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Abstract

Denitrification is one of the key processes in the nitrogen cycle, being responsible for the
reduction of biologically available nitrate (NO3") and nitrite (NO2) to nitrogen gas (N2), with
nitric oxide (NO) and nitrous oxide (N2O) as gaseous intermediates. Denitrification is an
anaerobic process, and when denitrifying communities are exposed to oxygen, it tends to result
in increased emissions of N2O. It is, therefore, essential to learn more about how oxygen
fluctuations affect denitrification to find ways of mitigating the increasing N>O emissions.
Denitrification can also be applied to industrial and biotechnological processes like protein
production. With an increased population in the world, sustainable food and feed production is
more crucial than ever, and with a shortage of proteins, new methods of producing them are
needed. Single-cell protein (SCP) emerges as a tantalising prospect in this context. Existing
culturing processes are based on aerobic respiration, however, with the limitations it entails,
which denitrification might eliminate.

This thesis focuses on denitrification and its application in high-cell-density cultivation
(HCDC) for SCP production through a newly invented process named AnaPro. The fed-batch
culturing takes advantage of the alkalising effect of denitrification for the controlled provision
of substrates. The process is still under development, and optimisations are needed: 1) As the
culturing depends on a “pH-stat”, it is essential to consider the acidifying effect of CO>
produced by respiration. However, accurate measurements of this effect have been lacking. 2)
Reactor systems may also be prone to oxygen leakages, and finding an organism which can
tolerate potential oxygen fluctuations is required. In line with this, we tested the pH depression
by CO:> at two buffer strengths in the presence and absence of cells. Moreover, we compared
the model organism Paracoccus denitrificans and the presumably aerobic denitrifier
Paracoccus pantotrophus in terms of their response to oxygen exposure during denitrification,
taking parameters such as cell count, dry weight, gas accumulation, enzyme activity and yield
into account.

The results of this work have contributed to optimising the anaerobic HCDC method. The
relationship between CO. and pH has been established, resulting in improved conditions for
cell growth in a pH-stat. The comparative study of P. denitrificans and P. pantotrophus showed
that the two organisms were highly similar, and neither showed signs of aerobic denitrification.
However, subtle differences in yield and enzyme activity when exposed to oxygen during
denitrification suggest that P. pantotrophus is a slightly better candidate for anaerobic HCDC

than P. denitrificans.



Sammendrag

Denitrifikasjon er en viktig prosess i nitrogensyklusen, og er ansvarlig for reduksjonen av
biologisk tilgjengelig nitrat (NOs) og nitritt (NO2) til nitrogengass (N2), med
nitrogenmonoksid (NO) og lystgass (N.O) som mellomprodukter. Denitrifikasjon er en anaerob
prosess, og nar aktivt denitrifiserende mikrobielle samfunn eksponeres for oksygen gker ofte
emisjonen av N2O. | prosessen med a finne lgsninger for a mitigere gkende N2O emisjoner er
det derfor essensielt & lere mer om hvordan oksygenfluktuasjoner pavirker denitrifikasjon.
Denitrifikasjon kan ogsa benyttes til industrielle og bioteknologiske prosesser, for eksempel
proteinproduksjon. Med en gkende befolkning i verden er mat- og forproduksjon viktigere enn
noen gang, og med en mangel pa proteiner kreves nye metoder for & produsere de. Enkeltcelle
proteiner (SCP) fremstar som et fristende prospekt i denne sammenhengen. Eksisterende
metoder for SCP produksjon er basert pa aerob respirasjon, med de begrensningene det
medfarer, noe denitrifikasjon potensielt kan eliminere.

Denne masteroppgaven fokuserer pa denitrifikasjon og utnyttelsen av denne formen for
anaerob respirasjon i hgydensitetskultivering (HCDC) for SCP produksjon gjennom en
nyoppfunnet prosess kalt AnaPro. «Fed-batch»-dyrkingen drar fordel av den alkaliserende
effekten av denitrifikasjon for kontrollert tilfarsel av substrater. Prosessen er fortsatt under
utvikling, og det er behov for optimaliseringer: 1) Siden dyrkingen er avhengig av en "pH-stat",
er det viktig a vurdere den forsurende effekten av CO produsert ved respirasjon. Ngyaktige
malinger av denne effekten har imidlertid manglet. 2) Reaktorsystemer kan ogsa vaere utsatt for
oksygenlekkasjer, og det er ngdvendig a finne en organisme som kan tolerere potensielle
oksygenfluktuasjoner. | trdd med dette testet vi pH-depresjonen med CO; ved to bufferstyrker
i naerver og fraver av celler. Dessuten sammenlignet vi modellorganismen Paracoccus
denitrificans og den antatt aerobe denitrifikanten Paracoccus pantotrophus med tanke pa deres
respons pa oksygeneksponering under denitrifikasjon, ved a undersgke parametere som
celletall, tarrvekt, gassakkumulering, enzymaktivitet og utbytte (biomasse yield).

Funnene i denne oppgaven har bidratt til & optimalisere den anaerobe HCDC metoden.
Forholdet mellom CO2 og pH er etablert, noe som resulterer i forbedrede forhold for cellevekst
i pH-stat. Den komparative studien av P. denitrificans og P. pantotrophus viste at de to
organismene var svert like, og ingen av dem viste tegn til aerob denitrifikasjon. Imidlertid
antyder subtile forskjeller i utbytte og enzymaktivitet ved eksponering for oksygen under
denitrifikasjon at P. pantotrophus er en marginalt bedre kandidat for anaerob HCDC enn P.

denitrificans.
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1 Introduction

1.1 The Nitrogen Cycle

Nitrogen is essential for all life on earth as it is a crucial element in proteins, nucleic acids,
vitamins and hormones, making up about 6.25% of the dry weight of living organisms (Bothe
et al., 2007). Vast nitrogen reservoirs are found in the atmosphere as nitrogen gas (N2) and in
the crust of Earth as ammonium (NH4"), but both forms are biologically unavailable for most
organisms. Organisms depend on access to reactive nitrogen for assimilatory and dissimilatory
processes. Microorganisms are central in making nitrogen biologically available through
nitrogen fixation and in the circulation of reactive nitrogen in the biosphere, a process called

the nitrogen cycle (Pepper et al., 2015b).

The nitrogen cycle (Fig. 1.1) consists of many key processes like nitrification, ammonification,
nitrogen fixation, denitrification, anaerobic ammonium oxidation (anammox), complete
ammonia oxidation to nitrate (comammox) and dissimilatory nitrate reduction to ammonium
(DNRA) (Burns et al., 1996; Russow et al., 2009). This thesis focuses on denitrification as an
environmentally relevant process, and as a biotechnological prospect, but before diving into the
topic, a short description of the other microbial processes which are a part of the nitrogen cycle

is included below.

NO,

Nitrite Oxidation \ /

Nitrification

Figure 1.1 The Nitrogen Cycle. Schematic overview of key processes of the nitrogen cycle.



Nitrification

Nitrification is the oxidation of either ammonia (NHz) or NH4" to nitrite (NO2) and, finally
nitrate (NO3"). The process can be divided into two parts: first the NH3s/NH4" oxidation to
hydroxylamine (NH>OH) and further to NO., catalysed by the enzymes ammonia
monooxygenase (Amo) and hydroxylamine dehydrogenase (Hao) respectively, and second the
nitrite oxidation to NOs" catalysed by nitrite oxidoreductase (Nxr). NH4" and NO>™ are used as
electron donors, while O> works as the electron acceptor when generating energy for CO>

fixation.

Amo Hao
1) NHf & NH3 + 0, + 2e~ — NH,OH + H,0 — NO; + 5H* + 4 e”
1 Nxr
2) N0z +-0, — NO3

Nitrification is performed by ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea
(AOA) and nitrite-oxidizing bacteria (NOB), and they are all autotrophic aerobes (Ward, 2008).
Recent discoveries also involve a fourth group of bacteria within the Nitrospira genus called

comammox bacteria, which completely oxidises NHz to NO3™ (Hu & He, 2017).

Ammonification

Ammonification is the process of converting organic nitrogen to inorganic nitrogen compounds.
The organic nitrogen, like NH2 from amino groups, can originate from animal excrements or
the animal’s tissue when it dies. Decomposers like fungi and prokaryotes will break it down and
convert it to inorganic nitrogen compounds which plants and bacteria can use, like NH3 and
NH4*. Without ammonification, the organic nitrogen compounds would accumulate in large
amounts as bacteria, plants and biofilms prefer inorganic compounds as their substrate (Strock,
2008).

Nitrogen Fixation
Nitrogen fixation is the process of fixing the N2 gas in the atmosphere as NHz by an enzyme
called nitrogenase, which makes the nitrogen accessible to plants and other bacteria.

Nitrogenase

N, + 8H"+8e”~ ——— 2NH; + H,
Nitrogen fixation is an energy-costly process which requires hydrolysis of 16 ATP molecules
per N2 molecule (Barney et al., 2006; Seefeldt et al., 2009). The process is carried out by

nitrogen-fixing bacteria, which utilize the nitrogenase enzyme. Nitrogen-fixing bacteria live in



aquatic environments (cyanobacteria) and soil as free-living bacteria (e.g., Azotobacter) or in

symbiosis with legumes (e.g., Rhizobium and Bradyrhizobium) (Postgate, 1982).

Anaerobic Ammonium Oxidation (Anammox)

Anammox is the process of anaerobic oxidation of NH4" to N2, also involving the reduction of
NO:" to nitric oxide (NO), where the latter is combined with NH4" to form hydrazine (N2H4)
which finally is oxidized to N2 (Hayatsu et al., 2008). The process is commercially used in the
treatment of wastewater to remove NH4". The anammox bacteria belong to the Planctomycetota
phylum and possess a lipid bilayer membrane-bound compartment called an anammoxosome

inside the cytoplasm. The process is divided into three steps:

.
1) NO; + 2 H* + e~ — NO + H,0

HH
2)NO + NH} + 2 H* + 3 e~ — N,H, +H,0

Hzo
3)N,H, — N, + 4H* + 4 e

First, NO2 is reduced to NO by using nitrite reductase (Nir) enzymes. Further, hydrazine
hydrolase (HH) catalyses the production of N2Hs. The final reaction where N2 is formed is
catalysed by hydrazine oxidoreductase (Hzo) (Jetten et al., 2001; Kraft et al., 2011; Kuenen,
2008).

