysed by a group of
denitrification reductases, Nar and/or Nap, NirS or NirK, Nor and NosZ cladel or clade I,
respectively. NosZ is the only enzyme known to reduce N2O to N2, and it is only found in
prokaryotes. Bacteria can therefore serve as important soldiers in the battle against increasing

N2O emissions.

There are several factors that contribute to an organism’s potential for N>O reduction.
The genetic potential for denitrification varies between organisms, and only some carry the
genetic potential for N2O reduction. Even organisms that carry the nosZ gene have different
potentials to serve as strong N0 sinks, which can be due to metabolic regulation. One such
regulatory mechanism was discovered in studies of bradyrhizobial strains which carried the
genetic potential for complete denitrification, but had Nap as the only reductase for
dissimilatory nitrate reduction. When cultivated in the presence of both N2O and nitrate, the
cells reduced N2O almost exclusively. The complete denitrifier Paracoccus denitrificans, with
both Nar and Nap for dissimilatory nitrate reduction, did not show this preference for N2O.
This was hypothesised to be due to an electron competition between NapC and the bc:-
complex, which donates electrons to Nap and NosZ, respectively. The bci-complex was
proposed to be a better competitor for electrons, and it was proposed that NosZ clade I got
additional electrons from the protein NosR. This was hypothesised to cause the preferred

reduction of N20O in cells with Nap as the only dissimilatory nitrate reductase.

In my work, | have studied denitrification in four bacterial strains. Three strains, from
the genus Thauera, had Nap as the only dissimilatory nitrate reductase, whereas Pseudomonas
stutzeri JM300 had both Nap and Nar. All strains were complete denitrifiers. Through detailed
monitoring of the cells’ gas kinetics during denitrification, I have shown that the electron
competition between NapC and the bci-complex is likely a generic phenomenon found in

several genera. My results also indicate that the NosZ 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 clade I, likely due to electron transport via NosR.

Complete denitrifiers with Nap as the only dissimilatory nitrate reductase are valuable
candidates for mitigating N2O emissions from soils. However, soil microbes live under
conditions with limited nutrients available. Very little is known about how this affects the
outcome of denitrification. My work therefore included gas monitoring denitrification from
cells that were starved for carbon. The results were optimistic with regards to using
microorganisms to mitigate N>O emissions, and showed that even starved cells can serve as

powerful N2O sinks.
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1. Introduction

The microbial respiratory pathway of denitrification is a globally important process, and an
important source of the potent greenhouse gas nitrous oxide (N20). It is an important part of
the nitrogen cycle, where biologically available nitrogen (nitrate, NO3") is reduced to
dinitrogen gas (N2), via three intermediates. Denitrification happens frequently in soils, and
contributes greatly to the large N2O emissions from the agricultural sector. Denitrification is
also exploited in wastewater treatments as one of the microbiological processes used to
remove ammonia from wastewater. However, because denitrifiers can accumulate N2O, we
must take care when selecting species for industrial use. An evaluation must be made based
on genetics, the regulation of denitrification and the accumulation of intermediates. Many of
the “knots and bolts” of denitrification are known, but there are many secrets yet to be
discovered, and the variation between denitrifiers is vast. In addition to this, we hardly know
anything about how real-life 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 are a source of N2O, 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 mitigating N2O emissions from both agricultural

and industrial sectors.

In this thesis | will attempt to answer several questions regarding denitrification. | will explore
a mechanism found in several bradyrhizobia with a certain denitrification genotype (6, 7),
which seems to make the bacteria excellent at reducing N2O to N». Is this mechanism found
only among the bradyrhizobia, or is it found in other bacteria that have the same genetic
potential? My studies will include strains of the genus Thauera, which are soil bacteria that
are also abundant in wastewater treatments (8). | 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 as well-fed cells? To be able to fully
understand the importance of this research, and to understand the results, | will first present
the overhanging threats of N.O-emissions and what might be done about this. I will then
delve into the bacterial world to study the mechanisms of denitrification and some starvation

strategies.



1.1 Nitrous oxide - the forgotten threat

Nitrous oxide (N20) is perhaps best known as laughing gas, but it is also the third most
important anthropogenic greenhouse gas, after CO2 and methane (CH4) (9, 10). Even though
the annual anthropogenic emissions of N2O are lower than those of CO2, N2O has a heating
potential that is 265-298 times larger than that for CO2 in a 100 years perspective (11). This is
partly due to the long lifetime (100-120 years) of N2O in the atmosphere (10, 12). In addition,
N20 is today’s most important contributor to the depletion of the ozone layer (13). If N2O
emissions continue as they are today, and no new methods for mitigation are implemented,
the N2O emissions are estimated to almost double by 2050, compared to the levels in 2005.
This means that emissions would increase from 5.3 Tg N2O-N per year (2005-2010) to 9.7 Tg
N20-N per year by 2050, or from 3.3 Gt CO»-equivalents per year (in 2020) to 4.5 Gt CO-
equivalent per year in 2050 (10). If greenhouse gas emissions are not reduced, we will not
reach the goal of a mean temperature increase of 1.5°C (14), and this will have dramatic
global consequences (9, 14, 15). To increase our chances of reaching the 1.5°C goal, efforts
need to be made in the sectors that are responsible for NoO-emissions, which among others

include both the agricultural sector and the wastewater treatment sector.

The most important source of anthropogenic N2O is agricultural activities (10, 16), which are
estimated to be responsible for 66 % of annual anthropogenic emissions (10). The need for
biologically available nitrogen for food production has increased with a growing world
population, and the invention of industrial nitrogen fixation for production of synthetic
fertilizers made 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 per year (17), which to a
large extent has been used for synthetic fertilizers. Industrial nitrogen fixation is therefore one
of the most important sources of reactive N entering terrestrial systems (18). Over the same
period global soil N2O emissions increased from 6.3 Tg N2O-N per year to 10 Tg N2O-N per
year. Mineral N-fertilizing is estimated to be responsible for 54 % of the increase in terrestrial
N20-emissions (19), and the relationship between N input to soils and N2O emissions is
believed to be non-linear, and possibly exponential (10, 20). Other sources of reactive N are

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



with bacteria. In soils, N2O is emitted primarily from the processes of denitrification (1, 5, 19,

21) and as a by-product from nitrification (4, 5) (see Box 1).

Box 1: The nitrogen cycle

The nitrogen cycle is a major biogeochemical cycle, driven mainly by microbial activities.
Nitrogen is vital for life, but exists mainly as N in the atmosphere, unavailable for most
life forms. Nitrogen is made available through nitrogen fixation. Biological nitrogen
fixation (Reaction 1 in Figure 1) can only be performed by prokaryotes, that are free living
or living in mutualistic relationships with certain plant families. Bradyrhizobium is one of
18 genera in the bacterial group collectively called rhizobia, which are often found in
nitrogen fixation symbioses with legumes. Fixed nitrogen exists as NH4*, and can be
incorporated into biomass. It can also be oxidized to NOgz', in the aerobic process
nitrification (Reaction 2). Further reactions in the nitrogen cycle include dissimilatory
nitrate reduction to ammonium (DNRA) (Reaction 3), anaerobic ammonium oxidation to
N2 (anammox) (Reaction 4) and denitrification (Reaction 5). In the anaerobic process
denitrification, nitrogen is brought back to the atmosphere as nitrogen containing gasses
(NO, N20 and N). Denitrification is regarded as the biggest source of N»O in the nitrogen
cycle (1-3), but N2O is also released from nitrification, as a by-product. Nitrification is an

important source of N2O in wastewater treatment systems (4, 5).

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

NO;s

Figure 1: The nitrogen cycle. The microbial processes of the nitrogen cycle. (1) Nitrogen fixation.
(2) Nitrification. (3) Dissimilatory nitrate reduction to ammonium. (4) Anaerobic ammonium
oxidation, where NO2" and NH4" are converted to N2. (5) Stepwise denitrification of NO3z™ to N2.

(Created with BioRender.com)



Wastewater treatment plants (WWTP) are responsible for 3 % of anthropogenic N2O
emissions (10). One of the main goals in WWT technology is to remove nitrogen from
wastewater. This is often done by using a combination of nitrification and denitrification, by
which most of the ammonia is transformed to a nitrogen containing gas, which is released.
Nitrification and denitrification are considered the main sources of N.O from WWTP (4).
Therefore, more knowledge on these processes are needed to efficiently remove nitrogen from
waste water while reducing greenhouse gas emissions (22).

Both the wastewater industries 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 today (15). If we are to
maintain a safe environment for future generations, we must take actions. Even if CO>
emissions decline as predicted, the annual emissions of N2O are predicted to continue to
increase (23, 24), and new mitigation options must be found (10, 24). Luckily, new mitigation
options are under development (25), and if they are implemented, we can stabilize the
atmospheric levels of N.O (10).

1.2 How can we use microorganisms to battle NoO emissions?

If a collective job is done to mitigate N>O emissions we may be able to reduce the annual
emissions by 2050, and stabilize the atmospheric levels of N2O at 340-350 ppm (10). If this is
accomplished, from 2014 to 2050 we will have avoided emissions of 22 Tg N2O-N per year,
or 57 Gt COz-equivalents (these numbers will of course look a little different now in 2021)
(10). Several strategies must be implemented, some of which should aim to reduce the
greenhouse gas emissions from food production (14). We can use microorganisms to battle

N20 emissions from several sectors, especially agriculture!



Prokaryotes are important soldiers in the battle to reduce N2O emissions because they are the
only group of organisms were the enzyme NosZ is found. NosZ is the only enzyme that can
reduce N20 to harmless N2 (more on this in Chapter 1.3). Many prokaryotes are soil dwelling
bacteria, and can therefore play an important role in reducing N2O-emissions from
agricultural soils. However, only some prokaryotes carry the nosZ gene. Moreover, the
organisms may not express the enzyme under all conditions, or the 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 N2O 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 well understood.
Research has already revealed that pH plays an important role in N2O emissions, as NosZ is
not assembled correctly under pH below ~ 6.8 (25, 26). Soil liming and the use of biochar has
therefore been proposed as mitigation options to increase soil pH, and thus reduce N2O
emissions (25, 27, 28).

Research has been done to see if it is possible to engineer the soil microbiome by inoculating
soils directly with efficient NoO-reducers. This could be bacteria that perform complete
denitrification or bacteria only capable of reducing N2O to N2 (25, 29) (more on
denitrification in Chapter 1.3). The bacteria can be enriched in organic waste from methane
production, called digestates. The digestates are rich in nitrogen and phosphate and can be
used as fertilizers in agricultural soils (25, 29). This would secure a repeated inoculation of
effective N2O reducers into agricultural soils, as it has been shown that inoculation of
microorganisms to soil must be repeated to obtain a significant effect (30, 31). Recent
research has demonstrated that selected N.O reducers can be inoculated into sterilized
digestates, and that the N.O emissions from soils treated with such digestates are reduced
(29). However, the use of digestates is not the only inoculation strategy that has been

explored.



The possibility of inoculating legumes with efficient N2O reducers and N»-fixers as a strategy
to mitigate N2O emissions from legume crops is under development. After a season of
cultivating legumes is over, the plant residues and root nodules (housing the bacterial
symbiont) are degraded in the soil. This process releases NH4", which is oxidized to NO;" and
NOs™ during nitrification (see Box 1). The nitrifying bacteria consume oxygen, causing
anoxia. Denitrifying bacteria can then reduce NOz™ to nitrogen gasses. Both nitrification and
especially denitrification can be important sources of N>O, which makes the degradation of
legume residues a potentially large source of N2O (32, 33). Many commercial N2-fixing
strains used for legume inoculation lack the nosZ gene, and therefore contribute to this effect
(25). Field studies have shown that inoculating root nodules with efficient N2O reducers can
reduce postharvest N.O emissions (32). This could be a promising option for mitigating N2O

emissions, while ensuring an effective biological fixation of nitrogen.

If the mitigation options presented in this chapter are to be successful, more knowledge is
required on the mechanisms of denitrification (24). 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 natural environments.

1.3 Denitrification

In the absence of Oz, many microorganisms can secure energy production through the
anaerobic respiratory pathway of denitrification. Energetically, this is the second most
favourable type of respiration, exceeded only by oxidative respiration. Denitrification is found
in many facultative anaerobic bacteria and archaea, and in some fungal species (1, 2). It is
defined as the reduction of NO2 to NO (34). However, in this thesis, complete denitrification
is defined as the four-step reduction of nitrate to N> (Figure 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 denitrification. Complete denitrification 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 of N2O to N can only be performed by one enzyme, NosZ, which is divided
into two clades, clade I and clade 11. NO3 and NO;™ are soluble in liquid, whereas NO, N,O and N are gasses at

physiological temperatures.