Dissimilatory Nitrate Reduction to Ammonium (DNRA)
Dissimilatory nitrate reduction to ammonium (DNRA) is an anaerobic process favoured under
high C:N ratios. NOz™ is reduced to NO2", mainly by periplasmatic nitrate reductase (NapAB).

Next, NO;™ is reduced to NH4" by a pentaheme cytochrome c nitrite reductase (NrfA).
NapAB
1) NO; + 2 e~ 4+ 2H* —— NO; + H,0
NrfA
2)NO; + 8HT — NHf + 2 H,0

When the C:N ratio is low, the other main anaerobic process of the nitrogen cycle,
denitrification, is favoured (Kraft et al., 2011; Liu et al., 2021).



1.2 Denitrification

Denitrification is a form of anaerobic respiration where the different nitrogen compounds serve
as the electron acceptor. This results in a stepwise reduction of NO3™ to N2 via the intermediates
NO2", NO and nitrous oxide (N20).

Nitrate Nitrite Nitric oxide Nitrous oxide
_ reductase — reductase reductase reductase
NO N,0

NO; NO; N,

It is a widely studied process as it is widespread and the most significant biological source of

N20, the third most important greenhouse gas after CO2 and methane (Tian et al., 2016).
Additionally, denitrification is the most critical reason for stratospheric ozone depletion
(Thompson et al., 2019). The following subsections describe denitrifying organisms in general,
the denitrification apparatus, thermodynamics, regulation, physiology and the environmental

perspective of denitrification.

1.2.1 Organisms

Denitrification is found in all domains (Bacteria, Archaea and Eukarya), but so far, no reduction
of N2O from the eukaryotes has been reported. Among the prokaryotes, the most studied
microorganism is bacteria, which is also this thesis's focus. Denitrifying bacteria are found in
water, sediments and soil, making up about 10 - 15% of the bacterial population in these areas.
They can use both inorganic and organic compounds as their carbon source (Ambus &
Zechmeister-Boltenstern, 2007). Many denitrifying bacteria are found in the Paracoccus,
Bacillus and Pseudomonas genera, but they have been identified in over 50 genera, mainly
belonging to the a-, B-, and y-classes of the Proteobacteria phylum (Eldor, 2015; Ji et al., 2015).
Denitrifying bacteria generate ATP through denitrification when oxygen is absent but generally
switch to aerobic respiration when oxygen is present, making most denitrifying bacteria
facultative aerobic heterotrophs (Bothe et al., 2007; Zumft, 1997).

1.2.2 Denitrification Apparatus

Denitrification is modular, and denitrifying bacteria can have either one, some or all of the
enzymes nitrate reductase (Nar/Nap), nitrite reductase (Nir), nitric oxide reductase (Nor) and
nitrous oxide reductase (Nos). Bacteria possessing only the former are not regarded as
denitrifiers, as denitrification sensu stricto requires at least a reduction of NO2 to NO (Lycus
etal., 2017).



All the steps of denitrification require the transfer of electrons (Fig. 1.2). The N-oxides (NOs",
NO27, NO and N2O) serve as electron acceptors, and the electron donor is the reduced form of
nicotinamide adenine dinucleotide (NADH), which releases two electrons and a proton when
oxidated to NAD™ (Shi et al., 2020). The electrons from the oxidation of NADH are transferred
to a quinone pool in the membrane by NADH dehydrogenase (complex 1) (Sazanov &
Hinchliffe, 2006). The bcy complex (complex 111) will transfer the electrons from the quinone
pool to cytochrome c in the periplasm (Berry et al., 2000). Cytochrome c is a small protein with
covalently bound heme and cysteine and is an important electron carrier in cellular respiration.
Under aerobic respiration, the electrons would be transferred to complex 1V, which is a terminal
oxidase, but under denitrification, the electrons are transferred to Nir, Nor and Nos instead
(Chen & Strous, 2013).

Nos
(~130kDa)

6 protons are pumped per 2e |

Nir§
(~450kDa) (~120kDa)

+
[ ] L]

Complex I Complex III cNor
(~550kDa) (~205kDa) (~73kDa)

3]
“AD. Em NAD+

Figure 1.2 Schematic Diagram of Canonical Denitrification Electron Respiratory Chain.
Electrons are transferred from the electron donor NADH to the N-oxide reductases (which
serve as the electron acceptors) via complex I, ubiquinone/ubiquinol, complex I, and
cytochrome c. Complex | and Ill and cytoplasmic reductase also remove protons from the
cytoplasm, which results in an overall contribution of 6 protons per electron pair to the proton
motive force (PMF). Figure from Chen and Strous (2013).
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Nitrate Reductase (Nar/Nap)

The first denitrification step is catalysed by the dissimilatory nitrate reductases Nar or Nap.
These enzymes are members of the vast family of molybdopterin oxidoreductases and can be
found in the cytoplasm (NarGH) or the periplasm (NapAB). Some organisms have both, while
others have only one (Richardson et al., 2001).

NO3; +2H*+2e~ - NO; + H,0

NarGH conserves more energy than NapAB due to the extra consumption of protons from the
cytoplasm (Bertero et al., 2003). For NapAB, the energy is only conserved through complex |
(Richardson, 2000; Simon et al., 2008). In some versions of the complex, NarGH is located in
the periplasm but coupled with a complex Ill-like cytochrome b subunit which allows the

conservation of energy (Martinez-Espinosa et al., 2007).

Nitrite Reductase (Nir)
The reduction of NO2™ to NO can be catalysed by two structurally different enzymes: cds nitrite
reductase and cobber-type nitrite reductase, encoded by nirS and nirK, respectively, and both
are located in the periplasm (Godden et al., 1991; Shapleigh, 2006).

NO; + 2H* + e~ - NO + H,0
As electron donors, both cytochrome ¢ and small copper proteins can be used (Koutny et al.,
1999; Moir et al., 1993; Shapleigh, 2006). Neither of the enzymes can contribute to proton
motive force (PMF) directly due to their periplasmic localization (Chen & Strous, 2013).

Nitric Oxide Reductase (Nor)

The next step of the denitrification is reduction of NO to N2O, which is performed by the nitric
oxide reductases (Nor).

2NO+2H*+2e” - N,0+ H,0

There are three different types of Nor, distinguished by their electron donor: gNor, which is
encoded by norZ and accepts electrons from quinols, cNor, which is encoded by norBC and
accepts electrons from cytochrome ¢, and the less common gCuaNor, which can accept
electrons from both menaquinol and cytochrome ¢ (Hino et al., 2012; Matsumoto et al., 2012;
Suharti et al., 2004). The Nor enzymes are capable of oxygen reduction as well as nitric oxide
reduction, the only difference is the affinity. For each N2O molecule made, two molecules of

NO and two electrons are required (Chen & Strous, 2013).



Nitrous Oxide Reductase (Nos)

The final step of denitrification is the reduction of N2O to N2 gas, which is only possible with
the enzyme nitrous oxide reductase (Nos). Nos is a periplasmic homodimer encoded by nosZ
and is the only enzyme which reduces N>O under physiological conditions (Berks et al., 1995).

N,O+2H*+2e” = N, + H,0

Two different clades of NosZ are found, called clade I and clade Il (Sanford et al., 2012). There
are genomic differences between the two clades (Hallin et al., 2018), and physiological
differences regarding affinity to N2O and reduction rates are also reported (Yoon et al., 2016).

NosZ consists of two copper centres, Cua and Cuz, where the latter is unique for NosZ. Cua is
a common copper centre situated at the N-terminal. Its responsibility is the electron transfer
from cytochrome c to Cuz, which is a copper centre situated at the C-terminal and is the catalytic
site. Within the same monomer, the distance between Cua and Cuz is 40 A, which is too far for
electron transfers. Therefore, the homodimers are arranged head-to-tail, where one of the
monomers’ N-terminal domain will interact with the other monomer’s C-terminal domain and
vice versa, reducing the distance between Cua and Cuz to 10 A, resulting in efficient electron
transfers. The reaction occurs in the periplasm, resulting in no contribution to the formation of

a PMF and no conservation of energy (Schneider et al., 2014).

1.2.3 Thermodynamics of Denitrification

From a theoretical thermodynamic point of view, NOz™ and oxygen are nearly equally good
electron acceptors, and the redox potential is quite similar. However, regarding bioenergetics
and Kinetics, oxygen is a better electron acceptor than NO3™ due to the much higher amount of
energy conserved through aerobic respiration compared to denitrification. During aerobic
respiration, up to ten protons are translocated as opposed to a maximum of six protons during
denitrification, a difference caused by the fact that no denitrification modules translocate
protons (Flock et al., 2009), except from Nar (Chen & Strous, 2013).

The other disadvantage of denitrification is in regard to kinetics, as it requires several different
enzyme complexes, as well as the space in the membrane and periplasm is restricted. This
restricted space leads to a smaller amount of each complex per cell and, thus, a lower maximum
substrate conversion rate and increased distances between electron donors and acceptors (Chen
& Strous, 2013). Due to the difference in energy yield, it makes sense for denitrifying bacteria
to suppress denitrification in the presence of oxygen, which is what is generally observed.
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1.2.4 Regulation of Denitrification

As established above, aerobic respiration yields more energy than denitrification. Therefore,
strict regulation of denitrification in facultative anaerobes is likely a fitness trait. In line with
this, all of the reductases described in section 1.2.2 are regulated on a transcriptional level
responding to intra- and extracellular signals such as oxygen and N-oxide concentrations
(Strohm et al., 2007). Moreover, coordination of the N-oxide reductases is essential to prevent
the accumulation of toxic intermediates like NO (Baumann et al., 1997).

Regulatory Proteins and Oxygen Signalling

The expression of denitrification genes is regulated by O, and the presence of N-oxides via two-
component systems or factors belonging to the cyclic-AMP receptor protein/fumarate and
nitrate reductase (Crp/Fnr) family of transcriptional regulators. The details of how the
regulation is organised vary in different organisms. In the regulation of denitrification genes of
the model organism Paracoccus denitrificans (Fig. 1.3), there are three Fnr-type regulators:
FnrP, NarR, and NNR (Van Spanning et al., 1997). The former controls the oxygen-dependent
transcription activation, the second controls nitrate reduction and the latter control the
expression of genes encoding the reductases Nir and Nor. FnrP is sensitive to oxygen, while
NarR is sensitive to NOs™ and NO", and NNR is sensitive to both oxygen and NO (Wood et al.,
2001)

The cells will start building their denitrification proteome when the O2 concentration falls below
a set threshold. However, if the O, is suddenly removed, the cells cannot synthesise the
denitrification enzymes as energy from Oz is needed, resulting in the cells being entrapped in
anoxia. Rapid sensing of decreasing O: levels is therefore crucial for survival (Hgjberg et al.,
1997). When the cells sense the low O concentration, activation of FnrP is induced. The
activation of FnrP, along with the presence of NO3z™ or NO2", or both, will, in turn, activate NarR.
Further, NarR induces transcription of the nar gene, encoding Nar. NNR is activated by rising
NO concentrations and will induce the transcription of nirS, encoding Nir. The transcription of
nor, encoding Nor, is induced by NO via NNR. Transcription of nosZ, encoding Nos, on the
other hand, is induced by NNR and FnrP, and not the N>O concentration directly (Bergaust et
al., 2012). The transcription of nar and nirS become autocatalytic as their activity produces the

intermediate, which also induces their transcription (Hassan et al., 2014).
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Figure 1.3 Schematic Diagram of Regulatory Network in P. denitrificans. Figure from
Hassan et al. (2014).

It becomes evident that O is a crucial regulator of denitrification, as high O2 concentrations
generally inactivate the entire denitrification pathway and make the bacteria switch to aerobic
respiration (van Spanning et al., 2007). Over time, a population grown in oxic environments
will result in a destroyed denitrification proteome as the enzymes will be diluted for each
generation. If the environment turns anoxic, the cells must start the energy-costly rebuilding of
their denitrification apparatus. In other words, having an intact denitrification proteome is only
rewarding if the anoxic conditions remain over time, which the organisms have no way of
predicting, resulting in a bet-hedging strategy to increase the overall fitness of the species across
generations at the expense of the fitness of the current generation (Lycus et al., 2018; Veening
et al., 2008).

1.2.5 Physiology of Denitrifiers in Natural Environments

From an environmental perspective, it is interesting to understand what makes denitrification
go all the way to N> and what is causing the accumulation of intermediates, especially the
greenhouse gas N20, as it contributes to global warming and the destruction of the ozone layer
(Ravishankara et al., 2009). Much of the atmospheric N2O originates from anthropogenic
activity, and about half of the anthropogenic N2O emission comes from cultivated soil (Stehfest
& Bouwman, 2006). Agriculture affects N.O emissions through drainage, liming, tillage,
fertilization, and cropping, but other factors like climate and soil type also play a role (Bakken
etal., 2012).



It is not the agriculture itself which leads to emissions of N-O, but rather the microbial processes
involved in the transformation of the nitrogen from fertilizers, such as nitrification and
denitrification. Nitrification has a low N20O/NOs product stoichiometry, suggesting
denitrification is a more potent N>O source (Markved et al., 2007). An important factor when
investigating the emissions is the N2O / (N2 + N20O) product ratio of denitrification, as it is an
indication of how much N2O is emitted compared to N2, which is the final product of complete
denitrification. Establishing the N>O/N> ratio can be challenging in situ compared to simple
systems like pure cultures. Especially measuring N2 production is challenging, but
understanding it is crucial when developing ways to mitigate N.O emissions (Bakken et al.,
2012).

The emission of N2O due to denitrification is also affected by factors in the natural environment,
such as oxygen and pH (Liu et al., 2014; Liu et al., 2010). In the model organism P.
denitrificans, all cells can express the nosZ gene, which encodes Nos. However, in slightly
acidic soil (pH 6), the last step of denitrification does not take place. The lack of reduction to
N2 leads to N2O emission, even though both the nirS and nosZ genes are expressed at the same
rate as during pH 7. Bergaust et al. (2010) showed that even a slight decrease in pH from 7 (the
optimal pH of denitrification) to 6 was enough to inhibit the protein synthesis and assembly of
N20 reductase, thus leading to a high N>.O/N. product ratio. As the relevant genes were
expressed, this suggests the affected part of Nos is the post-translational regulation rather than

the expression itself (Bergaust et al., 2011; Bergaust et al., 2010).

As well as being affected by pH, the Cuz copper-centre of Nos is oxygen sensitive, which
previously was said to lead to incomplete denitrification as the final step of denitrification
cannot happen in the presence of oxygen. The result is the emission of N2O during so-called
aerobic denitrification. However, a recent study by Wang et al. (2023) shows that the
denitrifiers can develop a defence mechanism, which will theoretically lead to continuous
reduction of N2O to N2 in the presence of oxygen. Natural environments where denitrifying
bacteria exist are rarely anoxic permanently, which would result in low concentrations of NO3
and NO2™ over time. Oxygen fluctuates, and it is therefore essential for denitrifiers to be able to
keep their respiratory metabolism. If not, they might find themselves trapped in anoxia with
little to no available electron acceptors, resulting in insufficient energy for protein synthesis.
Another outcome is the accumulation of NO to a toxic level, which will lead to the death of the
bacteria (Bergaust et al., 2010; Hgjberg et al., 1997; Richardson, 2000).
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1.3 Applications of Denitrification

Denitrification can be utilized in a broad range of biotechnological processes. The most
common application of denitrification is in the process of wastewater treatment. A novel
invention explores the possibility of using denitrifying bacteria to produce single-cell proteins

by anaerobic high-cell-density cultivation.

1.3.1 Wastewater Treatment

Denitrification plays an important role in returning reactive nitrogen species to the atmosphere,
removing biological nutrients, and improving water quality (Grady Jr et al., 2011). By
combining nitrification and denitrification, nitrogen can be removed from wastewater using the
activated sludge process. Generally, the activated sludge process can be divided into two
systems, either a single sludge system where the sludge is sent through a series of aerobic and
anaerobic tanks, where nitrification and denitrification take place respectively, or a multi-sludge
system where carbonaceous oxidation, nitrification, and denitrification are carried out in
separate tanks. A third, modified process is the Bardenpho process which consists of five stages:
fermentation, anoxic denitrification, oxic nitrification, anoxic denitrification, and finally, re-

aeration (Pepper et al., 2015a).

More recently, anammox and comammox have been discovered, and their potential in
wastewater treatment, as well as the phenomenon known as aerobic denitrification, assuming
complete reduction to N2, or else there would be a considerable risk of NoO emissions. Aerobic
denitrification is particularly interesting, as the nitrogen removal will be achieved in one step
in contrast to the previously described methods of nitrification and denitrification in designated
tanks. With bacteria performing aerobic denitrification, the nitrogen can be removed in an oxic

tank with supplied organic carbon (Xi et al., 2022).

1.3.2 Production of SCP by Anaerobic HCDC

The population in the world is constantly increasing, leading to an increased demand for food
and feed. As a supplement to conventional protein sources, single-cell protein production by
high-cell-density cultivation is an alternative, which has recently been shown to be possible

using denitrifying bacteria (Bergaust et al., 2022).
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Single-Cell Proteins (SCP)

Single-cell proteins (SCP) originate from dried cells from microorganisms (fungi, algae, and
bacteria). The exploitation of such microorganisms is relatively inexpensive as the
microorganisms utilize waste products as their source of energy and carbon. SCP has a high
content of vitamins, essential amino acids, proteins, and lipids, making them suitable for food

and feed, especially the latter (Huang & Kinsella, 1986; Nasseri et al., 2011).

High-Cell-Density Cultivation (HCDC)

High-cell-density cultivation (HCDC) is the cultivation of microorganisms (bacteria, archaea,
and yeast) in high densities. The exact density needed to classify as high density varies as the
lower limit ranges from 20-50 g dw L™ to 100 g dw L™, and in extreme cases, as high as 200 -
300 g dw L (Riesenberg & Guthke, 1999; Subramaniam et al., 2018). HCDC was primarily
established to produce SCP, ethanol, and biomass using yeast but was later applied for other
microorganisms and productions, such as antibiotic production using dense bacterial cultures
of streptomycetes (Suzuki et al., 1987). HCDC has also been used for the production of high
concentrations of biomass, using fermentation technology and Escherichia coli (Kleman &
Strohl, 1994; Lee, 1996; Riesenberg, 1991). There is an increasing industrial demand for food,
feed, and medicine. Thus, more research is needed regarding HCDC’s biotechnological
potential (Riesenberg & Guthke, 1999).

AnaPro — SCP Production by Anaerobic Respiration

Under conventional, aerobic HCDC, oxygen becomes rate-limiting as oxygen has very low
solubility in liquid (Garcia-Ochoa & Gomez, 2009). Further, this can result in anaerobic
conditions and fermentation. An alternative to the conventional, aerobic HCDC is anaerobic
HCDC using denitrifying bacteria (Bergaust et al., 2022).

By doing so, the rate-limiting step of oxygen transfer is removed as the electron acceptor is
provided as NOz™ dissolved in liquid rather than O gas. A potential problem of doing so occurs
if NOgz™ is provided as a salt, resulting in alkalization of the medium and salt accumulation. To
avoid this, NOgz™ is provided as HNO3, avoiding the accumulation of salt and maintaining the

pH and NOs" concentration within an acceptable range.
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The principle of the anaerobic HCDC is to supply the stirred culture with HNO3 and minerals
through an acid pump and glucose as a carbon source through a glucose pump to balance the
growth of the cells (Fig. 1.4). The pumps are programmed by a given setpoint which triggers
the supply when reached. In that way, the cells will always have access to both electron

acceptors (NOs") and carbon (glucose), resulting in the following loop:

Denitrification - Reduction of NO3 — Increase in pH
- Triggering the Acid Pump and Glucose Pump
— Addition of HNO; and Glucose — Denitrification

B HNOs addition

! ! !
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Figure 1.4 Principle of Anaerobic HCDC. A) Experimental Setup B) Supply of HNOs based
on pH C) pH and HNOs concentration interval based on a titration curve. Figure adapted by

Marte M. Marak, based on figure by Linda Bergaust.
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1.4 Optimization of Industrial Processes
The anaerobic HCDC process described under AnaPro is still under development, and
optimization is still needed. Two main challenges are 1) the so-called “CO2 problem” of how

CO:. affects the pH and 2) how oxygen leakage affects the denitrifying bacteria.