Nitrate reductase: The dissimilatory reduction of nitrate to nitrite is catalysed by the
dissimilatory nitrate reductases Nar and/or Nap. Periplasmic nitrate can be reduced to nitrite
by the periplasmic enzyme complex NapAB, expressed from the nap gene cluster napEDABC
(5). NapA has a [4Fe-4S]-centre and a molybdenium cofactor, whereas NapB is a cytocrome c
(2, 5) . NapAB receives electrons from the membrane bound NapC, which in turn gets

electrons from oxidation of the quinol pool (see Figure 3) (5).

Nitrate can also be dissimilatory reduced by NarG in the cytoplasm. Nitrate is first detected
by nitrate sensors, activating nitrate transport through the membrane via the transporters
NarK1 and NarK2 (5, 35). The dissimilatory reduction of cytoplasmic nitrate is catalysed by
the membrane bound nitrate reductase complex NarGHI, encoded from the genes in the
operon narGHJI. NarG is the catalytic subunit of NarGHI, and is located inside the
cytoplasm. It contains a molybdenium cofactor in its active site. NarG receives electrons from
the oxidation of the quinol pool, via Narl and NarH (Figure 3). The electron flow from Narl is
mediated through two hemes b to NarH. Further on, the electrons are transported through Fe-
S clusters (5). The flow of electrons from the membrane to the cytoplasm is associated with a
translocation of protons, creating an electrochemical gradient across the membrane which is
utilized for ATP-synthesis (5).



Nitrite reductase: Dissimilatory nitrite reduction takes place in the periplasm (gram negative
bacteria) or in the “periplasm like” space (gram positive bacteria) (35). Nitrite is transported
out of the cell after cytoplasmic dissimilatory nitrate reduction (in cells were this takes place).
Nitrite is transported out via the NarK2 transporter, which is a nitrate/nitrite antiporter (5) and
reduced to NO by nitrite reductase, NIR (Figure 3). This is the step that defines
denitrification, as it leads to the production of a nitrogen containing gas (34, 36). There are
two isofunctional versions of NIR, encoded by nirS and nirK, and denitrifiers typically have
only one of them. However, some organisms, such as Pseudomonas stutzeri JM300, are
reported to have both (37). nirK encodes a homotrimer with a copper centre (CuNIR),
whereas nirS encodes a homodimer with a cytochrome cd: (cdiNIR) (5, 38). The electrons for
nitrite reduction are obtained from quinol oxidation by the cytochrome bc: complex, via
cytochrome c (Figure 3). During the oxidation of quinones, protons are translocated across the

membrane to the periplasm (5).

Nitric oxide reductase: The reduction of NO is crucial to the cell, as NO is a radical and
therefore a potent toxin. NO is reduced to N2O 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 type ¢ cytocrome, and delivers electrons to NO reduction
via the cytochrome bci complex (Figure 3). The electrons are passed via a b-type heme to the
binuclear centre in NorB were the catalytical site is found (1, 34). gNor has two functionally
redundant subunits that receive electrons from the direct oxidation of the quinol pool (Figure
3) (1, 34). A third version of NOR has also been described. It is a dimer called qCuANor, and
can receive electrons both from the quinol pool and from a cytochrome c (1, 34). The

reduction of NO to N20 is not associated with proton translocation (1, 5).

Nitrous oxide reductase: The last step in denitrification is the reduction of N2O to N.. Only
one enzyme, nitrous oxide reductase (NosZ), is known to be able to reduce this potent
greenhouse gas to N, and it is found only in prokaryotes (34). NosZ is a multicopper enzyme
that is either membrane bound (gram-positive bacteria) or periplasmic (gram-negative
bacteria) (5). The functional enzyme is a homodimer, the product of the nosZ gene (39). It has

two copper centres (Cu; and Cua with 4 and 2 copper ions, respectively) in each monomer (5,



39). The entire dimer has 12 copper ions (34). Electrons are obtained from the cytochrome bc;
complex, via a cytocrome c (Figure 3). One electron is transferred through Cua to Cuz, were
the reduction of N2O occurs (5, 34, 39). The distance from Cua to Cuz in each monomer is 40
A, which is too long for efficient electron transfer. The monomers are therefore arranged
head-to-tail which reduces the distance for electron transfer to 10 A (39), thus ensuring

efficient electron transfer.

The NosZ protein can be divided into two groups, termed clade I and clade 1. They
differ in their architecture and secretion from the cytoplasm to the periplasm. Clade | proteins
have the two domains (Cua and Cuz) as mentioned. The protein is exported into the periplasm
via the twin-arginine translocation pathway (TAT-pathway) (39). The operon of clade | Nos
also includes the gene nosR, which likely plays a part in electron donation to NosZ (1, 7, 40).
Clade I1 proteins include a third domain, a cytochrome c. These proteins are transported by a

Sec translocon (39), and are not associated with the NosR protein.



NO .
NOzi Noz NO

N0

NirS Nirk
N:
«...

... toNosZ

NOs *, cladel

(' NO N,0 NO N0

Periplasm 3 :
QH % QH e <‘QH
(=2}
o g QH, QH;
Cytoplasm =
Q
-
NADH NAD+
NO; NOy KI_'CAD }

Figure 3: Denitrification reductases and electron pathways. The denitrification reductases are located either
in the membrane or in the periplasm (gram negative bacteria). In the figure, the different reductases are colour
coded based on the reaction they catalyse. The only exception is the two nitrate reductases Nar and Nap. These
have different colours because the distinction between them will be important later in this thesis. Coloured
arrows indicate a reductive step in denitrification. Black arrows indicate the electron flows to the different
reductases, either directly from the quinol pool (QH2> = QH) or via the cytochrome bc, complex. The dashed
arrow represents the hypothesised electron flow from NosR to NosZ clade I. The circles lined with red represent
small electron shuttle proteins, such as cytochrome c. Electrons to the quinol pool originate from the oxidation of
NADH, which is provided from catabolic reactions such as the TCA-cycle. The NO reductase gqCuANor is not
included. The figure is heavily inspired by the works of Shapleigh (34) and Mania (7). Created with

BioRender.com.

1.3.1 Regulation of denitrification

The expression of the denitrification reductases is transcriptionally regulated which is seen as
a safeguard against accumulation of toxic intermediates (NO2  and NO) and as a way to secure
that the most energetically favourable metabolism is used. However, the control mechanisms
vary between organisms, leading to various “denitrification regulatory phenotypes” (41). If
the regulation is not strict enough, the cell might “waste” energy by expressing a
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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proteome. A poor regulation of denitrification 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 of N2O. The regulation varies between species and strains, and
has been studied in some model organisms. Although no universal regulatory mechanism has
been found (1), it can be divided into layers that are shared between organisms. Regulatory
signals from the environment, most importantly Oz and 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 Crp-Fnr family (1, 43). The
regulatory proteins control the expression of the denitrification reductases, of which many are
substrate regulated as well (1, 43). Because of the large variation in denitrification regulation
mechanisms, | will present the regulation in Pseudomonas stutzeri as an example, illustrated

in Figure 4.

The most important environmental signals that regulate the onset of denitrification are oxygen
levels and respirable N-oxides, especially NO (1, 42, 43). Both of these signals are needed for
the onset of denitrification (43). The Fnr-factors FnrD and DNR respond to the availability of
02, and activate the transcription of nir and nor if O»-levels are low (43). DNR will also serve
as a transcriptional activator of nir and nor in the presence of NO (1), but will inhibit the
transcription of the nar operon (1, 43). The activation of nir and nor are tightly connected,
and the reduction of nitrite and NO are thus highly dependent on one another. This is essential
to ensure the efficient reduction of the toxic NO. The reductions of nitrate and N2O, on the
other hand, are independent of the other denitrification steps (43). The presence of nitrogen
oxides also plays an important part in regulating denitrification. NO is already mentioned
through its effect on DNR. NO will also activate the transcription of nir and nor directly, and
can induce the transcription of nosZ (1, 43). The increased transcription of nir leads to a
positive feedback loop, in which more nitrite is reduced to NO, which will continue the
activation of nir and nor, thereby securing the detoxification of nitrite and NO to N2O. nir is
also activated through the presence of nitrite, which in addition activates the transcription of
nor and nosZ (43). The transcription of nosZ in P. stutzeri depends on the enzyme NosR,
which may also be involved in electron transfer to NosZ (1, 40, 43). Apart from this, the

transcription of NosZ is independent of the presence of nitrate and N2O (1, 29, 43). Nitrate is
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also plays a role in regulating denitrification, and activates the transcription of nar 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 stutzeri. Denitrification in P. stutzeri is controlled by
several factors — the availability of O, 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 arrows, whereas inhibitory steps are marked with an upside-down “T”. The different regulatory
factors (both transcription factors and substrates) are coloured, and the arrows that show what steps they regulate

are given the same colour. (Created with BioRender.com)

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

Different denitrification phenotypes are important to consider when discussing
microorganisms as sources or sinks for N2O. The different phenotypes can be caused by
different factors on the genetic, transcriptional, and metabolic level. Many organisms lack the
nosZ gene, and are thus important sources of N2O. Other organisms possess nosZ, either as

the only or one of a few denitrification reductases, or as part of the entire set of denitrification
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genes. These organisms may be important sinks for N2O. However, even though an organism

has nosZ, it may not be able to express the functional protein or use it efficiently. This will
lead to no N2O reduction, or a less effective N2O reduction. Understanding denitrification

phenotypes and why they differ is thus of great significance when finding ways to mitigate

N2O emissions.

Many organisms are full-fledged denitrifiers, which can reduce nitrate all the way to Na.
However, many organisms have truncated denitrification pathways (34). They may lack the

genetic potential to perform complete denitrification, and have other end products than N2

(34, 44). Studies by Lycus et al (44) revealed isolates with different denitrification pathways

in soils, which was summarized in a figure that is reprinted here (Figure 5). The study found a

high frequency of organisms with other end products than N2, both in soils of neutral and low

pH (44).

pH 3.7 soil

LY. seriesB

series C

Full-fledged

NIR, NOR, N.OR

Only N,OR

NAR*/NIR™,

N,OR NO, and NO, reduced 0

NAR, NIR, NOR

NIR, NOR

NAR, NIR

Only NIR

Only NAR

DNRA

Figure 5: Denitrification phenotypes from soils. The figure is reprinted from Lycus et al (44). 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 on end-product 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 al (44) revealed that denitrifiers with the potential for complete
denitrification showed different regulatory phenotypes. This was also found in a different
study of eight strains of complete denitrifiers from the genus Thauera. The Thauera strains
showed two different strategies on handling the onset of denitrification (41). Some of the
strains started denitrification before oxygen was depleted, and produced NO, N2O and N2
successively. In these strains, no accumulation of nitrite was observed, and all the nitrite
produced through dissimilatory nitrate reduction was quickly reduced to NO. This phenotype
was termed Rapid Complete Onset of denitrification (RCO) (41). 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 Progressive Onset of
denitrification (PO) (41). The two groups showed a different transcriptional regulation of
denitrification. Organisms with the RCO phenotype showed a transcription of nirS and nosZ
at an early stage when oxygen was still present. Organisms with the PO phenotype showed no
transcription of nirS or nosZ before all nitrate was reduced to nitrite (41). This shows that
strains with the same genetic potential for denitrification, grown under the same
environmental conditions have different potentials for acting as strong N2O-sinks. Organisms
with a regulatory phenotype such as the RPO can reduce N2O at an early stage in
denitrification and are therefore valuable N2O-sinks compared to organisms with the PO
phenotype.

Differences on the metabolic level also affects the N2O-reducing potential of strains with the
same potential for complete denitrification. This 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 studies have demonstrated a strong preference for NoO over nitrate in a range of
Bradyrhizobium strains that carried a complete set of denitrification genes, when grown
anaerobically in the presence of both N2O and nitrate (6, 7). This was also observed in a strain
of Thauera linaloolentis (45) . Transcriptional analysis of the bradyrhizobia showed that the
transcripts of both nap (the only dissimilatory nitrate reductase found in the strains) and nosZ
were present during N2O reduction, ruling out that transcriptional regulation of these genes
was the cause of the observed phenotype (7). When all NoO was consumed, and the reduction
of nitrate had started, additional N.O was added. This resulted in an instant switch were the
bacteria started to reduce the added N2O (7). It was thus clear that Nap was active during the
reduction of N2O. It was therefore proposed that the preferred reduction of N>O was caused
by a competition for electrons, much like a tug of war, and that Nos received considerably
more electrons than Nap (7). This was further suggested to take place in complete denitrifiers
with Nap as the only dissimilatory nitrate reductase (from here on referred to as Nap-Nos
organisms), as the complete denitrifier Paracoccus denitrificans, with both Nar and Nap
(organisms with this genotype are from here on referred to as Nar-Nos organisms), reduced

nitrate and N2O simultaneously (6).