1.4.1 Carbonate Chemistry in a pH-stat for HCDC

During anaerobic HCDC, the pH increases when the cells are denitrifying, and CO2 is produced.
However, when CO: is dissolved in water, the pH is lowered due to carbonic acid formation
(Appelo & Postma, 2004).

C0,(aq) + H,0 < H,CO04

H,CO; & H* + HCO3
HCO3 & H" +C05~

Changes in pH trigger the acid pump of the pH-stat. The challenge is that the net pH increase
is too small as denitrification increases the pH, but dissolved CO. lowers it, resulting in a
minimal change in pH. Without the supply of HNOg, the cells will stop growing when NOs" is
depleted. Eventually, the CO2 will be “blown out”, and the pH will further increase and trigger

the acid pump, resulting in the addition of HNOs, and denitrification will resume.

However, this pause in cell growth and denitrification makes the process less efficient than it
theoretically could be. The actual loop observed is:

Denitrification — Reduction of NO; + Production of CO, —» Minimal Change in pH
— Depletion of NO3 — Cell Growth Stops
— Eventually CO,is blown out — Increase in pH

— Acid Pump is Triggered — Addition of HNO; — Denitrification

1.4.2 Sensitivity to Oxygen in HCDC

One of many factors to consider when choosing an organism for HCDC is its sensitivity to
potential oxygen leakages. There are presumably differences in both the threshold for when
denitrification ceases and the amount of N>O emitted. Aerobic denitrifiers have the potential

and could eliminate this problem, as oxygen fluctuations would be tolerated.
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Multiple studies by Robertson & Kuenen (1983; 1984; 1985) claim that Paracoccus
pantotrophus can perform aerobic denitrification, suggesting that the generally oxygen-
sensitive Nos enzyme may exist in different forms, where some of them are not sensitive to
oxygen. This conclusion is based on the observation of N2 as one of the end products after
denitrification in an environment with >80% O saturation. On the other hand, Chen and Strous
(2013) explain this with the fact that actively respiring bacteria can effectively consume oxygen
and keep the oxygen concentration low, or this could be due to flaws in the experiments, such
as insufficient stirring or aggregation of the bacteria. They further conclude that aerobic
denitrification does not make sense bioenergetically as the most considerable electron flow is
to complex IV rather than N-oxide reductases, and aerobic respiration is preferred over

denitrification regarding growth.
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1.5 Aim and Outline of Thesis

This thesis had two main aims: The first was to find a way to solve the so-called “CO> problem”
of how CO; affects the pH during anaerobic HCDC. The second aim was multi-pronged: to
investigate whether a so-called aerobic denitrifier continues complete denitrification if exposed
to hypoxic and oxic conditions and compare it to an organism known not to perform aerobic
denitrification. This has implications for our understanding of the effect of oxygen fluctuations
in complex systems vis a vis N2O emissions and for the choice of an organism for HCDC
regarding tolerance for oxygen leakages. In an attempt to do so, the two closely related species
of denitrifying bacteria were investigated and compared: The model organism P. denitrificans
(strain Pd1222) and the believed aerobic denitrifier P. pantotrophus (type strain GB17; DSM
2944).

P. denitrificans was first isolated in 1910 by Beijerinck and Minkman (1910), who gave the
bacterium the name Micrococcus denitrificans. In 1969 it was renamed P. denitrificans by
Davis et al. (1969). Pd1222 is a genetic modification of the P. denitrificans type strain
DSM413T with enhanced conjugation frequencies (De Vries et al., 1989). P. pantotrophus was
formerly known as Thiosphaera pantotropha (Robertson & Kuenen, 1984) but was reassigned
to the new species P. pantotrophus in 1999 (Rainey et al.). Both organisms are gram-negative
bacteria said to be facultatively chemolithoautotrophic, nonmotile and able to use reduced
sulphur compounds and organic compounds under aerobic and anaerobic conditions (Ludwig
etal., 1993).

Prior to the main experiments, preliminary experiments were done to establish factors like cell
count, optical density and dry weight. Further, the first main experiment with CO, was
conducted to establish the influence CO> has on the pH. Finally, the second main experiment
was done by monitoring the chosen bacterial strain under denitrification and how oxygen
fluctuations affect the accumulation of NO, N20O and Nz, as well as monitoring the activity of

the N-oxide reductases.
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2 Materials and Methods

2.1 Bacterial Strains

The bacteria used in the experiments were P. denitrificans (strain Pd1222) and P. pantotrophus
(type strain GB17). Glycerol stocks of both strains were made by mixing 700 uL of a dense,
late-exponential culture with 300 uL of 50% glycerol in cryotubes. The glycerol stocks were
kept at -80°C for long-term storage and at -20°C for short-term storage. After thawing, an entire

glycerol stock was added directly to the desired growth medium for each new experiment.

2.2 Medium and Cultivation Conditions

2.2.1 Sistrom’s Medium and Preparation of Aerobic Vials

In all experiments, unless otherwise stated, a modified version of Sistrom’s medium A (Sistrom,
1960) was used as a growth medium. The original version (Appendix Al) includes carbon
sources such as succinate, L-glutamic acid and L-aspartic acid. However, the carbon source was
excluded from the basal stock (10x concentrated) in the version used in these experiments
(Appendix A2). The medium was prepared in 10x stocks and kept at -20°C. Due to
precipitation, drops of 5 M HCI were added until the solution cleared. The finished medium
was prepared by diluting the 10x solution in distilled MQ water and adjusting the pH to 7.0 by
stepwise addition of 10 M KOH. The medium was distributed into 120 mL serum vials (50 mL
each). One PFTE triangular stirring bar (35 X 9 mm, VWR 442-0388) was added to each vial
before autoclaving. Glucose syrup (sterile filtered, 3.125 M stock) was added to a final glucose

concentration of 20 mM before inoculation.

2.2.2 Preparation of Anaerobic Vials

The vials were sealed for the anaerobic parts of the experiments, and the atmosphere was
replaced with He-gas. This process is called He-washing and is accomplished by replacing the
protective aluminium foil on the autoclaved vials with sterile butyl-rubber septa and sealing
them with aluminium crimp caps. With a system consisting of an Edwards vacuum pump,
valves connected to a He-line and a vacuum line, cycles of evacuation and He-filling were
performed. The vials were placed on a magnetic stirrer to ensure optimal gas exchange between

liquid and headspace, and needles were used to pierce the septa.
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The vials were repeatedly evacuated and then filled with helium in seven cycles of 180 s
evacuation and 30 s He-filling. The He-washing resulted in three orders of magnitude lowering
of N2 and Oz concentrations. The final He-filling resulted in an overpressure, which was
removed by piercing the septa with a needle attached to a syringe filled with ethanol after the

vials had been equilibrated to the desired temperature (Molstad et al., 2007).

2.2.3 Cultivation Conditions

P. denitrificans has an optimum growth temperature of approximately 37°C (Hahnke et al.,
2014; Nokhal & Schlegel, 1983). P. pantotrophus share the same optimum growth temperature
(Vikromvarasiri et al., 2015). All cultivations were done in temperature-controlled water baths.
The temperature was set lower than the optimum growth temperature, ranging from 17 - 30°C,
to make the cells grow slower. The decreased growth rate allowed harvesting of the cells in the
exponential growth phase and at specific optical densities and resulted in a higher resolution
data set when monitoring the gas kinetics in the robot incubation system described in section
2.3.1.

In order to adapt cultures to anoxic conditions and denitrification, transition cultures were made.
These were made by inoculating the desired strain to an oxic vial and incubating until a late-
exponential culture was reached. Then 1 mL of the culture was transferred to a capped vial with
hypoxic conditions (1% O- in headspace) and 4 - 5 mM of either NO3™ or NO2". The addition of
NOz™ or NO> ensured that the cells had enough energy from O> to be used to synthesise the
denitrification enzymes, thus resulting in a culture where most of the population carried a full-
fledged denitrification proteome (Lycus et al., 2017).

2.2.4 Fixation of Cells

Formalin preserves the proteins of the cell, and the cell will be preserved in the same condition
as it was at the time of sampling. In some experiments, the cells were fixated with formalin
(37% w/v formaldehyde). When fixating cells, 1 800 pL of the culture was mixed with 200 pL
formalin to a final concentration of ~ 4% wi/v formaldehyde. The fixated cells were stored at

4°C until further research, in general, within five days.
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2.3 Analytical Methods
2.3.1 Robot Incubation System

A robotized incubation system designed and built in-house was used to monitor the
concentration of gases during the experiments (Fig. 2.1). This incubation system allows studies
of the gas kinetics in multiple vials simultaneously in a thermostatic water bath. Magnetic
stirring was used in all liquid cultures to ensure full gas exchange between the headspace and
liquid phase. The stirring speed was set to 600 rpm unless otherwise stated. In addition to stirred
cultures, calibration standards called “Low” (ambient air: 21% O», 78% N), “NO” (25 ppm
NO in N2) and “High” (1% CO2 and 151 ppm N20 in Helium) were used in the robot incubation

system.

Figure 2.1. Robot Incubation System. Left: Schematic diagram of the robot incubation system,
showing the gas flow to the gas chromatograph and NO-analyser. Figure from Molstad et al.
(2007). Right: The newest robot at the lab of a total of three robots. This specific robot
incubation system can take 21 vials simultaneously in a temperature-regulated water bath,

where 15 vials are placed at a magnetic stirrer plate, and six vials are placed without stirring.

Samples from the headspace of the vials are taken by a CTC GC-PAL autosampler, replacing
the volume sampled with helium gas and ensuring constant pressure. The autosampler is
connected to an Agilent 7890A gas chromatograph equipped with three detectors (TCD, FID
and ECD) and two PLOT columns, one for separation of N2 and Oz and one for separation of
CHas, N2O and COz. The gas chromatograph determines the concentration of O,, CO>, N2 and
N20, and the sample flows through a chemiluminescence NO analyser to determine NO
concentration (Molstad et al., 2007).
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The principle of the NO analyser is described further in section 2.3.3. The data (peak areas)
were sorted by gas, vial and time stamps using a Python script and exported to .xIsx format for
further analysis in Excel using a KinCalc spreadsheet as described in the following section.

2.3.2 KinCalc

KinCalc® is an Excel spreadsheet for analysing gas data sets made by Professor Lars Bakken
(NMBU). In all robot experiments done as a part of this master’s thesis, the September 2022
version of KinCalc was used to analyse the gas data. In a master sheet, the user fills the pH and
temperature, and NO2™ and NOs" values can be filled in by interpolation. Additional information
and experimental set-up are written in a dedicated sheet, making KinCalc suitable for

integrating offline experimental data.

The data sorted by time, gas and vial for each incubation experiment were imported into an
empty KinCalc file. The three gas standards used in the robot incubation system were used to
calibrate the KinCalc spreadsheet by converting the peak areas to ppm and to determine the
leakage factor, sampling volume and dilutions due to replacing the sampled volume with He-
gas during the experiment. The temperature-dependent solubility of gases was used to calculate
liquid concentrations of gases at each timepoint, assuming 1 atm pressure (Wilhelm et al., 1977)
and taking the transport rate between the gas and liquid phase into account. For COg, the
solubility is also a function of pH (Appelo & Postma, 1993). After calibration, the KinCalc
spreadsheet facilitates detailed gas kinetics analyses, such as aerobic/anaerobic respiration,
growth rates, and stoichiometry of substrates vs intermediates and products.

2.3.3 Nitrite Measurements and the Nitric Oxide Analyzer (NOA)

NO2" was analysed with a Sievers Nitric Oxide Analyzer (NOA) 280i. The NOA enables the
quantification of NO>™ in the low uM to mM scale after reduction to NO. 10 pL of the sample
was injected through the rubber septa that seals a purging vessel containing reducing agent,
sodium iodide (Nal) in 50% acetic acid, with a constant flow of N2 (Fig. 2.2). NO2" will then be
reduced to NO. With the inert N2 bubbles in the reducing agent, the NO gets carried through
the system and into the NOA. By chemiluminescence, NO reacts with ozone to produce Oz and

NO2>* in an excited state.

1 Available for all at https://www.nmbu.no/en/research/groups/nitrogen/spreadsheets-
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When the excited NO2* returns to its ground form, it emits light which is converted from
photons to electrical signals by a photomultiplier and then the electrical signals are detected by
the computer (Rumer et al., 2016). As the outcome of the NOA is peak areas, a standard curve
was needed to convert the peak areas to NO2™ concentrations in mM. A dilution series of KNO-
with known concentrations were made and injected into the NOA three times for each dilution
to create a standard curve (Appendix B1). The dilution series consisted of KNO; in the
following concentrations: 0 mM, 0.1 mM, 0.5 mM, 1.0 mM, 5.0 mM, 10 mM and 50 mM in
MQ H:0.

To *
NOA [ IFD
* ﬁ:ﬂ:' Injection
F’%ﬂ V;/a'th From Inert
Outlet ‘-’ ep Gas Supply
Stopcock

Agent

Drain Stopcock —= AN )

Figure 2.2. Nitric Oxide Analyzer (NOA) System. Left: Schematic diagram of purge vessel for
nitrite reduction. The sample is injected through the injection port with septa. Figure from
Sievers Nitric Oxide Analyzer NOA 280i Operation and Maintenance Manual. Right: The
complete setup of the NOA apparatus. The injection port with septa is marked with a blue

arrow.

2.3.4 Optical Density Measurements (Spectrophotometry)

The cultures' optical density (OD) was measured to evaluate the cell density in growing
cultures. When measuring the OD of the samples, 1 mL of the culture was transferred to a
cuvette and placed in a spectrophotometer to measure the cell density based on light scatter.
The wavelength was set to A = 660 nm unless otherwise stated. For samples with an ODsggo
above 1.00, a 10x dilution was made and measured as the sample will be too concentrated for
the spectrophotometer to give an accurate measurement as the upper limit for the linear range
IS reached.
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2.3.5 Birker Counting Chamber (Haemocytometry)

A Biurker counting chamber (haemocytometer) was used to count cells manually under a
microscope. 10 pL of the sample was applied into a Birker counting chamber under a
microscope with a 40x objective and PH2. Depending on which square was used for counting,
the number of cells counted in the square was multiplied by the respective factor listed in Table
2.1 to give the estimated number of cells mL? to the corresponding ODegeo value. For all

samples, ten squares were counted, and the mean was calculated.

Table 2.1 Calculation of Cells mL* by Haemocytometry. Based on the square type used for
counting the cells, different equations to calculate the cells mL* were used. Table retrieved
from lab protocol by Skaar and Aasen (2021).

Square Volume (mm?) Calculation of Cells mL™?
A 1/10 (#cells in square A - 10) - 103
B 1/160 (#cells in square B - 160) - 103
C 1/1000 (#cells in square C - 1000) - 103
D 1/4000 (#cells in square D - 4000) - 10°
E 1/250 (#cells in square E - 250) - 10°

2.3.6 Flow Cytometry

Flow cytometry is a method to analyse single cells in solution. This rapid method produces
scattered fluorescent light signals with lasers as light sources. It has detectors to read the light
signals and convert them to electronic signals analysed by a computer (McKinnon, 2018). The
flow cytometer used was the CellStream™ Flow Cytometer by Sigma-Aldrich. The software

used for analysis was the associated CellStream™ Analysis Software. The channels used were:

Forward scatter: FSC —456/51 — D2
Side scatter: SSC — 773/56 — Al

SYBR®Green positives: 488 —528/46 — C3

Figure 2.3 below illustrates an example of the gating used for all flow cytometry experiments.
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Figure 2.3 Channels and Gating for Flow Cytometry. A typical result regarding the gating of
bacteria out of all particles (left) and SYBR®Green positive (FITC_pos) cells out of the defined
bacteria (right).

The flow cytometry experiments used both aerobically and anaerobically raised cells of Pd1222
and GB17. Prior to running the samples through the flow cytometer, ODeso Was measured, 10x
dilutions were made, and the cells were fixated with formalin. Some were left unstained, while
most were stained using SYBR®Green by Molecular Probes™ and incubated in the dark for 20
min before flow cytometry. As the optimal concentration of both cells and SYBR®Green was
unknown, different combinations of dilutions were made and tested. SYBR®Green was
originally in the concentration 10 000x in DMSO (dimethyl sulfoxide). For further use, new
Eppendorf tubes were prepared with diluted SYBR®Green to the concentration of 100x. Then
SYBR®Green was tested in 0.5x, 1x and 5x final concentrations combined with undiluted and

10x diluted cells, as shown in Table 2.2.

Table 2.2 Ratio of SYBR®Green and Cells. The table shows how much SYBR®Green was used
in different concentrations for undiluted and diluted cells.
SYBR®Green Concentration

0.5x 1x 5X
Undiluted cells 2.5 uL SYBR®Green 5 pL SYBR®Green 25 pL SYBR®Green
497.5 uL cells 495 pL cells 475 pL cells
10x diluted cells 2.5 uL SYBR®Green 5 puL SYBR®Green 25 pL SYBR®Green
497.5 uL cells 495 L cells 475 uL cells
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The samples were then inserted into the flow cytometer, and the events s was monitored. The
desired events s was around 300 - 400. When the events s were higher, the sample needed to
be diluted either 10x or 100x.

2.3.7 Dry Weight Determination

For dry weight determination, cells were harvested by centrifugation at 10 000 rcf in 10 min
and 10°C. Pellets were washed twice in filtered Milli-RO water before they were resuspended
in 1 mL of filtered Milli-RO water in Eppendorf tubes and placed in a heating cabinet at 100°C
until the water was evaporated to constant weight. Clean Eppendorf tubes were also placed in
the heating cabinet to follow the natural weight loss of the tubes due to the heat. All of the tubes
were weighed before adding the cells and after the incubation in the heating cabinet to calculate
the actual dry weight of the cells (g L™* ODeso™2).

2.3.8 Glucose Measurements

The glucose measurements were performed using an ab65333 Glucose Assay Kit from abcam.
This kit contains a Glucose Assay Buffer, Glucose Probe, Glucose Enzyme mix and Glucose
Standard (100 nmol pL™). Prior to the assay, the Glucose Assay Buffer was equilibrated to
room temperature. The Glucose Probe was placed on a 37°C heat block for 1 - 5 min. The
Glucose Enzyme Mix was reconstituted in 220 pL Glucose Assay Buffer and kept on ice during
the assay. The Glucose Standard was diluted to 1 nmol pL™ and used to make six standards
ranging from 0 nM to 10 nM with 2 nM intervals. These standards were used to make a standard

curve (Appendix B2).

A reaction mix was made by mixing 46 pL Glucose Assay Buffer, 2 uL Glucose Probe and 2
ML Glucose Enzyme Mix per sample. On a 96 Well Titer plate, 50 pL reaction mix and 50 pL
sample or standard were added to each well. For each sample and standard, duplicates were
made. The 96 Well Titer plate was then placed in a Varioskan LUX Multimode Microplate
Reader by ThermoFisher, and the wavelength was set to A = 570 nm. The average of the
duplicate readings was calculated to find the glucose concentration in the samples. The mean
absorbance value of the blank was then subtracted from all other samples. Based on the
trendline from the standard curve (Appendix B2), the values from the corrected absorbance

were multiplied by this factor along with the dilution factor.
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2.4 Molecular Methods

2.4.1 Purification of DNA

The QIAmp DNA Mini Kit from Qiagen was used for cell lysis and DNA purification. Cell
pellets (approximately 3.09 - 108 - 1.33 - 10° cells) were thawed at room temperature and
resuspended in 100 pL of tissue lysis buffer (Buffer ATL). Then 20 uL of proteinase K (20 mg
mL™) was added to the sample and mixed by vortexing prior to incubation at 56°C for 1 hour.
The sample was then centrifuged to collect the drops. 4 uL of RNase A (100 mg mL™?) was
added to the sample and mixed by vortexing in pulses for 15 s. Following was a 2 min
incubation at room temperature. Another centrifugation was performed, and then 200 uL of
lysis buffer (Buffer AL) was added to the sample. A similar pulse-vortexing was done, and the
sample was incubated at 70°C for 10 min. 200 uL of absolute ethanol was added to the sample
and mixed. The mixture was then applied to the QIAmp Mini spin column and centrifuged at 6
000 rcf for 1 min.