Nos may have had an additional advantage in the electron competition. NosZ clade I,
the nitrous oxide reductase found in bradyrhizobia, is associated with NosR (6). This
association was speculated to increase the competitiveness of NosZ due to electron donations
to NosZ clade | via NosR. This was supported by the finding that the competition between
NapC and NirK was much more even than the competition between NapC and NosZ (7). As
both NirK and NosZ receive electrons via the bci-complex (Figure 3), it was proposed that

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

Further experiments showed that if the electron flow to the cytochrome bc; complex, which
donates electrons to Nir, Nor and Nos via cytochrome c, was blocked, nitrate was reduced
more efficiently. If an external electron donor (TMPD) was added, nitrate was also reduced
more efficiently (7). TMPD donates electrons directly to cytochrome c, thus leaving more

electrons available for dissimilatory nitrate reduction via NapC. This led the authors to
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hypothesise that the observed phenotype was due to a competition for electrons between

NapC (which donates electron to NapA) and the cytochrome bc: complex (7).

Bacterial strains with a preference for N2O over nitrate could serve as excellent sinks for N2O,
reducing both N2O produced by themselves and other organisms. It makes them valuable
candidates for soil inoculations. However, we need more research on how general this
phenotype is, and how it is affected by starvation. The studies done on this electron tug of war
are performed on bacteria grown in carbon rich medium. However, natural habitats such as
soils often have low levels of carbon, and many organisms in soils thus suffer from semi-

starvation or starvation (3, 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 survive. Upon starvation, most cells reduce cell size and volume, either
through shrinking or fragmentation (cell division without growth), and the cells often take on
a coccoid shape (47). To reduce energy consumption, cells can lower their metabolic rates.
However, they must be able to maintain a minimum of metabolic activity for repair of
essential biomolecules, the production of essential proteins, stabilizing mRNA transcripts and
to maintain a membrane potential (46, 47). In this section, | will give a more detailed
description of two strategies that can be used to handle starvation. | will also present the

leading thoughts on denitrification during starvation.

1.5.1 Accumulation of internal carbon storages

One strategy that can be used to cope with starvation is the accumulation of

polyhydroxyalkanoates (PHA), often in the form of polyhydroxybutyrate (PHB). PHAS serve
as internal storages of carbon, and are found in more than 90 genera of bacteria, including the
genus Thauera (8, 48). Experiments have shown that PHA/PHB can fill up to 80 % of the cell

dry weight in Eschericha coli and Ralstonia eutropha when they are grown in a medium rich
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in carbon (48, 49). Starved bacteria can use their store of PHA/PHB as a carbon source and an
electron donor for respiration, and may thus be able to maintain some metabolic activity
during periods of starvation (48, 50). Experiments with the denitrifier T. aminoaromatica
showed that the cells degraded stored PHB to acetyl-CoA, which entered the TCA-cycle and
provided reducing energy for the reduction of nitrate (8). The cells used reduction energy to
accumulate PHB during periods where carbon was available, instead of reducing available
nitrate to nitrite (8). This strategy of “preparing” for starvation may be found in other strains
as well, and allows the cells to maintain a higher metabolism during starvation than cells

without this strategy.

1.5.2 Extremely slow growth

Cells that lack internal carbon storages can survive starvation through extremely slow growth.
Experiments on non-sporulating Bacillus subtilus showed the possibility of deep starvation
(46). The cells showed signs of low metabolic activity, evident from the fact that they
maintained a membrane potential. The cells showed no downregulation of genes related to
cell division, which led to the conclusion that the cells were dividing, even though no increase
in CFUs was observed (46). The cells likely got nutrients from lysed cells, leading to a rather
constant number of living cells. This phenomenon, which was termed cryptic growth, is likely
to occur in natural oligotrophic environments were nutrients are limited (46). Many
denitrifiers dwell in oligotrophic environments, which may have implications for
denitrification. However, to my knowledge there is only one study that has focuses on how

starvation affects denitrification (50).

1.5.3 Feast, famine, and denitrification

The study, performed by Schalk-Otte and colleagues (50), was performed on Alcaligenes
faecalis, a denitrifier with the genetic potential to reduce nitrite, but not nitrate, to N». A. faecalis
showed an increase in the production of N>O during starvation, as opposed to the production of
N20 when carbon was available. The increase in N.O-production was hypothesised to be caused
by an electron competition between Nos on the one hand and Nir and Nor on the other (50).
Based on this single study, the current conception of denitrification during starvation is that it
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leads to increased N2O emissions. This clearly needs to be verified by other studies on other
denitrifying organisms and should particularly include complete denitrifiers, having the genetic
potential to reduce nitrate to No.

Increased knowledge on denitrification and N2O reduction under natural conditions has been
called for by several studies (1, 22, 42, 51), and will be essential for the continued effort to
find microbial soldiers for the battle against N2O emissions. The current knowledge gaps have
led a research group at The Norwegian 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 that strains from the genus Bradyrhizobium, which
carry Nap and NosZ but lack Nar, retain their strong preference for reduction of N2O over
nitrate (see Chapter 1.4) after 20 hours of starvation (Gao and Frostegard, unpubl.). The results,
which differ from what was found in A. faecalis, indicate that these organisms may act as strong
sinks for N2>O under natural conditions where organisms regularly face reduced nutrient
availability. However, this is a mostly unexplored field, and more studies on a wider range of
denitrifying bacteria are needed if we are to understand how denitrification is controlled under
natural conditions. This will be valuable knowledge also for various engineered systems such
as wastewater treatment plants where nutrient levels fluctuate. Another area under development
in newly started projects in our group is single cell production using denitrifying bacteria (L
Bakken and L Bergaust) where upscaling of fermenters often leads to large substrate
fluctuations. This thesis will break mostly unexplored ground in the field of starvation and

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

1.6 Hypothesis

This thesis builds on the findings by Mania et al and Gao et al (6, 7) that denitrifying
bradyrhizobia can act as strong sinks for N2O. They hypothesised that the observed, preferred
reduction of N2O over nitrate is due to a competition for electrons between the electron pathway
to NapA via Nap C and the pathway to NosZ via the bc: complex. Furthermore, they suggested

that this phenotype is found in other NosZ-carrying organisms that have Nap as the only enzyme
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complex for dissimilatory nitrate reduction. The present thesis investigates the validity of that
suggestion by determining the denitrification phenotype in bacteria that are unrelated to
bradyrhizobia. | hypothesize that:

1. The electron competition between Nap and Nos found in bradyrhizobia is a generic
phenomenon that exists in bacteria belonging to other subphyla, and which carry Nap
and Nos but lack the membrane-bound Nar.

2. The phenomenon is typical for bacteria having Nap and the clade | type of NosZ, since
NosZ can receive electrons from NosR in addition to from the bci complex. | do not
expect the same strong N2O reduction in organisms with the clade 11 type NosZ, since
they lack the additional electron pathway through NosR.

3. I hypothesize that the strong preference for NoO over nitrate as electron acceptor in Nap-

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

2.1 An incubation system for monitoring denitrification gas Kinetics

The denitrification gas kinetics of the different bacterial strains were monitored using a
robotised incubation system (from here on referred to as the robot system) developed by
Molstad et al (52). The system consists of a water bath, in which vials with the liquid bacterial
culture are placed, a gas chromatograph (GC) and a chemiluminescence NO analyser (52). A
schematic illustration of the system is presented in Figure 6. The headspace of the vials is
filled with He-gas and a desired volume of other gasses (such as N2O and O). 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 headspace with 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 N2O, Oz, N2, CO», CHa (in the GC) and NO (NO analyser) is determined. The

volume sampled from the headspace is replaced with He-gas (52).

He )
15ml min”

Y

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

chromatograph (GC) or an NO analyser. The figure is taken from Molstad et al (52).
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In addition to gas sampling, liquid samples can be taken manually to measure the
concentrations of nitrite and nitrate in the liquid medium. Not more than 100 pl is sampled at
several timepoints, using a needle that has been flushed with He-gas. Analysing the
concentrations of nitrate and nitrite is done by reducing NO3/NOz to NO using saturated
vanadium chloride (VCIs) in 1 M hydrochloric acid or 1 % w/v sodium iodide (Nal) in acetic
acid for nitrate and nitrite analysis, respectively. The NO concentration is measured using an
NO analyser, and a standard curve (R > 0.99) 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 based on mass balance, explained in Figure 12. This is a more

credible alternative than measuring nitrate in the liquid.

2.1.1 Transforming peak areas into gas concentrations

The concentrations of headspace gasses are given as peak areas from the GC, and are
converted to concentrations (ppmv) using an Excel sheet (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 gasses (53). For these parameters to be
correct, it is of crucial importance that the temperature and 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 vials in the experiment (Table 1). 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 the flasks and the medium. In addition to the response factors, some parameters

must be set to obtain reliable data.

For the detection of N2O, some robot systems use two detectors — ECD and TCD. The TCD-
detector has a large linear range, and is therefore suitable for measuring high concentrations
of N20. It is, however, unable to detect low concentrations of N2O. The ECD-detector, on the

other hand, is very sensitive and can detect very low concentrations of N.O (< 0.1 ppmv). The
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ECD-detector has a very short linear range, and is therefore not suited for measuring high

concentrations of N2O (53). A limit for when KINCALC is supposed to use ECD-values, and
when to use TCD-values, is set (53). One of the robot systems often used in this work did not
have an ECD-detector, and the limit was thus set to 0. However, the lack of an ECD-detector

is not a problem for experiments were high concentrations of N2O are used.

Table 1: Gas standards. Three different standards were used to calibrate the KINCALC-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
(o} 210 000 >500 -

N2 780 000 >800 999 975

N20 0.58 150 -

NO - - 25

CO; 361 10 000 -

CHs 1.84 10 000 -

He - The rest -

In the calculation of the KINCALC-sheet, the sampling volume needs to be adjusted. For each
sample taken by the robot, there is a small leakage of O2 and Nz into the flasks. Additionally,
some of the headspace gasses are lost during sampling. Setting the sample loss is done using
data from the air standard. The leakage from this standard is negligible due to the high initial
concentrations of Oz and N2, but the sampling loss is not. The sampling volume is set to a
value which gives stable concentrations of Oz and N2 over time when leakages are adjusted
for. The sampling losses are determined in the same way in the high standard, where the

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

The last important parameter to set is the zero offset value for oxygen. Vials with 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 vary considerably between different incubation
systems (53).
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2.2 Bacterial strains

The bacterial strains used in this work can be divided into two genera. Thauera
aminoaromatica S2, T. sp. 27, T. terpenica 58 Eu, T. DNT-1, T. linaloolentis 47 and T. sp. 63
were first selected. These have previously been described with regards to their denitrification
phenotype (41). | failed in growing T. aminoaromatica, T. DNT-1 and T. terpenica, and
therefore included Pseudomonas stutzeri strain JM300 (DSM 10701) in the study. The strains
were either grown from stock cultures already available, or from purchased cultures from the
German Collection of Microorganisms and Cell Cultures (DSMZ). Liquid cultures were based
on single colony picks. All strains selected were complete denitrifiers, with different
combinations of the denitrification reductases as presented in Table 2. All strains carried the
genes for NosZ clade I, except T. linaloolentis, which had the genes for both NosZ clade | and
clade 11 (45). The Thauera strains had Nap as the only dissimilatory nitrate reductase
complex, and will from hereon be referred to as Nap-Nos organisms. P. stutzeri JM300 had
both Nap and Nar for dissimilatory nitrate reduction, and is from here on referred to as a Nar-

Nos organism.

Table 2: Denitrification genotypes of selected strains. The presence of a gene is marked with “X”. The version

of Nor present in the strain is not included.