The column was then transferred to a clean collection tube, and the old one was discarded. 500
uL wash buffer 1 (Buffer AW1) was applied to the column and then centrifuged at 6 000 rcf
for 1 min before transferring the column to a clean collection tube. 500 uL wash buffer 2 (Buffer
AW2) was applied to the column, centrifuged at 14 100 rcf for 3 min, and then another minute
after changing the collection tube. The column was then transferred to a clean Eppendorf tube,
and 200 uL elution buffer (Buffer AE) was applied. After 1 min of incubation at room
temperature, the column was centrifuged at 6 000 rcf for 1 min. The elution was repeated once

to increase the yield.

2.4.2 Polymerase Chain Reaction (PCR)

A polymerase chain reaction (PCR) was performed to amplify target genes. Preparation for
PCR was done by preparing PCR reaction mix (20 uL total volume) in 8-strip PCR tubes, each
containing the template (JDNA 1 — 10 ng uL™?), DreamTaq Green PCR master mix (1x) by
ThermoFisher, forward/reverse primer (1 mM) and nuclease-free water. The strip was then
placed in the PCR machine with the program described in Table 2.3 below. The annealing

temperature was adjusted to the primers' melting temperature (Tm) in Appendix C.
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Table 2.3 PCR Program for the PCR Machine.

Temperature Time Cycles Step
95°C 3 min 1x Initial Denaturation
95°C 30s Denaturation
Tm-5°C 30s 30x Annealing
72°C 1 min per kb Extension
72°C 7 min 1x Final Extension

2.4.3 Gel Electrophoresis

Gel electrophoresis was performed to verify the amplification of target genes from PCR and
the absence of other DNA fragments. This method separates the different DNA fragments based
on molecular weight, and by taking a picture of the gel, bands representing the different
molecules are visible. To make the agarose gel, 2 g of ultrapure agarose was dissolved in 100
mL 1x TAE buffer solution, a buffer solution containing 40 mM Tris base, 20 mM acetic acid
and 1 mM EDTA.

4 uL of peqGREEN was added to the gel solution prior to casting as an alternative to ethidium
bromide to stain the DNA. After the gel had hardened, it was put in a gel tank and covered with
1x TAE buffer. 5 uL of the respective samples and ladder (Appendix D) were applied to the
wells. The gel was run at 80V for 45 min. A picture of the gel was taken using Gel Doc™ XP
Molecular Imager® and the Quanta One 4.6.7 Software to verify that the PCR had been
successful and that the products had the expected size.

2.4.4 Purification of PCR Product

The E.Z.N.A.® Cycle Pure Kit from Omega Bio-tek was used to purify the PCR products. The
kit removes DNA fragments smaller than 200 bp, such as primers, nucleotides, enzymes and
salts. 5x volume of CP Buffer (Citrate-Phosphate) was added to the PCR product and mixed
thoroughly by vortexing and centrifuging. The sample was then applied to a HiBind® DNA
Mini Column with a collection tube and centrifuged at 14 100 rcf for 1 min. The flowthrough
was discarded, and 700 uL DNA Wash Buffer was applied to the column before centrifuging
again at the same speed and time. The wash steps were repeated once before centrifuging the
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column while being empty to dry it thoroughly. The column was then transferred to an
Eppendorf Tube, and 50 pL of Elution Buffer was applied to the column. After 2 min of
incubation at room temperature, the column was centrifuged at 14 100 rcf for 1 min. The column

was removed, and the eluate was stored at -20°C.

2.4.5 Purification of RNA

The Monarch Total RNA Miniprep Kit from New England BioLabs was used for RNA
purification. Cell pellets (approximately 3.09 - 108 - 1.33 - 10° cells) were thawed at room
temperature and resuspended in 800uL of 1x DNA/RNA Protection Reagent and transferred to
a lysis tube with beads for mechanical lysis. The tube was placed in a FastPrep-24™ Classic
Bead Beating Grinder and Lysis System at 4.5 m/s for 40 s - 2. The tube was centrifuged at 14
100 rcf for 2 min, and 400 uL of the sample volume was transferred to an Eppendorf tube along
with an equal volume of RNA Lysis Buffer. The sample was loaded on a gDNA removal
column with a collection tube and centrifuged for 30 s at 14 100 rcf. The flowthrough was
mixed with an equal volume of absolute ethanol before transferring it to an RNA purification
column with a collection tube. The column was centrifuged at 14 100 rcf for 20 s, and the

flowthrough was discarded.

A wash step with 500 uL. RNA Wash Buffer was performed by adding the buffer to the column
and spinning for 30 s, and the flowthrough was discarded. 5 pL of DNase I (2 000 units mL™?)
and 75 pL of DNase | Reaction Buffer was then mixed and applied to the column. After 15 min
of incubation at room temperature, 500 uL of RNA Priming Buffer was applied to the column
and spun for 30 s, and the flowthrough was discarded. Two additional wash step was performed
before the column was transferred to an Eppendorf tube. Finally, 50 uL of Nuclease-free water
was added to the column and spun for 30 s. The eluate was kept on ice for further treatment and
testing for residual gDNA by real-time PCR as described below (section 2.4.7) using primers

targeting the norB gene, as that primer was confirmed to work for both organisms.

After on-column DNase treatment, an additional DNase treatment was performed for samples
containing residual gDNA. The kit used for this was the TURBO DNA-free™ Kit from
ThermoFisher. 0.1 volume of 10x TURBO DNase™ Buffer was added to the RNA and mixed
gently. 0.5 uL of TURBO DNase™ Enzyme was added, and the sample was incubated at 37°C
for 30 min. Another 0.5 pL of TURBO DNase™ Enzyme was added before incubating for an
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additional 30 min. After the incubation, a 0.2x volume of DNase Inactivation Reagent was
added, and the sample was incubated at room temperature for 5 min. The sample was

centrifuged at 10 000 rcf for 1.5 min, and 50 pL of the sample volume was transferred to a new

Eppendorf tube.

2.4.6 Reverse Transcription

the Maxima First-Strand cDNA Synthesis Kit from ThermoFisher was used to transform RNA
to cDNA. Template RNA (1 pg — 5 pg) was mixed with 4 pL 5x Reaction Mix (containing
reaction buffer, dNTPs, oligo(dT):s and random hexamers), 2 uL Maxima Enzyme Mix and
nuclease-free water to a total volume of 20 pL. The samples were mixed gently and centrifuged
to collect the droplets before being placed in a PCR machine. The program used is described in
Table 2.4 below.

Table 2.4 PCR program for Reverse Transcription.

Temperature Time Cycles Step
25°C 10 min 1x Annealing
50°C 30 min Reverse Transcription
1x
85°C 5 min Inactivation
4°C o Hold

2.4.7 Quantitative PCR (gPCR)
Two different gPCR techniques were used to quantify transcripts: real-time PCR and droplet
digital PCR (ddPCR). Real-time PCR was also used to establish the number of gDNA residues

after RNA extraction.

Real-Time PCR

Real-time PCR is based on detecting fluorescence signal (e.g., SYBR®Green) that increases
proportionally with the sample's target DNA amount. Ideally, the amount of target DNA
doubles for each cycle. The cycle threshold (Ct-value) indicates which cycle the fluorescence

signals increase above the background, a threshold set automatically or manually (Gibson et
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al., 1996). A so-called absolute quantification is acquired by comparing the Ct-value of a

sample with a relevant standard curve.

The samples were prepared by mixing the template (1 — 10 ng) with Power SYBR Green PCR
Master mix (1x), forward/reverse primer (0.4 uM) and nuclease-free water. The real-time PCR
was performed using a StepOnePlus™ Real Time System by ThermoFisher, and the program
used is described in Table 2.5 below. The annealing temperature was adjusted to the Tm of the
primers (Appendix C). The samples were held at 95°C for 15 s for the melt curve stage before
dropping the temperature to 60°C. The temperature increased stepwise back to 95°C with an

increment of +0.3°C for each fluorescence measurement.

Table 2.5 PCR Program for real-time PCR.

Temperature Time Cycles Step
95°C 10 min 1x Incubation
95°C 15s Denaturation

Tm -5°C 60 s 40X Annealing
72°C 1 min per kb Extension

Droplet Digital PCR (ddPCR)

ddPCR is based on water-in-oil emulsions and segments samples by creating droplets using a
droplet generator (Mathekga et al., 2022). The target is dyed, which allows the detection of the
target by measuring the fluorescence. The target molecule gets amplified inside each droplet it
is present in by PCR. With a droplet reader, the droplets are streamed in a single file, and by
detecting the fluorescence of the target, positive and negative droplets are counted to calculate
the copy number of the target sequence in the sample. The estimation is based on Poisson
distribution which gives the probability that a droplet will contain a given number of copies of
the target. The target molecules are assumed to be distributed randomly into droplets, meaning
a given target molecule is equally likely to end up in any droplets and move independently of

other target molecules without interaction (Lin, 2016).
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For ddPCR, the QX200™ Droplet Digital PCR System from Bio-Rad was used. The samples
were prepared using the QX200™ ddPCR™ EvaGreen® SuperMix (1x) to allow the detection
of the target DNA. Samples were diluted to be within the upper limit of ddPCR, which is 10°
copies (Mathekga et al., 2022). If the copy number exceeds the limit, the sample gets saturated,

and only positive droplets are generated.

Prior to running ddPCR, droplets were generated by adding 20 pL of the sample and 70 pL of
QX200™ Droplet Generation Qil to dedicated wells ina DG8™ Cartridge, covering the cartridge
with DG8™ Gaskets. The cartridge was then placed in a QX200™ Droplet Generator, and after
a short period, 20 000 nanoliter-sized droplets were made in each sample, which was transferred
to a 96-well plate. The plate was sealed using a PX1 PCR Plate Sealer and placed in a PCR
machine with a program designed for ddPCR (Table 2.6). The annealing temperature was
adjusted to the Tm of the primers (Appendix C). After running the PCR program, the samples
were kept at 12°C for at least 2 hours to stabilize the droplets. Finally, the plate with the samples
was put in the QX200™ Droplet Reader.

Table 2.6 PCR program for ddPCR.

Temperature Time Cycles Step

95°C 5 min 1x Initial Denaturation
95°C 30s Denaturation

Tm-5°C 30s 40X Annealing
72°C 1 min per kb Extension
4°C 5 min
90°C 5 min 1x Final Extension
12°C 2 hours
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2.4.8 Primer Design

To amplify the denitrification genes, narG, nirS, norB and nosZ, primer pairs for each gene
were made, specifically for both Pd1222 and GB17, as the gene sequences differ slightly. The
gene sequences were found in KEGG’s database, where Pd1222 has the accession number
T00440 and GB17/DSM2944 has the accession number T06495. The primers were designed
using the Primer3 software and verified by checking the Tm and potential primer dimers in
Sigma-Aldrich’s DNA Oligo in Tubes tool.

The requirements set for the primers were to be specific to the gene and organism they were
designed for and to give a product between 600 and 650 bp, and the primers' lengths were 20
bp. Regarding the Tm of the primer, Primer3 and Sigma-Aldrich gave two different estimates
(Appendix C). The first one estimated the primers to have a Tm between 58 and 60, whereas
the latter generally estimated them to be between 65 and 68. The denitrification gene primers

are listed in Table 2.7 below.

Table 2.7 Primers for Amplification of Denitrification Genes. Primer pairs designed to

amplify the denitrification genes narG, nirS, norB and nosZ.

Organism Gene Primer (5°— 3°)

Pd1222 narG Forward: GAAGTTCGGCGACATCTGG
Reverse: CCCGGTCCAGGCTGTAATTG

nirS Forward: GACGCCCAATACAACGAAGC
Reverse: TGGCGTATTTGTCCTCCCAG

norB Forward: CCTTGCCTTCCTGATGCTCA
Reverse: GTCCTGCACGTCCATGAAGA

nosZ Forward: TGGAGGACGTGGCGAATTAC
Reverse: CAGCTTGTCCTTGATCGGGT

GB17 narG Forward: GAACACCTCGGACATGCATC
Reverse: TGGGCGAGGAGATGATCTTC

nirS Forward: GATCAAGATCGGCTCGGAGG
Reverse: TTCGGGTGCGTCTTGATGAA

norB Forward: TCGCCTTCCTGATGCTCAAG
Reverse: GTCCTGCACGTCCATGAAGA

nosZ Forward: TCTCGACCTCCTACAACTCG
Reverse: CCTTCGAGAACTTGCACAGC
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New primers were made for the same genes to make a standard curve for the gPCR reaction,

but this time with a slightly bigger product size of 750 - 800 bp and with the requirement of

covering the original primers. These primers were designed using the same procedure and

programs. The standard curve primers are listed in Table 2.8 below.

Table 2.8 Standard Primers for Standard Curve. The primer pairs were designed to amplify

the denitrification genes narG, nirS, norB and nosZ and cover the previous primers.

Organism Gene Primer (5°— 3°)
Pd1222 narG Forward: CGCGCATTTCTATACCGAGG
Reverse: CTGGATGATCTTGTCGCGAC
nirS Forward: AGGATCACAAGACCAAGACG
Reverse: TCTCGCCGTCCATGATGAC
norB Forward: ATACTGGTGGTGGGTCATCC
Reverse: CACGGCATAGATGAACAGCA
nosZ Forward: GTCAACGACGGCACCAAC
Reverse: CGGTCCTTCGAGAACTTGGA
GB17 narG Forward: TGCTGGTGACGATCGACTT
Reverse: CTCATGCACGTTGGTCCAG
nirS Forward: CTGTGGATGAAGGAGCCCA
Reverse: GGTCTTGAACTCGGGGTCC
norB Forward: ATACTGGTGGTGGGTCATCC
Reverse: CACCGCATAGATGAACAGCA
nosZ Forward: GAACGTCTTCACCGCTGTC

Reverse: CATCTGGTCGCCCGAAATG

The last set of primers, 27F and 1492R (Lane, 1991), was for the 16S rRNA gene, and this
primer pair was universal for both Pd1222 and GB17. The primers were tested in Benchling to

check if they would bind to both organisms and that the product would be slightly different

from each other to make it possible to differentiate them later. The 16S primers are listed in

Table 2.9 below.
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Table 2.9 Primers for 16S. Primer pairs to amplify the 16S gene in both Pd1222 and GB17.
The products have slightly different lengths and are confirmed to have mismatches for easy
distinguishing of products after sequencing. Primers from Lane (1991).

Organism Gene Primer (5°— 3°)

Pd1222 and GB17 16S 27F: AGAGTTTGATCCTGGCTCAG
1492R: GGTTACCTTGTTACGACTT

2.5 Experiments

Three series of experiments were conducted. 1) Linking ODeso to cell density and dry weight;
2) Investigating the correlation between CO2 and pH, improving the estimation of CO3, thus
biomass yield, in KinCalc, and facilitating optimization of the AnaPro process; 3) Aerobic
denitrification: effect of oxic spells on actively denitrifying cultures, with implications for the
AnaPro process.

2.5.1 Linking Cell Density to Dry Weight and Cell Numbers

These experiments aimed to establish the most reliable method to estimate the cell count during
the main experiments. One of the methods used was counting cells by flow cytometry (section
2.3.6) and linking this number to optical density. The other method was counting the cells
manually with a Burker counting chamber under the microscope, linking this to optical density
and dry weight. As the latter seemed the most reliable, the estimates made by microscopy were

used to determine the cell numbers.

To estimate the cell number per ODseo and dry weight, cultures of Pd1222 and GB17 were
raised and counted under the microscope using a Birker counting chamber. As aerobic and
anaerobic cells may differ in size, the experiment was done in two parts; one with aerobically
raised cells and one with anaerobically raised cells. Twelve cultures (six aerobic and six
anaerobic) were made of each strain, which allowed double triplicates of each strain and growth
condition. One triplicate was used for optical density measurements. The other triplicate was
untouched (except for additions of KNOgz) until the ODsgo had reached 1.00 when the entire

cultures were harvested and used for dry weight measurements (Fig. 2.4).
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During the experiment, the vials were incubated in a robot incubation system with a water bath
holding 30°C. The robot monitored the transition culture and the anaerobic vials to know when
to supply the cultures with KNO3s when N2 production decreased. The optical density was
measured by spectrophotometry. Three of the vials for each strain were sampled and fixated
when the ODegso Was ~ 0.05, 0.10, 0.25, 0.50, 0.75 and 1.00, and stored in the refrigerator (4°C)
until microscopy. The remaining three untouched vials of cells from each strain were used for

dry weight determination (section 2.3.7).

Aerobic Transition culture
e o x3
Measured ODgs, and fixated at
given optical densities
Aerobic Anaerobic
x3 Harvested at ODss = 1.0 for x3
dry weight measurements
Aerobic Anaerobic

Figure 2.4 Schematic Overview of Experimental Setup for Dry Weight and Microscopy.
Aerobically raised cells were used to inoculate 2 - 3 aerobic vials for each strain, along with
one transition culture. 2 - 3 anaerobic vials were inoculated by cells from the transition culture

after two days of incubation.
The fixated samples from each ODesgo Were analysed by microscopy and a Biirker counting

chamber as described (section 2.3.5). All three replicates were counted for the samples with an
ODesgo 0f 0.05, 0.50 and 1.00, while only the first replicate was counted for 0.10, 0.25 and 0.75.
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2.5.2 The Solubility of Carbon Species in PBS Under Different Partial Pressures

This experiment aimed to investigate how dissolved CO; affects the pH of the growth medium
and vice versa. For this experiment, the concentration of the different carbon species was
calculated based on pH and pressure measurements along with gas data from the robot
incubation system. While placed in the robot incubation system, different volumes of pure CO>
were injected into the vials. The medium used was PBS (Appendix AS5) with different phosphate
concentrations: a 20 mM concentration which represents the conditions found in the buffer for
the Sistroms medium, and a 100 mM concentration, which represents the medium used in
HCDC, to investigate if a stronger buffer was required to counteract the acidifying effect of

COo.. The starting point for both media was a pH of 7.00.

After equilibrium was reached, the fraction of CO> found in the headspace, pH and pressure
were measured. The pH was measured using the Thermo Scientific™ Orion™ Versa Star Pro™
Benchtop Meter with a Thermo Scientific™ Orion™ Micro pH Electrode, allowing pH
measurements without breaking the anoxic conditions by piercing through the septum of the
vials. The pressure in the vials was measured using a manometer with a needle to pierce the
septum. This experiment was done twice; abiotic with only medium and biotic with aerobically
raised Pd1222 cells (approximately 1.07-10° cells mL™). The cells were washed twice in PBS
before inoculation to ensure no metabolic activity would affect the results. What was desired to

investigate was whether the cells themselves would influence the carbonate chemistry.

Preliminary Experiments

Prior to the main experiment, the amount of time needed to reach equilibrium between CO: in
the headspace (g) and dissolved in water (aq) was tested. 2 mL of pure CO2 was injected into
vials with 20 mM PBS and a vial with 100 mM PBS while monitoring them in the robot
incubation system to investigate how long it would take for the CO> concentration in the
headspace to stabilise. An additional 2 mL of pure CO2 was injected stepwise until the total
injected volume of CO2 reached 8 mL. After reaching the last equilibrium, the amount of H.SO4
needed to force all CO; into headspace (g) (pH ~ 5.00) was also tested. Both tests were done to
avoid constant monitoring of the vials in the robot incubation system during the main
experiment and to know approximately how much H.SO4 was needed to avoid adding too much

and risking destroying the samples.
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Abiotic Experiment

Triplicates of each PBS molarity and CO> concentration were made. As mentioned, the PBS
medium was prepared with either 20 mM or 100 mM phosphate, and the CO- injection was
either 0, 2, 4, 6 or 8 mL, which is equivalent to 0 ppm, 28 571 ppm, 57 143 ppm, 85 714 ppm
and 114 286 ppm, respectively. After equilibrium was reached, pH and gas measurements were
done. Further on, H.SO4 was added until the pH dropped to approximately 5.00. Finally,
another pressure measurement was done, and the vials were returned to the robot incubation

system to get final gas data readings.