Strain Nar  Nap NirS NirkK Nor NosZ
Thauera sp. 27 X X X X
Thauera sp. 63 X X X X
Thauera linaloolentis X X X X
Pseudomonas stutzeri JIM300 X X X X X X

2.3 Medium and incubation conditions

The initial strains were divided into two groups with regards to medium and incubation
conditions. P. stutzeri IM300, T. sp. 27, T. sp. 63 and T. linaloolentis were grown in Sistrom’s
minimal medium (Appendix A) at 20 °C. T. aminoaromatica, T. DNT-1 and T. terpenica were
grown both in Thauera medium (Appendix A) (41) and in R2A medium (Appendix A) at 28

°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 120 ml serum flasks with 50 ml liquid medium, 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 the medium. ODesoo Was
kept low, ~ 0.3 — 0.4 or ~ 0.15 for incubations of well-fed 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 flasks were prepared for the incubation experiments in the robot system.
The flasks were the same type used for growing precultures; 120 ml serum bottles with 50 ml
liquid medium. For experiments where nitrate was used as an electron acceptor, KNOz was
added to the 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 He-filling steps, referred to as a He-wash. During the He-wash, the flasks
were kept on magnetic stirring plates to ensure a homogenisation of the liquid/gas phase.
After the He-wash, the headspace in all the flasks was filled with He-gas. The overpressure
was balanced out, and the desired volumes of other gasses were added using a special gas
tight syringe. Before inoculation, the flasks 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 well-fed cultures

Well-fed cultures were grown in their respective media with a low OD (0.3 - 0.4) for several
generations. The incubation flasks were premade with medium with 100 pumol KNOs and 1
ml N2O (~ 90 umol) and 0.7 ml Oz (~ 60 umol) in the headspace. The incubation flasks were
inoculated with a volume equalling 1ml of culture with ODggo = 0.1 (~ 1.67 - 107cells), and
incubated in the robot system at temperatures suited for each strain (20 °C or 28 °C). Liquid
samples for nitrite measurements were harvested during the first hours of denitrification. A

minimum of three replicates were used for each treatment in the experiments.
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2.5.2 Starvation bioassay

A “starvation bioassay” was developed to examine the effect of severe carbon limitation (i.e.

electron donor limitation) on denitrification phenotypes. A buffer derived from Sistrom’s

medium without any carbon sources was used as medium (Appendix A). Two strains (P.

stutzeri JM300 and T. sp. 27) with complete denitrification pathways were compared. They

carry the same type of Nir, Nor and Nos but differ with respect to their denitrification nitrate

reductases. P. stutzeri JM300 has both Nar and Nap for dissimilatory nitrate reduction, while

T. sp. 27 has only Nap (Table 2). The cells were starved aerobically for 20 hours before being

transferred to anoxic conditions. The starvation workflow is visualised in Figure 7.
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Figure 7: Starvation bioassay workflow. Cells were cultivated aerobically in Sistrom’s medium up to ODsgoo ~

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 KNO3 and N»O as electron acceptors. In the visualization, cells from 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, depending on the total number of flasks in the experiment. Created with BioRender.com.
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Precultures of cells were first grown aerobically in carbon rich medium, with ODggo < 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 entire cell pellet from a
preculture was transferred to aerobic, carbon free buffer after undergoing the first steps seen
to the left in Figure 7. The cells were centrifuged (10,000 g, 15 min, 4 °C) and washed twice
with autoclaved ddH20. Cell pellets from different precultures were combined to one cell
pellet. This pellet was resuspended in carbon free buffer (1 ml per cell pellet in the
combination), and equally distributed to oxic incubation flasks with buffer (1 ml cell
suspension per flask). This ensured homogeneity between the replicates. The cells were kept
at 20 °C with stirring for 20-21 hours. During this time, the cells were starved for electrons as

they performed oxic respiration.

After 20-21 hours, the cultures were centrifuged, and cell pellets were combined and
resuspended in buffer as described above. 1 ml cell suspension was transferred to premade
anoxic incubation flasks with buffer and electron acceptors (100 pmol KNOs, 1 ml N20). For
the incubations of P. 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
transition to 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 of N>O and a production of Na.

After starving the cells of T. sp. 27, the flasks were He-washed. This left the cells without
electron- donors or acceptors. | suspected that this would keep the cells inactivated ON,
before they were transferred to anoxic incubation flasks (100 pmol KNOs, 1 ml N2O). Due to
the long period of oxygen reduction in P. stutzeri (115 hours) (see Figure 12), no oxygen was
added to the incubation flasks of T. sp. 27. Some oxygen (2.3 umol flask 1) was still present
in the flasks, partly from the buffer used to resuspend the cell pellets. No nitrate samples were

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

| wanted to examine how the starved cells responded to a sudden access of carbon after a
period of starvation. This was examined in starved cells of P. stutzeri JM300. Four ml of a
carbon solution containing the carbon sources found in ~50 ml Sistrom’s medium (0.055 g mlI
! succinate, 0.001375 g mlI L-glutamic acid, 0.00055 g mI L-aspartic acid, 0.00275 g miI*
nitrilotrioacetate) 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 7.35. Additional N2O (0.5 ml or ~ 43
pmol) was added to ensure that enough electron acceptors were present during the more rapid

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

Three flasks of P. stutzeri JM300 were kept for a longer period of starvation. After being
starved according to the starvation bioassay (Figure 7), they were kept under anoxic
conditions for 19 days, with regular additions of N.O. After 19 days, the septas covering the
flasks were replaced by aluminium foil, and the cells were starved under oxic conditions for
an additional 92 days. After a total of 113 days of starvation, 100 umol KNO3 was added to
the flasks, and they were He-washed. Additional electron acceptors and donors in the form of
1 ml N2O and 4 ml carbon solution was added, which led 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 observed in P. stutzeri JM300, a new starvation
experiment was designed to study how the cells handled the shift from well-fed to carbon
limited conditions. The cells were grown in two different modified versions of Sistrom’s
medium, both with 0.086 g | ** succinate. One type of media contained the D-glutamic acid
and D-aspartic acid found in Sistrom’s medium (0.1 g I and 0.04 g I}, respectively), whereas
the other type lacked glutamic acid and aspartic acid altogether. This medium was used to
determine if P. stutzeri JM300 depends on the extracellular availability of these two amino
acids for growth. The shift to starvation was studied using the robot system under oxic (0.26
mmol O as electron acceptor) and anoxic (0.52 mmol N2O as electron acceptor) conditions.

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 as many electrons, 1.04 mmol, are needed to completely
reduce the electron acceptors. This setup allowed me to study how the cell’s respiration was

affected by a sudden lack of electrons.

2.5.3 Determining the relationship between ODeoo and cell number

The relationship between ODegoo and cell number (Colony Forming Units (CFU)/ml) was
determined for P. stutzeri JM300. A preculture was grown to ODesoo = 0.54 and diluted with
0.9 % NacCl in a five-fold dilution series. ODsoo Of the different dilutions was measured and
100 pl of the cultures that were diluted 5, 57 and 5 times were spread onto Sistrom’s agar
plates (pH = 7.5) with a drigalski spatula. The plates were incubated at 28 °C until visible
colonies appeared. Three dilution series were made, and the plating of the dilutions was done
in triplicates. The number of CFU/mI was used to determine the amounts of cells in the
original culture and the dilutions. A simple linear regression model was assumed, and a

regression line was fitted in RStudio (Appendix B).

2.5.4 Microscopic investigations of starved and well-fed cells

To determine the effects of starvation on cell size, morphology, and internal stores of PHB in
P. stutzeri JM300 and T. sp.27, cells were examined using confocal microscopy. Starved and
well-fed cells were compared after growth both under oxic and denitrifying conditions.

Well-fed cells were grown in Sistrom’s medium. Aerobic cultures were grown with vigorous
stirring up to an ODeoo between 0.1 and 0.4. Anaerobic precultures were made by adding 100
pmol KNOs to aerobic cultures, He-washing the flasks and adding 0.7 ml Oz and 1 ml N0,
and leaving them ON. Aerobic cultures were He-washed without adding any electron
acceptors, to prevent further growth and possibly anoxic conditions due to increased cell

densities.

Starved cultures were prepared as described for the starvation bioassay (Figure 7).

After 20 hours of aerobic starvation, some flasks were He-washed, and 100 pmol KNOsand 1
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ml N>O was added to induce denitrification. The cultures were left for 4.5 — 5 hours. The

other cultures were kept oxic.

All cultures were fixed simultaneously. Cell cultures were mixed with a fixing solution (2 %
paraformaldehyde [wt/vol] and 2.5 % glutaraldehyde [vol/vol] in phosphate-buffered saline,
pH =7.4) at a 1:1 ratio. The cells were vortexed, and left for fixing for 1 hour at room
temperature, and later ON at 4 °C. Afterwards, the cells were washed thrice with PBS and

kept in 30 ul PBS at 4°C for four months until microscopy.

The cells were stained with 0.5 pl nilered (0.1 mg/ml) and 0.5 ul dapi (0.5 mg/ml), and
0.5 ul of each sample was spread onto a thin layer of 1.2 % agarose (Biorad, diluted in PBS).
The microscopy was performed by using a Zeiss AxioObserver microscope with ZEN Blue
Software. Microscopic images were taken using an ORCA-Flash4.0 V2 Digital CMOS
camera (Hamamatsu Photonics) through a 100 x PC objective. An HPX 120 Illuminator
(Zeiss) was used as a light source for fluorescence microscopy. The images were analysed

using the ImageJ software.
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3. Results

The results presented in this thesis include a comparison of the denitrification phenotypes of
four bacterial strains (P. stutzeri JIM300, T. linaloolentis, T. sp. 63 and T. sp. 27) that are all
full-fledged denitrifiers, but differ in the types of genes encoding the denitrification
reductases. Two strains, P. stutzeri JM300 and T. sp. 27, were studied in greater detail and
their phenotypes and morphologies were compared when grown with sufficient carbon source

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

3.1 Denitrification in well-fed cells

The denitrification phenotype of well-fed cells was studied for all four strains (Figure 8 A-D).
The strains belonging to the genus Thauera carry the genes for Nap as the only dissimilatory
nitrate reductase complex, thus lacking genes coding for Nar. P. stutzeri JM300 carries genes
for both Nar and Nap. All four strains carry the genes for NosZ clade I, except T. linaloolentis,

which carries genes for both NosZ clade I and Il (Table 2).
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Figure 8: Denitrification phenotypes in four denitrifying strains. The strain’s genetic potential for the
denitrification steps NOs™ reduction and N2O reduction is shown in the top left corner of each figure. All strains
are complete denitrifiers. P. stutzeri JM300 carries both Nar and Nap for dissimilatory nitrate reduction, whereas
the remaining strains only carry Nap as the dissimilatory nitrate reductase. All strains carry NosZ clade I, except
T. linaloolentis, which carries both NosZ clade | and clade 1. The cells were grown in Sistrom’s medium at 20
°C with vigorous stirring throughout the incubation. The flasks initially contained ~ 25 umol O, 60 - 90* umol
N2O-N and ~ 100 umol NOj3". The concentrations of Oz, N2O-N, N2-N and NOj3 are given as pmol flask™ on the
left-hand axis, whereas the concentration of NO is given as nmol flask* on the right-hand axis. Standard
deviations are given as vertical bars (n = 3 for all cultures except T. sp. 27 (n = 2)). Some standard deviations are
too small to be visible. The cycle times for gas sampling varied between the experiments. The Kinetics were
followed beyond the point where all N added to the system was recovered as N2, except for the incubation of T.
sp. 27 (Panel B). The incubation of T. sp. 27 was ended after all exogenous N,O was reduced, and the reduction
of NOs™ had started.

* The low concentration of N,O-N in the incubation of P. stutzeri (60 umol flask™) was likely caused by a low

partial pressure of N»O in the syringe used to transfer gas to the incubation flasks.
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The fours strains (Figure 8, A-D) showed some differences in their denitrification phenotypes.
All the strains respired oxygen at first, and denitrification started when oxygen was close to
depleted (~ 5 umol flask™?). At the onset of denitrification, all strains reduced N2O, which led
to an accumulation of N2 in the flasks. However, the strains differed in the reduction of
nitrate. Both P. stutzeri (Figure 8 and 9 A) and T. linaloolentis (Figure 8 and 9 C) reduced
nitrate and N2O simultaneously. The two strains continued to reduce nitrate once N2O was
depleted.

In contrast to this, the reduction of nitrate lagged behind in T. sp. 27 (Figure 8 and 9 B) and T.
sp. 63 (Figure 8 and 9 D). Nitrate reduction was seen towards the end of N2O reduction in T.
sp. 63 (Figure 8 and Figure 9). When N.O was depleted, the concentration of N2>-N (~ 85
umol flask) exceeded the N added to the system as N2O (~ 82 umol flask™). This indicated
that about 3 umol of the N2-N arose from the reduction of nitrate. In T. sp. 27, on the other
hand, no nitrate reduction was seen before N2O was completely depleted. The incubation was

ended before all exogenously added N was retrieved as Na.
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Figure 9: Cumulated reduction of NOs™ and exogenous N2O for four denitrifying strains. The cumulated
values were calculated from the same dataset used to determine the denitrification phenotypes (Figure 8). The
cumulated reduced N,O (orange) arose from externally provided N2O, added initially to the headspace. The
cumulated reduced NOs™ (green) consisted of all N from NOs retrieved as N». The reduction of exogenous N,O-
N is calculated based on the N,O-reduction rates from timepoint to timepoint. The production of N2-N (not
included here) is likewise calculated based on the N2-production rates from timepoint to timepoint. NOs™ values
are based on mass balance calculations were the difference between N2-N produced and N,O-N reduced is

assigned to NOs™ -reduction. This is shown in more detail in Figure 12.

Ideally, the gas kinetics should have been accompanied by analyses of the proteome of T. sp.
27 and P. stutzeri JIM300, but the results could not be obtained. Even though the peptide
extractions for some samples were successful, the results were not reliable (Appendix C). 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 found in Appendix C.
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After determining the denitrification phenotypes of the four strains, more extensive research
was performed on T. sp. 27 and P. stutzeri JM300. The morphology of the strains will first be
presented before | delve deeper into their denitrification and explore how they handled

starvation.

3.2 A microscopical portrait of P. stutzeri JM300 and T. sp. 27

Cells of P. stutzeri and T. sp. 27 from different treatments (oxic and anoxic, starved and well-
fed cells) were studied microscopically (Figure 10 A-G), which showed rodformed cells with
a length of ~ 2 um. The cells of P. stutzeri (Figure 10 A, C and E) appeared slimmer than the
cells of T. sp. 27 (Figure 10 B, D, F and G), which showed a more ovococcoid shape. The
well-fed cells of P. stutzeri were not noticeably different under oxic conditions (Figure 10 A)
compared to anoxic conditions (Figure 10 C), whereas the well-fed cells of T. sp. 27 took on a
more coccoid shape under anoxic conditions (Figure 10 D) compared to oxic conditions
(Figure 10 B). Starved cells under both oxic and anoxic conditions (Figure 10 E-G) differed
from the well-fed cells (Figure 10 A-D) by having darker areas towards the cell poles. This
was particularly evident for cells of T. sp. 27 (Figure 10 F and G). No anaerobically starved
cells of P. stutzeri were found in the microscopic investigations after fixation. The reason for

this is unclear.

The cells were also stained with dapi and nile red to investigate the presence of intracellular
storages of carbon in the form of PHB. The results are presented in Figure 11 A-G. Nile red
(red) stains lipids, such as PHB and the cell membrane, whereas dapi (blue) stains DNA.
Many of the well-fed cells of T. sp. 27 showed areas with increased nile red signals (indicated
with arrows in Figure 11 B and D), from here on referred to as granules. Such granules were
not found in starved cells (Figure 11 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 well-fed cells of P. stutzeri (Figure 11 A and C), were the cells expressed an even,

low signal of nile red. This was likely caused by staining of cell membrane lipids.
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Figure 10: Morphology of well-fed and starved cells of P. stutzeri JM300 (A, C and E) and T. 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 A-D were well-fed, whereas the cells in pictures E-G were starved. No anaerobic starved
cells of P. stutzeri were obtained after fixation, for unknown reasons. The cells were studied using phase

contrast. Two replicates for each treatment were investigated.
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Figure 11: Microscopic investigations of cellular PHB content. Cells of P. stutzeri (A, C and E) and T. sp. 27
(B, D, F and G) were stained with dapi (blue) and nile red (red). Both well-fed cells (A-D) and starved cells (E-
G) were investigated, under oxic conditions (A, B, E and F) and anoxic conditions (C, D and G). Dapi stains
DNA, while nile red stains PHB and the cell wall. Strong signals of nile red in well-fed cells of T. sp. 27 are
indicated with arrows. No anaerobic starved cells of P. stutzeri were obtained after fixation, for unknown
reasons. The pictures are the same as the phase contrast pictures in Figure 10. Two replicates for each treatment

were investigated.
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3.3 Starvation strategies

The consequences of starvation on denitrification were studied in P. stutzeri JM300 and T. sp.
27. The cells were starved according to the starvation bioassay from chapter 2.5.2, Figure 7.
The transition from well-fed conditions to carbon limited conditions was studied in P. stutzeri.

3.3.1 The metabolic shutdown of P. stutzeri IM300

The first starvation experiments in this thesis were conducted on P. stutzeri, as presented in
Figure 12 and 13, A and B. A small amount of oxygen (~ 7 pl) was added to the incubation
flasks, as described in chapter 2.5.2. It took the cells > 115 hours to deplete this oxygen. The
first 95 hours of aerobic respiration have been cut from the figures, which now include the
depletion of oxygen and the onset of denitrification. It should be noted that the concentration
of N2O-N decreased with ~ 15 pmol flask™? during the first 95 hours of the incubation, while
the concentration of N2-N during this period increased with only ~ 3.3 pmol flask™®. This
suggests that the decrease in N2O-N was caused by headspace dilution during sampling (see
Appendix D).
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Figure 12: Denitrification in starved Pseudomonas stutzeri JM300. The cells were starved following the
starvation bioassay (Figure 7) with 0.23 % initial O, and kept at 20 °C with vigorous stirring throughout the
incubation. The flasks initially contained ~ 7 pumol O, ~ 65 umol N>O-N and ~ 100 umol NOs. Due to the very
slow respiration of oxygen during the first 115 hours, the first 95 hours of the incubation are not shown. Panel A
shows the denitrification phenotype of starved cells. The concentrations of N2O-N, N2-N and NOgs™ are given as
umol flask? on the left-hand axis, whereas the concentrations of O, and NO are given as pumol flask* and nmol
flask®, respectively, on the right-hand axis. Standard deviations are given as vertical bars (n = 9). Panel B shows
the cumulative reduction of N»O and NOj3™ and the cumulative production of N, for the same cultures as in panel
A. The reduction of exogenous N2O-N (orange) is calculated based on the N2O-reduction rates from timepoint to
timepoint. The production of No-N (purple) is likewise calculated based on the N.-production rates from
timepoint to timepoint. NO3™ values are based on mass balance calculations were the difference between N2-N

produced and N2O-N reduced is assigned to NO3™ -reduction (green).
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The metabolism of starved P. stutzeri was extremely slow with a cell specific respiration of
1.37 +/- 0.934 fmol e cell* h! (mean +/- sd), equalling 1 % of the respiration of well-fed
denitrifying cells. Oxygen was depleted after about 115 h (Figure 12 A). Denitrification
started about 5 h before that (at 110 hours), seen as a slight decrease in N2O, accompanied by
a corresponding increase in N2. At the same time, the cumulative reduction of externally
added N2O-N increased (Figure 12 B). No reduction of nitrate was observed in most of the
flasks. However, in one flask, a gradual decrease of nitrate was calculated (Figure 13 A and

B) to occur at the same time as N2O reduction.
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Figure 13: Denitrification in starved Pseudomonas stutzeri JIM300 with nitrate reduction. The cells were

starved following the starvation bioassay (Figure 7) with 0.23 % initial O, and kept at 20 °C with vigorous

0, [umol flask?]

NO [nmol flask™]

stirring throughout the incubation. The flasks initially contained ~ 7 pmol O, ~ 65 pmol N2O-N and ~ 100 pmol

NOs. Due to the very slow respiration of oxygen during the first 115 hours, the first 95 hours of the incubation

are not shown. Panel A shows the denitrification of starved cells. Note that the concentrations of N.O-N, N2-N

and NO;™ are given as umol flask* on the left-hand axis, whereas the concentrations of O, and NO are given as

umol flask* and nmol flask, respectively, on the right-hand axis. This phenotype was only observed in one

flask; hence no standard deviations are given. Panel B shows the cumulative reduction of N.O and NO3™ and the

cumulative production of N, for 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 A.
Figure 13 B illustrates that most of the accumulated N2-N did in fact originate from the
reduction of nitrate. The reduction of exogenous N2O-N only accounted for 1.25 pumol flask™
of the total 9.3 umol flask™ of accumulated N2-N. This culture also showed a slower
respiration of oxygen, and had a final O, concentration of ~ 2 umol flask™ at the end of the
experiment, compared to a final O> concentration of ~ 0 umol for the other cultures (Figure 12
A). Despite the slower aerobic respiration, the overall cell specific respiration was 5.60 +/-
0.968 fmol electrons cell™* ht, which is 2 % of the cell specific respiration of well-fed
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 was constant
throughout the incubation time.

3.3.1.1 The transition from feast to famine

Due to the extremely slow metabolism of starved P. stutzeri, an experiment was conducted to
study the metabolic response when the cells entered starvation. Cells were grown in carbon
restricted media with (S1) or without (S2) glutamic and aspartic acid (See Table 3). The
metabolic activity is portrayed in Figure 14 A-D and Figure 15. The cells showed a fast
metabolism (217 and 237 fmol electrons cell’* h't under oxic and anoxic conditions,
respectively) during the first 10-15 h when a carbon substrate was still available in the
medium. The fast metabolism was seen as a rapid consumption of the electron acceptor (O or
N20), and a corresponding production of CO: (Figure 14 A-D). For the cells grown with
glutamic acid and aspartic acid (Figure 14 A and C), the respiration rate decreased after about
10 and 15 h, respectively. After approximately 50 h, all electron acceptors were consumed
(Figure 14 A and C), and the CO> production ceased.
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Table 3: Two versions of Sistrom’s medium with low concentrations of succinate. The media used (S1 and

S2) were derived from Sistrom’s medium, but the concentration of succinate was restricted. Only one of the

media (S1) contained glutamic - and 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 - -
Medium with glutamic and aspartic acid Medium without glutamic and aspartic acid
A B
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% 250 |- 250 |
: \
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Figure 14: Metabolic activity of cells in carbon restricted medium, with and without glutamic and aspartic

acid. Cells of P. stutzeri were grown in Sistrom’s medium with 0.086 g/l succinate, with (A and C) or without (B

and D) glutamic and aspartic acid (0.1 g/l and 0.04 g/I, respectively). The metabolic activity is shown as the

respiration of available electron acceptors (O for panels A and B or N,O for panels C and D), and as the

production of COzand N (for cells under anoxic conditions). The provided amounts of carbon source and

electron acceptor (O or N2O) 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 the cells grown without glutamic and aspartic acid (Figure 14 B and D), the metabolism
came to a halt after 10-15 h. The consumption of electron acceptor decreased significantly,
and Oa-levels and N,O-levels stabilized at about 100 pmol flask* and 200 pmol flask™,
respectively. At 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 visualized in Figure 15.

Oxic conditions Denitrifying conditions
With C Carbon depleted With C Carbon depleted
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Figure 15: Cell specific respiration during the transition from feast to famine in P. stutzeri JIM300. The
figures show the transition from a phase with carbon available (“With C”, green phase) to a phase where all
carbon provided in the medium was assumed to be depleted (“Carbon depleted”, blue phase) under oxic and
anoxic (denitrifying) conditions. The metabolic activity of the cells is shown as electron flow (mol e cell* ht) on
the right axis, and as cell specific respiration on the left axis. The cell specific respiration is given as percent of
maximum respiration of the cells (Vmax). Note that the values for cell specific electron flow are logarithmic, and

that the right figure has a minimum value of 0.1, whereas the left figure 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 cell* h* for cells under oxic conditions, and 0.28 +/- 0.03 fmol
electrons cell™* h' for cells under denitrifying conditions (mean +/- sd). In Figure 15, the
depletion of carbon is seen as a transition from the green phase to the blue phase. When
carbon substrate (succinate) was available, the cells respired at a maximum rate (Vimax). AS
they entered starvation, the cell specific electron flow fell to 2.4 % and 1.2 % of Vmax under
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oxic and denitrifying conditions, respectively. The respiration rate was a stable low

throughout the rest of the incubation time.

3.3.1.2 The recovery of starved P. stutzeri JM300

To investigate the possible recovery from starvation, some cultures of P. stutzeri received
carbon substrate and additional N.O after 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 addition is shown in Figure 16. Prior

to carbon addition, no nitrate had been reduced (Figure 12).

300
250 +
200 +

N20 and C added
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100 |

50 : _ x//
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0,, N,O-N, N,-N, NO, [umol flask?]
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—8—N2 N20 NO3- —#—-02

Figure 16: Providing starved cells of P. stutzeri with carbon. After 115 hours of oxic starvation and 25 hours
of anoxic starvation, an amount of carbon equal to 50 ml Sistrom’s medium was added to the incubation flasks.
43 pmol N2O-N was added to provide the cells with sufficient electron acceptors prior to the carbon addition (at
146 h). The addition of N2O is shown with a dashed line. The cycle time for gas sampling was reduced to get a

higher resolution. The concentrations of NO did not exceed 1 nmol, and are therefore not shown in the figure.

Standard deviations are given as vertical bars (n = 3).
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The addition of carbon to starved cells led to an increased rate of N2O reduction and N2
production, as evident from Figure 16. Following the principles presented in Appendix E, it
was calculated that 1-2 % of the initial cells responded to the addition of carbon. Less than 10
h after carbon addition, the cells had reduced all externally provided N2O. The total
accumulated concentration of N2-N when N2O was depleted (~ 87.6 umol flask™)
corresponded to the N2O-N reduced (~ 86.8 umol flask™®) at the same time. This suggested
that almost no nitrate was reduced before N2O was depleted, as is also illustrated in Figure 16.
Nitrate was reduced after the depletion of N2O. The cells showed a different nitrate reduction
strategy than what was seen for well-fed P. stutzeri (Figure 8 A), were N.O and nitrate were

reduced simultaneously.

Cells that were starved further, first under anoxic and then under oxic conditions for a
total of 113 days also showed 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 of T. sp. 27

Since oxygen reduction was extremely slow in starved P. stutzeri, starved cells of T. sp. 27
were added directly to anoxic incubation flasks (as explained in the starvation bioassay in
Chapter 2.5.2 and Figure 7). The incubation flasks contained a small amount of oxygen (2.3
pmol), which was reduced within 15 h (Figure 17 A). Once oxygen was depleted, the cells
reduced N2O to N2 for approximately 15 h. The reduction rate of N2O increased from ~ 0.24
umol N2O-N ht to ~ 0.76 umol N2O-N ht during this time (Figure 17 B). After 30-35 h, the
N20-reduction and N2-production stopped, and the cumulated reduced N2O stabilized after
the reduction of approximately 20 pmol N20O. Based on the assumption that no nitrite was

accumulated it was concluded that no reduction of nitrate took place.

45



[risey jowri] 0

0.0

00
80
60
40
20

[;1sens jowr] 0N ‘N-*N ‘N-O°N

60

50

40

30

20

10

Time [h]

N20 NO3- ——02

—8—N2

60

50

40

30

20

10

Time [h]

30

o o =)
~ =

[r-1sely jown]
0N ‘N-O®N ‘N-*N "pai/poid "win)

-10

NO3-red —e—N2 prod

N20 red

o~
o
>
7

——Ve_N20
——Ve_tot

U 11192 .3 [owy 3

60

50

Time [h]

46



Figure 17: Denitrification in starved Thauera sp. 27. The cells were starved according to the starvation
bioassay described in Chapter 2.5.2 (Figure 7), and kept at 20 °C with vigorous stirring throughout the
incubation. The flasks initially contained ~ 2.3 pumol O, ~ 90 pmol N>O-N and ~ 100 pmol NOs™ as electron
acceptors. Panel A shows the denitrification kinetics of starved cells. Note that the concentrations of N,O-N,
N2-N and NOs™ are given as pumol flask™* on the left-hand axis, whereas the concentration of O; is given as pmol
flask™ on the right-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 (n = 5). Panel B shows the accumulated reduction and
production of N2O and NOs, and Ny, respectively. Panel C illustrates the cell specific electron flow (V.) (fmol e
cell'* h?) to O, (blue line), N,O (orange line) and the total electron flow (black line) throughout the incubation
time. The electron flow was divided into three phases of oxic respiration, denitrification and a “metabolic
pause”, which are presented as a blue, an orange and a grey phase, respectively. The electron flow calculations
were based on O, reduction rates, N-O reduction rates and the cell number per vial, estimated via ODsgoo

measurements.

The electron flows to the utilized electron acceptors, O and N2O, were calculated as an
estimate for cell specific respiration throughout the incubation time. The electron flows are
presented in Figure 17 C, together with the total electron flow to both electron acceptors. The
total electron flow was highest at the start of the incubation time, with a maximum of 3.31
fmol electrons cell’* h, due to a peak in the electron flow to N2O. The total electron flow
dropped from this point, but the electron flow to O> remained stable at 1.24 +/- 0.11 fmol

electrons cell* h'* throughout the phase of aerobic respiration (blue).

During the transition from aerobic respiration to denitrification (blue to orange phase)
after about 15 h, the electron flow to O, decreased to an average of 0.05 +/- 0.02 fmol
electrons cell* h't, The electron flow to N2O increased to a maximum of 2.17 fmol electrons
cell* h't after 30 h. During the last stages of denitrification, before the cells entered the
“metabolic pause” (grey phase), the electron flow to N2O (and thus also the total electron
flow) dropped significantly. From 40 h and onwards, the total electron flow stabilised at 0.1
+/- 0.04 fmol electrons cell* h'. During this phase, the cells showed no significant metabolic
activity based on gas kinetics (Figure 17 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 from Figures 8 and 9 support the first hypothesis postulated (originally by Mania
et al and Gao et al (6, 7)) in this thesis; that there is indeed an electron competition between
NapC and the bci-complex. As shown for diverse strains of bradyrhizobia in those studies, the
two organisms T. sp. 27 and T. sp. 63 with Nap as the only dissimilatory nitrate-reductase
complex and NosZ clade | studied in this thesis both showed a strong preference for N2O over
nitrate. However, the preference was not absolute, and a small reduction of nitrate was seen
towards the end of N.O-reduction for T. sp. 63 (Figures 8 and 9). This suggested that both
reductases were present during N2O reduction, as indicated by transcription analysis (7) and
confirmed by proteomics (Gao and Frostegard, unpublished results) in bradyrhizobia. A small
leakage of electrons to NapC is coherent with previous investigations in bradyrhizobia (6, 7),
and does not discard the hypothesis. P. stutzeri JM300, with the genetic potential for both Nar
and Nap, reduced nitrate and N>O simultaneously, in accordance with the hypothesis. Ideally,
my results should have included proteomic investigations, to confirm the presence of the
denitrification reductases. This could have confirmed that the preferred N2O reduction in Nap-
Nos-organisms is due to metabolic regulations, had both Nap and NosZ been detected during
N20 reduction. Unfortunately, the proteome extraction of P. stutzeri was unsuccessful, as was
the mass spectrometric analysis of the proteome of T. sp. 27. This is discussed in Chapter
4.1.2.3. However, other factors than the presence of Nar and/or Nap seem to play an
important role in the electron allocation between denitrification reductases. This was evident

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

4.1.1 NosZ-clades and their effect on denitrification

T. linaloolentis has the genetic potential for Nap as the only dissimilatory nitrate reductase
complex, and was thus expected to reduce N2O prior to nitrate. However, the strain showed a
phenotype similar to a Nar-Nos organism, such as P. stutzeri (Figures 8 and 9). | have two
possible explanations for this divergent phenotype. First, it may be that the electron
competition between NapC and the bci-complex, and its implications for N.O reduction in

Nap-Nos organisms, is not as generic as hypothesised. The second explanation is that this is
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caused by T. linaloolentis potential for both NosZ clade | and clade 11 (45). I hypothesised
that NosZ clade 11 organisms with Nap, but not Nar, would not show the same strong
preference for N2O reduction, due to the lack of NosR. If NosZ clade Il was the dominant
NosZ version in denitrification in T. linaloolentis, this could explain why the strains showed a

simultaneous reduction of nitrate and N-O.

Some of the properties of NosZ clade | and clade 11 support the idea that NosZ clade Il was
dominant during denitrification in T. linaloolentis. NosZ clade Il is found to have a higher
affinity for NoO than NosZ clade I (54). | therefore speculate that even though both clades
may have been present during the incubation, NosZ clade 11 dominated N2O reduction. Even
though NosZ clade 11 had the highest affinity for NoO does not necessarily make it a strong
competitor for electrons. Without the aid in electron transfer for NosR, the possibility to
reduce N2O may have been limited, resulting in a simultaneous reduction of nitrate and NO.
A study by Semedo et al (45) suggest that NosZ clade |1 is inhibited by high concentrations of
nitrate, by the nitrate concentration used in my experiments (2 mM) were likely too low to
cause this inhibition. I therefore propose that N2O reduction was dominated by NosZ clade Il
in my incubation of T. linaloolentis. However, this is based purely on speculations. Further
studies, combined with transcriptome and/or proteome investigations are needed to

understand the effect of NosZ clades on denitrification.

4.1.2 Technical discussion
4.1.2.1 The case of the slow growing Thauera strains

Three of the Thauera strains originally included in this thesis, T. terpenica, T. DNT-1and T.
aminoaromatica, were excluded from my work. They were reported as being slow growing
cells with the genetic potential for complete denitrification, including the genes for Nar, Nap
and Nos (41). Initially, they were grown in R2A medium under oxic conditions (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 these strains (41) referred to as
Thauera-medium (see Appendix A). However, none of the strains showed any detectable
denitrification activity (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 detected in Thauera-medium,
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 replaced by Pseudomonas

stutzeri JIM300, which had the same genetic potential for denitrification.

4.1.2.2 Calculating the relationship between ODeggo and cell number

The factor describing the relationship between OD and cell number for P. stutzeri was
determined through plate spreading and a simple linear regression analysis (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 interpolation. 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 determined for T.
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 variation 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 comparisons, the same 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 number was not likely to be the same for

different treatments or strains.
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4.2 Utilization of carbon sources in P. stutzeri JIM300

The utilization of three different carbon sources was neatly demonstrated in an experiment
with P. stutzeri JIM300, as illustrated in panels A and C of Figure 14. The cells were given
access to succinate, aspartic acid, and glutamic acid. The cells showed a classic diauxic
growth, were the cells first exploited one carbon source before synthetising enzymes to utilize

the next carbon source (55).

I suspect that during the first period of exponential growth (the first 10 to 15 hours for
oxic and anoxic growth, respectively), the cells used succinate and glutamic acid as their
carbon sources. The cells were grown on Sistrom’s medium with succinate as the main carbon
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 TCA-cycle, one can assume that cells would rather grow on succinate than
aspartic acid. Studying the kinetics in Figure 14 also indicates that succinate is 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 expressed. Glutamic acid is an intermediate in
the TCA-cycle, and is involved in the formation of most of the cell’s nitrogen-containing
metabolites as an amino-group donator (56). | therefore assume that the cells utilized

succinate and glutamic acid prior to aspartic acid.

After the depletion of succinate and glutamic acid, as seen by decreased rates of O,- and N2O
reduction as well as of CO»- and N2 production, the cells entered a lag phase. During this
phase, the cells were metabolically active and respiring, though 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, and the cells entered a new stage of exponential growth. However,
the cells quickly depleted their electron acceptors (O2 and N2O) before they could grow
further. None the less, the experiment is a textbook example of the enzymatic adaptation and
diauxic growth that Monod described in the 1940-1960°s (55). Additionally, it showed that
cells of P. stutzeri JM300 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 in P. stutzeri JM300 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 acceptors (1.04 mmol electrons
from Oz or N2O). As seen in Figure 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 (Figure 14) the metabolism of the cells seemed to shut down completely, as no
increase in CO2 was seen. There was a small decrease in Oz and N2O concentrations after
succinate was depleted, but as this was not seen in conjunction with an increase in COg, it
may well have been caused by headspace dilution during sampling. None the less, the cells

still sustained a low metabolic activity.

The metabolic activity sustained during the “metabolic shutdown” was seen as cell specific
electron flow (Figure 15). Upon starvation, the electron flow quickly dropped, and eventually
stabilised at a rate equal to 0.1-0.2 % of Vmax (cell specific electron flow seen during succinate
utilization). Interestingly, the cell specific respiration under oxic conditions was twice as high
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 H20z and O2". ROS can cause damages to enzymes, particularly Fe-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 environments, on the 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. stutzeri that had been starved according to the starvation bioassay in Figure 7
seemed to be in a “metabolic shutdown”, as expected from the results in Figures 14 and 15.
The cells therefore performed oxic respiration for about 120 hours to reduce the 7 umol O>
added to the flasks. At the same time, a considerable loss of N2O was seen, which was
assigned mostly to headspace dilution due to sampling (Appendix D). However, a slight
increase in N2 occurred during this time. This could either be due to a small leakage of
atmospheric air into the incubation flasks, or it could suggest that some denitrification took
place during oxygen reduction, which is not unreasonable (58). Even though the presence of
oxygen is one of the most important repressors of denitrification (1, 43), cells are seen to start
N20 reduction at low O tensions (Figure 8) (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 might be 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 denitrification proteome (59, 60). Additionally, nosZ is hypothesised to be
transcribed constitutively for T. sp. 27, also under oxic conditions (41), and this may also be
the case for P. stutzeri. This argumentation supports the idea that a small reduction of N2O to
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 cell’* h.

The cells of T. sp. 27 seemed to show a different strategy to handle starvation than P. stutzeri.
During the first hours of starvation, T. sp. 27 kept a relatively stable electron flow of 1-2 fmol
electrons cell’* h'! (Figure 17 C). During this time, oxygen was depleted, and some N2O was
reduced to N.. After about 30 hours, the reduction of N2O ceased, and the cell specific
electron flow dropped significantly to 0.1 fmol electrons cell* h't (Figure 10 C). Even though
the cell specific electron flow during respiration was in the same order as the cell specific
electron flow in starved P. stutzeri (calculated from Figures 12 and 13), the reduction of O>
and N20 was much faster for T. sp. 27. Additionally, the results on the transition from feast to
famine of P. stutzeri (Figure 15) showed that the starved cells had a cell specific electron flow

of 0.28 fmol electrons cell™* h. This supports the idea that starvation in T. sp. 27 is divided
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into an active face of low, but noticeable, respiration, and a “metabolic pause”. Cells of P.
stutzeri, 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 by the microscopic investigations

performed on well-fed and starved cells.

Microscopic investigations of T. sp. 27 and P. stutzeri (Figures 10 and 11) suggested that T.
sp. 27 accumulates PHB as an internal carbon storage, whereas P. stutzeri does not. The nile
red granules in T. sp. 27 can reasonably be assumed to be PHB, since strains from this genus
have previously been reported to accumulate PHB (8, 48). The grains 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 assumption for 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 higher 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 of P. stutzeri did not accumulate PHB, as no granules were
found in the microscopic investigations (Figure 11), and no strains of P. stutzeri are reported
to accumulate intracellular carbon storages in the form of PHB (61, 62). However, the
possibility that P. stutzeri accumulates other carbon storages, 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 famine (Figure 15), the cells seem to enter a state of “metabolic
shutdown” from the moment external carbon sources are 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 N2 once denitrification was initiated. This suggests that the cells
remained active for a longer time than T. 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 experimental setups for P.
stutzeri and T. sp. 27, an accurate comparison is difficult. The precise starvation strategies for
P. stutzeri and T. sp. 27 remain unknown. However, some well-known starvation strategies

were observed in both strains.
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Both P. stutzeri and T. sp. 27 showed some typical morphological changes when subjected to
starvation. As seen in Figure 10, starved cells of T. sp. 27 (panels F and G) had a rounder
shape and were possibly smaller than well-fed 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 to take on a more coccoid shape (47). Both strains showed an
accumulation of dark matter towards the cell poles, which is most evident in panel G
(anaerobically starved cells of T. sp. 27). The dark matter was likely cellular material, and the
accumulation towards the poles suggested that these cells were fragmenting, which in turn
results in smaller cells. I 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 shown for P. stutzeri (Figure 16). After
about 140 hours of starvation under both oxic and anoxic conditions, a small fraction of the
original population (1-2 %) was revived. Even in cultures that had been subjected to various
periods of oxic and anoxic starvation for a total of 113 days, about 0.1 — 0.2 % 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 flux of nutrients, 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 non-sporulating B. subtilis were viable
after 100 days of starvation (46). In addition, | showed that cells can survive even longer, and

under more drastically changing conditions, than B. subtilis was subjected to.
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4.3.3 Technical discussion

4.3.3.1 Differences in cell specific electron flow

The cell specific electron flow for starved P. stutzeri was calculated based on two different
incubations, seen in Figures 12, 13 and 15. The cell specific electron flow was about 10 times
higher in the incubations from Figures 12 and 13, compared to the incubation in Figure 15.
First, this indicates that the washing of cells according to the starvation bioassay (Figure 7)
did not reduce the cells’ ability to respire. This increases the reliability of the results from

incubations of starved cells.

Secondly, the electron flows in Figures 12 and 13 were calculated differently than in
Figure 15. In Figures 12 and 13, the electron flow was calculated by using the rate of N2O-
reduction and O»-reduction at different timepoints. The reduction of 1 mol O requires 4 mol
electrons, whereas the reduction of 1 mol N2O requires 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 flow for starved T. sp. 27 (Figure 17 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 incubation 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 flow in Figure 15 was calculated based on
simulated cell growth, as explained in Appendix E. Thus, the differences calculated between
different samples may not be as large as estimated.

Nevertheless, the cells were severely starved and had a metabolic activity not higher than 2 %
of the metabolic activity 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 well-fed and starved cells could have been performed
differently to obtain more reliable results. The anaerobic cells, both well-fed and starved,
should have stayed under anoxic conditions for much longer than 4-5 hours. With a
generation time of 2.5-3 hours for both strains, the cells were subject 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 that transitioned 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 aggregation. 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 adhesion is found as a
starvation response in many strains (47). A tendency of increased aggregation was indeed
observed in the microscopic investigation of anaerobic well-fed T. sp. 27, but not in the

anaerobic starved, as would have been expected.

As mentioned in chapter 2.5.4, some cultures were He-washed prior to fixation, without any
electron acceptors present. Starved cells of T. sp. 27 were kept like this with neither electron
acceptors nor electron donors available. This was done to stabilize the cells over the weekend,
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 only support 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 regardless, as discussed 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 well-fed cells were He-washed to prevent excessive growth. The main reason that
the starved cells were He-washed 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 He-washing may be a reason for why the morphological changes in
starved cells were more distinct for T. sp. 27 than for P. stutzeri. It can take up to several
weeks for a starvation-induced change in morphology to appear (47). One could therefore

argue that all the cells should have been starved for 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 for N2O. Based on my hypothesis regarding denitrification and
starvation, cells of T. sp. 27 were expected to reduce N2O prior to nitrate due to the electron
competition between NapC and the bci-complex. The results in Figure 17 show that the cells
did indeed reduce N2O almost exclusively. For the same reason, cells of P. stutzeri were

expected to reduce nitrate and N2O simultaneously. Interestingly, this was not the case.

Despite the observation that P. stutzeri showed no preference for N2O over nitrate in well-fed
incubations (Figure 8 A), 9 out of 10 starved cultures showed a strong preference for N>O
(Figure 12). Only one starved culture reduced nitrate to a larger extent than N2O (Figure 13).
This could suggest that there is a degree of stochasticity regarding the expression of the
denitrification reductases in P. stutzeri, as has been observed in other strains as well (60).
Such a degree of stochasticity is supported by previous investigations of denitrification in P.
stutzeri JIM300 (Milligan and Frostegard, unpublished results) (Appendix G). The study
included analyses of the transcriptome of cells that transitioned from oxic to anoxic
(denitrifying) conditions in well-fed cultures, and it showed that narG was expressed much
later than napA. My incubations of well-fed cultures indicate that narG was expressed, as the
cells showed the phenotype of a typical Nar-Nos organism. This indicates that the
transcription of narG in P. stutzeri JM300 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 for N2O reduction might have
had a late expression of nar, compared to nap. With time, the cells entered a deeper

starvation, and might have been too starved to express nar at a later stage. The cells would
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then act as if they were Nap-Nos cells, and thus expected to reduce N2O prior to nitrate, as
observed. The one culture which had nitrate reduction (Figure 13) might have had an early
expression of nar, and thus shown a phenotype that can be expected for a Nar-Nos organism.

This argumentation is supported by the fact that “resurrected” P. stutzeri cells, which had
previously showed a preferred N2O reduction when starved, kept this preference for N2O
when carbon was provided (Figure 16). This supports the thought that these cells had not
expressed nar, 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 well-fed and starved cultures of P. stutzeri to get a better picture of the regulation of

the expression of nar.

Regardless of why starved cells of P. stutzeri showed two phenotypes, | can conclude that
starvation does not necessarily lead to increased emissions of N2O, as previously suggested
(50). I have shown that Nap-Nos clade | organisms that are strong N2O sinks due to their
preferred reduction of N2O, 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 N.O-emissions during starvation, and what factors lead to cells
being good N.O-sinks during starvation. This knowledge will be crucial for developing

efficient microbiological mitigation options to reduce N2.O-emissions.
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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 of the mechanisms behind denitrification, through studying
the allocation of electrons between NapC and the bci-complex. It also casts some much-
needed light on the regulation of denitrification under natural conditions, in this case under
carbon limitation. The fact that starved cells functioned as N2O-sinks in the presence of nitrate
is optimistic for the possibility of using microorganisms to mitigate N2O-emissions. 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 battle N>O-emissions from the agricultural sector is large.
Microorganisms can be inoculated into the soil to engineer the soil microbiome through
vectors such as waste water digestates (25, 29) or via seeds (such as from legumes) that are
coated with efficient N>-fixing and N2O-reducing bacteria (25, 32). My work has investigated
the hypothesis that organisms with Nap as the only nitrate reductase will show a preferred
reduction of N2O prior to nitrate, and that this is caused by an electron competition between
NapC and the bci-complex. Organisms with a preferred reduction of N2O could slow down
the removal of nitrate from soils, leaving more available for plant growth, whilst limiting the
emissions of N2O from soils. While the electron competition appears to exist in organisms
beyond bradyrhizobia, it also appears to be influenced by more factors than just the presence
of Nar and/or Nap. The genetic potential for the NosZ clade seems to be of special
importance. Additionally, other N-oxides present in soils, such as nitrite, could influence the
allocation of electrons to Nos, and thus possibly hamper the strong N2O reduction potential of
the cells. My results show that Nap-Nos clade | organisms are potential agricultural
inoculants, though their denitrification phenotype should be screened under natural conditions

to verify that they will contribute to the desired effect of N2O reduction.
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4.5.2 Wastewater treatment

Increased knowledge of microbial N-transformation 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 genus Thauera, which are
commonly found in wastewater microbial communities (8). | have shown that fluctuations in
carbon availability, which occur in wastewater communities, does not necessarily lead to
increased emissions of N2O. This knowledge is also interesting for biological phosphate
removal, were a feast-famine 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 the possibility of using strong N20O 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 gaps that still exist regarding microbial N-
transformations. The role of the NosZ-clades should be assessed further, to unravel their role
in making an organism a strong N2O-sink. The bioenergetics of different enzymes should also
be studied. The discovery of the low Ky of NosZ clade 11 (54) shows that this enzyme might
be a much more efficient scavenger of N2O in natural environments were N>O concentrations
may be fluctuating. Similarly assessing the bioenergetics of other denitrification reductases
might lead to 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 N2O available, as in my experiments. The competition between Nir, Nor
and NosZ is perhaps of special interest, based on starvation studies suggesting that Nir is a
stronger competitor than NosZ when carbon is limited (50). Transcriptome and proteome
analyses should also be performed to increase our understanding on how different conditions
affect the expression of denitrification reductase genes, and other genes associated with
denitrification, such as the bci- complex and cytochrome c. Expanding our knowledge on

these areas would be valuable to further use microbes in N2O mitigation strategies.
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5. Concluding remarks

Being able to efficiently use bacteria as N2O-sinks will be a valuable tool in the fight against
climate change in 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 between NapC and the bci-complex which affects the denitrification phenotype
of bacterial strains. Furthermore, at least for some strains, the results support that this electron
competition is not altered when cells are starved. My results also reveal knowledge gaps with
regards to the role of the NosZ-clade on denitrification. Last, but not least, my work has
shown that starvation is not necessarily associated with increased emissions of N2O, 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 needed to provide the best options for microbial mitigation of
N20-emissions. Nevertheless, my results are optimistic with regards to using microbial

soldiers in natural environments to fight alongside us in the battle against N2O emissions!
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7. Appendix

7.1 Appendix A: Media for bacterial growth

All the compositions below are used for 1 X media.

7.1.1 Sistrom’s medium

Table 7.1.1: The chemical composition of Sistrom’s medium.

Chemical Weight/volume
K2HPO4 3.48¢g

or KH,POq 2.72 g
(NH.)2SO4 05¢g

or NH4Cl 0.195¢
Succinic acid 4.00¢
L — Glutamic acid 0.10¢
L — Aspartic acid 0.04g
NaCl 05¢
Nitrilotriacetic acid 0.20¢g
MgSO, x 7TH20 0.30¢

or MgClz x 6H.0 0.244 ¢
CaClyx 2H.0 0.0334 g
FeSO4 x 7TH20 0.0020 g
(NH4)6M07024 (1 % solution) 0.02 ml
Trace Elements Solution 0.1 ml
Vitamins Solution 0.1 ml
Distilled water 1000.00 ml
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Table 7.1.2: The chemical composition of the trace elements solution used in Sistrom’s medium and Sistrom’s

buffer.
Chemical Weight/volume
EDTA 1.765¢
ZnS0O4 x 7TH,0 10.95¢g
FeSO4 x 7TH.0 5.09
MnSQO4 x H,0 154 ¢
CuS04 x 5H,0 0.392¢
Co(NOs3); x 6H,0 0.248 g
H3BOs3 0.114 ¢
Distilled water 100 mi

Table 7.1.3: The chemical compositions of the vitamins solution for Sistrom’s medium.

Chemical Weight/volume
Nicotinic acid 109

Thiamine HCI 059

Biotin 0.010¢g
Distilled water 100 ml

7.1.2 R2A medium

Table 7.1.4: The chemical composition of R2A medium.

Chemical

Weight/volume

Yeast extract

Proteose Peptone (Difco no. 3)
Casamino acids

Glucose

Soluble starch

Na-pyruvate

K2HPO4

MgS0O4 x 7TH20

Distilled water

0.50¢g
050¢g
050¢g
05049
0.50¢
0.30¢g
0.30¢g
0.05¢
1000.00 ml
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7.1.3 Thauera medium

Table 7.1.5: The chemical composition of Thauera medium (41).

Chemical Weight/volume
20 x mineral solution 50 mL

KH2PO4 2539

KoHPO, 142 ¢

Peptone from meat 5¢

Meat extract 39

Distilled water 1000.00 ml

7.1.4 Sistrom’s buffer

Table 7.1.6: The chemical composition of buffer derived from Sistrom’s medium.

Chemical Weight/volume
K,HPO, 1.74 g
(NH.)2SO4 0.25¢
NaCl 0.25¢
MgSO4 x 7TH20 0.15¢g
CaCl, x 2H,0 0.0167 g
FeSO4 x 7TH,0 0.0010 g
(NH4)6M07024 0.01 ml

(1 % solution)

Trace Elements Solution 0.05 ml
Distilled water 1000.00 ml

7.1.5 Phosphate buffered saline (PBS)

Table 7.1.7: The chemical composition of phosphate buffered saline.

Chemical Weight
NaCl 8.475¢g
Na;HPO4 x 2H,0 1.093 g
NaH2PO4 x H,0O 0.276 g

Distilled water 1000.00 ml




7.2 Appendix B: R code for fitting a simple linear regression model in RStudio

Tibrary(readxl1)

Tibrary(ggplot2)

OD_CFU <- read_excel("Master/0D_CFU.x1sx")
Tinear_regression <- Tm(CFU ~ oD, data=0D_CFU)
summary (linear_regression)

Figure 7.2.1: Fitting a simple linear regression model for the relationship between OD and CFU.

Coefficients:
Estimate std. Error t value Pr(>|t])
(Intercept) 1323671 430309 3.076 0.20010
oD 163304010 1310053 124.655 0.00511 **
signif. codes: 0 “***’ 0,001 “**’ 0.01 “*° 0.05 “.” 0.1 “ " 1

Residual standard error: 540400 on 1 degrees of freedom
Multiple R-squared: 0.9999, Adjusted R-squared: 0.9999
F-statistic: 1.554e+04 on 1 and 1 DF, p-value: 0.005107

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

ggplot(data = OD_CFU, aes(x=0D, y=CFU)) + geom_point() +
geom_abT1ine(intercept = 1323671, slope=163304010, color="red") +
labs(x= "0D600",y="CFU/m1")

Figure 7.2.3: Plotting values for OD (x-axis) and CFU (y-axis), with the estimated regression line from Figure

7.2.2.
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Figure 7.2.4: Estimated regression line. The linear relationship between ODgoo and CFU/ml is presented in the
standard curve. RZ = 0.9999.

7.3 Appendix C: Proteomics

An attempt was made to determine the relative amounts of denitrification reductases during
denitrification, by analysing the cell proteome. This was done for both well-fed and starved
cultures of P. stutzeri JIM300, and well-fed cultures of T. sp. 27. The samples were obtained
by centrifuging entire incubation flasks (~50 ml liquid culture) and storing the cell pellets at —
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, during N20O reduction and at the
onset of nitrate reduction upon the depletion of N2O. Two different methods for peptide

extraction were used. Unfortunately, no results were obtained.

For cells of P. stutzeri, the extraction of the proteome did not go as planned. The well-fed
cells excreted a large amount of exopolysaccharides (slime) that clogged the Strap filters used
in the proteome extraction (see Appendix 7.3.2 for the protocol). This made following the
protocol impossible. Although this was only the case for well-fed cells, and not starved cells,
the proteome of well-fed cells was essential as a negative control. Had | had more time, I

could have used a protocol developed by Arntzen et al (64) (Appendix 7.3.1). This protocol is
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based on the separation of peptides using an SDS-gel, and is presumably not as sensitive
towards slime. However, this is a rather time-consuming method, and previous attempts to use
it were unsuccessful. Even though the extracted peptides were of high concentrations and

quality (Table 7.3.1) only the longest peptides were successfully extracted.

The peptides from cells of T. sp. 27 were extracted according to the protocol in Appendix
7.3.2, seemingly without difficulties, and yielded high peptide concentrations (see Table
7.3.2). Despite this, the MS analysis did not give reliable chromatographic results, as they
deviated between samples (Appendix 7.3.3). NosZ was not found among the extracted
proteins, even though it is a periplasmic enzyme and N2O 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 cells of T. sp. 27 seemed 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 take the production 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 et al (64). The cell pellets were dissolved in 300 puL
lysis buffer and lysed by bead beating (0.2 g 106 micron glass beads) in a FastPrep for 2*45
seconds at 6.5 m/s. The protein concentration in the supernatant was determined by using a
BCA protein assay. 5 pL supernatant was diluted in 45 pL ddH20 and added to 1 mL BCA
working solution. The samples were incubated at 60 °C for 30 minutes, and the absorbance at
562 nm was measured to determine the protein concentration. The samples were diluted, if
necessary, to final concentrations of about 2 pg/pL. 20 pL of the sample was mixed with 7.5
ML Nupage 4x sample buffer and 3 pL Nupage 10x reducing agent, and incubated at 70°C for
10 minutes. Prior to gel application, the samples were spun down (1 min, 10 000g). 25 pL of

the samples were applied in wells in an SDS-page gel. Each well was loaded with between
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15-20 g protein. The gel container was filled with TGS buffer to an appropriate volume, and
the gel was run at 270 V for 4-5 minutes, until the bonds had travelled some centimetres. The
gel was stained with Coomassie blue for 1 hour, and washed twice with ddH.O before
destaining. The gel was first destained twice for 20 minutes with a 100 % solution (ddH:0O,
methanol and acetic 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 ddH.O was 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 200 pL ACN/AmBic (50 % acetonitrile (ACN)/25mM
ammonium bicarbonate (AmBic)) for 15 minutes at RT in a thermo mixer (800 rpm). This
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 1-2
minutes. The samples were then reduced by adding 50 uL DTT (dithiothreitol) solution (10
mM DTT/100 mM AmBic), and incubated for 30 minutes at 56 °C in a thermo mixer (800
rpm). After the samples had cooled down, and excess DTT was removed, 50 pL
iodoacetamide (IAA) solution (55 mM IAA/100 MM AmBic) was added to alcylate the
samples. The samples were incubated for 30 minutes at RT in the dark. Excess IAA was
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 pL Trypsin solution (10 ng/pL 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 at 37 °C in a thermo
mixer (800 rpm). After incubation, 40 puL 1 % trifluoroacetic 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 equilibrated between sample series. The equilibration
was done by pipetting up 20 puL. 100% MeOH, which was discarded to waste. 10 uL 70 %
ACN/0.1 % TFA was pipetted up and discarded to waste, and the same was done with 10 puL

76



0.1 % TFA. To bind the samples, they were 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 down 4 times in 100 % ACN/0.1 % TFA. The samples in the
HPLC vials were concentrated using a Speedvac, until they were dry. The peptides were
dissolved in 10 pL 2 % ACN/0.1 % TFA. Before analysis, the peptides were sonicated for 5
minutes, and the peptide concentration was determined with Nanodrop at 205 nm (see Table
7.3.1). 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 qualities of samples from P. stutzeri JM300.

Sample Concentration A205 A280
[mg/ml]
1.01 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
222 0.290 8.98 0.07
223 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 from the lysed cells. The tips were
prepared by stacking discs of Empore C18 (2 discs) and Munktell MK360 quartz filter (12
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 180° for each centrifugation step.
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The cell pellets were dissolved in 500 pl lysis buffer (4 % SDS, 50 mM Tris-Cl (pH 7.9), 10
mM dithiothreitol (DTT)) and heat treated at 95 °C for 10 minutes. The cells were lysed
through bead beating (0.2 g 106 micron glass beads) in a FastPrep for 3 x 45 seconds at 6.5
m/s. Thirty-six ul 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 (12.5 %). Twenty pl of the samples
were loaded into the STrapping solution and spun down (10 min, 4000 g). The STrap tips
were washed by spinning through 100 pl STrapping solution, whereupon 50 mM ammonium
bicarbonate (AmBic) was added and spun down. The tips were transferred 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 45-60 minutes at 47 °C.

After trypsination the trypsin was spun through the column, and 50 pl 0.5 % trifluoroacetic
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 spinning an elution
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 SpeedVac and dissolved in 10 pl loading solution (2 %
ACN/0.1 % formic acid). The samples were sonicated at RT for 10 minutes and the protein
concentration was determined using Nanodrop (see Table 7.3.2). The samples were diluted in
loading solution to 200 ng/ul if necessary and stored at 4 °C. They 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 qualities of samples from Thauera sp. 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 from T. sp. 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 chromatogram for the three first samples is shown in Figure 7.3.1.
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Figure 7.3.1: The chromatogram from sample TO1 (T. sp. 27), with peptides from cells grown under oxic
conditions. The total ion current is sensible, and peptides are eluted from the column during the 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 anoxic conditions. The 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 shown in Figure 7.3.2.
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Figure 7.3.2: Chromatogram for peptides obtained from anaerobic cells 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. stutzeri IM300

When studying the 115 hours of oxic respiration in the starvation experiment of P. stutzeri, it
seemed as if the cells were actively reducing N20, as the concentration of N2O-N gradually
decreased (Figure 7.4.1). However, just a fraction of the “reduced” N2O was recovered as N»-
N, leading to the conclusion that N2O was not removed through denitrification. The
disappearance of N2O was quickly assigned to headspace dilution during sampling, when He-
gas replaces the sampled gas, leading to a constant dilution of the headspace. This dilution
was evident in long-time incubations with little metabolic activity. Another indication that the
decrease in N2O-N was due to headspace dilution was seen when the cycle time for sampling
was reduced (after ~ 40 hours). Up until this point, the decrease in N2O-N was linear, but the
rate decreased once the cycling time was increased, but remained linear. This was a strong
indication that the decrease in N2O-N was primarily caused by a constant dilution, and only to

a very little degree microbial activity.
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Figure 7.4.1: The complete incubation of starved P. stutzeri. Oxygen is gradually reduced during the first 100-
120 hours. The concentration of N2O-N shows a considerate decrease from the start of the incubation, 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 concentration of N»-N started to increase. Note that the
concentration of N2-N is given on the right-hand axis. Even though N2-N increases throughout the incubation,
the concentration of N»-N is approximately 5 pmol flask* when the concentration of N2O-N has decreased with
approximately 20 umol flask™. Standard deviations 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 on the assumption 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, from timepoint to timepoint. During exponential growth,
the relationship between initial electron flow rate (V(0)) and growth rate (1) can be

summarized like this:
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vV (0)wt Equation 7.5.1

Vmax Was set as 2*10"23 mol e cell* ht. The relationship between growth yield (Y), growth rate

(1) and Vimax is

Yy = -+ Equation 7.5.2

The initial cell number (N(0)) was calculated:

N(O) = L9 Equation 7.5.3

Vmax

By using the parameters found from Equations 7.5.1, 7.5.2 and 7.5.3, the cell number
throughout the incubation time (N(t)) was calculated, based on the electron flow to the

available electron acceptor:

N(t) = N(0) + eflow * 10° xY Equation 7.5.4

The cell specific respiration at each timepoints was calculated, and given as % of Vimax.
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7.6 Appendix F:
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Figure 7.6.1: Gas kinetics of the three discarded Thauera strains. All cells were grown in Thauera-medium,
except the culture which gas kinetics in shown in the bottom right corner. These cells were grown in R2A-
medium. The strains were well-fed, and supplied with ~ 20 umol O, ~ 100 pmol N2O and 100 pmol NOs". The
decrease in N2O for cultures grown in Thauera-medium is assigned to head space dilution during sampling. None
of the cultures showed significant denitrification activity whilst grown in Thauera-medium. The culture grown in

R2A-medium showed oxic respiration during the first 40 hours. No denitrification was seen before the cells had
been incubated for 80 hours, when the reduction rate of N»O increased and a production of N was seen.
Standard deviations are given as vertical bars, but are often too small to be seen (n=3).
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7.7 Appendix G: Late expression of narG in P. stutzeri JM300

70
narG per cell JM300

60 —a—nir5 per cell
—e—norB per cell
—e—nosZ per cell

40 —e—nirK per cell

—e—naph per cell

Mumber of transcripts per cell

Hours after inoculation
Figure 7.7.1: The transcription of different denitrification reductases in an incubation of P. stutzeri JM300

during the transition from oxic to anoxic conditions. napA is expressed in small amounts after 7 hours, together

with nosZ. narG is not expressed until 12-13 hours after inoculation, with a peak of transcripts after 15 hours.

85






U
= Norges milje- og biovitenskapelige universitet Postboks 5003
I— J Noregs miljg- og biovitskapelege universitet NO-1432 As
N Norwegian University of Life Sciences Norway