Biotic Experiment

The experiment previously described was repeated, this time with aerobically raised cells of
Pd1222. Prior to inoculation, the cells were washed twice in PBS of the same molarity as they
were to be inoculated. Between each wash, the cells were placed in a centrifuge at 10 000 rpm
and 20°C for 15 min. The supernatant was discarded, and the pellet was resuspended in 1 mL
buffer. After reaching equilibrium, the same measurements were done before and after adding
H2SOa.

2.5.3 Aerobic Denitrification

One of the main experiments was to determine if Pd1222 and GB17 can complete the
denitrification process in the presence of oxygen and whether the intermittent presence of
oxygen affected apparent yield per mol electron to terminal electron acceptors in cultures

adapted to anoxia.

Part 1 — Gas Accumulation and Electron Flow Analysis

Ten vials of anaerobically raised cells of both strains were inoculated and incubated in the water
bath until the ODsgo had reached approximately 0.1. At this point, the ODeso, glucose and NO>
concentration was measured prior to oxygen injection. For each strain, this resulted in triplicates
of each of the test volumes of Oy, set to 0%, 7% and 21%, and one vial was left untouched as a
control (Fig. 2.5). An Eppendorf tube was filled with 1 mL of sample and then spun down in a
centrifuge at 10 000 rpm for 5 min to get a supernatant and pellet. The supernatant was
transferred to a clean Eppendorf tube and used for the NO2 and glucose concentration
measurements. After these measurements, the original vials were injected with 0%, 7% and

21% O3, respectively, and the vials were left in the robot incubation system and monitored until
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the Oz concentration was back to 0%. Then new ODsso, glucose and NO2  concentration

measurements were taken, along with pH measurements.

3 «— 0%0,
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¥
Aerobic Transition culture ODgsc
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Nitrite
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'
ODsep = 0.1 5 Anaerobic
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Nitrite
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Figure 2.5 Experimental Setup for Part 1 of Aerobic Denitrification. When the ODego reached
0.10 in the anaerobic cultures, 1 mL was taken from each vial and centrifuged to measure
glucose and NO2™ concentrations. Further, O. was injected in triplicates, and one vial was left

untouched as a control. The vials were monitored in the robot incubation system, and when

oxygen was depleted, ODsgo, pH, glucose, and NO> concentrations were measured.

Part 2 — Transcription Analysis and Sanger Sequencing

The aerobic denitrification was repeated to collect samples for DNA and RNA extraction (from
now on, referred to as “DNA samples” and “RNA samples”, respectively) to investigate the
expression of the denitrification genes through transcription analysis and investigate potential
contamination and verifying the correct organisms were used through Sanger sequencing.
Biological triplicates of aerobic cultures were made for Pd1222 and GB17, using cells from
aerobic pre-cultures of the respective strains. After a day of incubation, samples were taken
from the aerobic vials. When sampling, 1 mL of each triplicate was taken, resulting in three
samples from each sampling point. The NO2 concentration was checked for each sampling
using the NOA system (section 2.3.3), and the remaining cells were supplied with more KNO>

if needed to ensure the denitrification process would not stop due to NO2™ deficiency.
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Both “RNA” and “DNA” samples were taken from the aerobic vials before preparing a
transition culture. Nine vials of each bacterium were inoculated anaerobically with cells from
the transition cultures until an ODsgo 0f ~ 0.015 was reached, allowing three sets of triplicates
as entire flasks were harvested for proteomics as well (not proceeded past sampling due to time
limitations). The robot monitored the denitrification process and gas accumulation. Prior to
oxygen injection, “RNA” samples were taken at the following events: 1) active denitrification
with ODeso ~ 0.03), and 2) active denitrification when the ODgso had increased to ~ 0.10. When
the ODegso had reached ~ 0.30, 7% O was injected into the anaerobic vials. Another three
“RNA” samples were taken at the following events: 1) 0.5 hours after the oxygen injection 2)
5 hours after the oxygen injection 3) increased NO concentrations 4) re-induction/active

denitrification. For the last sampling, “DNA” samples were also taken (Fig. 2.6).
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.

x3 RNA Active Denitrification *
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v
Figure 2.6 Experimental Setup for Part 2 of Aerobic Denitrification. Samples for DNA and
RNA extraction (labelled “DNA” and “RNA”, respectively) were taken from the aerobic vials
prior to inoculation of transition cultures. “RNA " samples were taken from the anaerobic vials
prior to oxygen injection when the cells were actively denitrifying, and the ODgso was 0.03 and
0.10, respectively. After the last sample was taken, 7% O was injected into the vials. New
“RNA” samples were taken 30 min and five hours after oxygen injection, the start of NO
production. Final samples for DNA and RNA extraction were taken during active

denitrification.
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The “DNA” and “RNA” samples were stored in Eppendorf tubes kept on ice. For each sample,
the ODseo and NO>™ concentrations were measured. Afterwards, the tubes were centrifuged at
4°C and 10 000 rcf for 5 min. The supernatant was removed, and the pellet was resuspended in
1 mL of RNAprotect® by Qiagen for the “RNA” samples and MQ water for the “DNA”
samples. The samples were then centrifuged again, the supernatant was removed, and the cell
pellets were stored at -80°C for the “RNA” samples and -20°C for the “DNA” samples.

The “DNA” cell pellets were lysed and purified as described (section 2.4.1), and the DNA
concentration was measured using NanoDrop (Appendix E1). The clean DNA samples were
used to amplify the 16S gene and to make standards for a qPCR standard curve. For the
amplification of 16S, the primers listed in Table 2.9 were used for Pd1222 and GB17. The
standard primers (Table 2.8) designed specifically for each gene and organism were used to
make the standards for the standard curve. To assure the quality of the standards prior to making

the standard curve by real-time PCR, ddPCR was performed as described (section 2.4.7).

Gel electrophoresis was performed to verify that the clean 16S and standards were correct and
pure. The 16S PCR products were confirmed by inspection of the gel picture to have the
expected size of 1456 bp for Pd1222 and 1467 bp for GB17 (Appendix F). The PCR products
were purified (section 2.4.4) to obtain clean 16S products. The DNA concentration was
measured using NanoDrop for the clean 16S products (Appendix E2) and the clean standards
(Appendix E3). The clean 16S products were then prepared for Sanger sequencing by preparing
two Eppendorf tubes per sample, one with 5 pL of the forward primer and one with 5 pL of the

reverse primer, and 5 uL of the respective clean 16S sample in each tube.

The “RNA” cell pellets were lysed, and RNA was extracted and purified as described (section
2.4.5), and the RNA concentration was measured using NanoDrop (Appendix E4). To verify
that gDNA was adequately removed, real-time qPCR was set up as described in section 2.4.7,
and the cDNA was used as the template in gPCR (real-time PCR and ddPCR) performed to
quantify nirS, narG, norB and nosZ transcripts, using the respective primer pairs (Table 2.7).

39



3 Results

3.1 Estimating Cell Count and Dry Weight

The first set of experiments aimed to estimate cell count using flow cytometry and microscopy
and estimate the biomass for dry weight measurements. The motive was to couple the rapid
ODesso measurements with dry weight and cell count, also identifying the most reliable cell
counting technique. Another goal was to get specific estimates of the dry weight for both
aerobic and anaerobic raised cells of Pd1222 and GB17.

3.1.1 Estimating Cell Count by Flow Cytometry

The first part of the cell counting experiment was to investigate if flow cytometry could reliably
be used to estimate cells ml™* ODggo?, and if so, which concentration of SYBR®Green and
dilution (undiluted or 10x) of the sample would give the most accurate result. The SYBR®Green
concentrations tested were 0.5x, 1x and 5x. Both aerobically and anaerobically raised cells were
used, where some of the cells were unstained and used directly in the flow cytometer after
fixation. The rest were stained with SYBR®Green after fixation. The ODegso Was measured
before the cells were fixated. The aerobic cells had an ODego Of 1.10 - 1.20, and the anaerobic
cells had an ODsego 0f 0.60 - 0.80.

As expected, the unstained cells did not give any events mL™ with the channel used for the
detection of SYBR®Green fluorescence (488 — 528/46 — C3), as this channel only detects
stained cells. Therefore, the estimate for unstained cells was based on the general events mL™*
for “bac & all”. For the aerobic, unstained cells, the cell count was approximately 2.24 - 10’
cells mI™t ODego™ for both organisms, whereas for the anaerobic, unstained cultures, the cell
count ranged from 1.92 - 107 to 3.88 - 107 cells mI"* ODgso* (Appendix G1).

The estimated cells mI™ ODego of different SYBR®Green concentrations were compared for
the 10x diluted cells of aerobically and anaerobically raised Pd1222 and GB17 (Fig. 3.1). For
the stained samples, an average of 86.7% of the bacterial cells were gated as SYBR®Green
positive. The undiluted samples gave heavily underestimated cell counts, with a standard
deviation greater than the estimate itself, and these estimates were not included in the results
(Appendix G2).
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Figure 3.1 Estimated Cells mL* ODgso by Flow Cytometry. Based on estimates from the 10x
diluted cells stained with either 0.5x, 1x or 5x SYBR®Green for aerobic (ae) and anaerobic (an)
cultures of Pd122 and GB17. The dashed lines indicate the expected cell count for aerobic
(blue) and anaerobic (red) Pd1222 cultures based on previous experiments (not part of this
thesis).

Compared to unstained cells, most stained cells had an estimated cells mI™* ODgso™ one order of
magnitude higher. Regarding the SYBR®Green concentration, the 0.5x concentration of
SYBR®Green gave the highest estimate for Pd1222, while the 1x concentration gave the highest
estimate for GB17. From previous experiments (not part of this thesis), the estimated cell count
for Pd1222 was 1.25 - 10° cells mI* ODgso* for aerobic cells and 1.60 - 10° cells mI™ ODggo™
for anaerobic cells. Compared to these numbers, the estimates made by flow cytometry are
approximately one order of magnitude lower than expected. In addition, the standard deviation

is high for all samples, indicating that the data are spread out.
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3.1.2 Estimating Cell Count by Microscopy and Birker Counting Chamber

As flow cytometry grossly underestimated the number of cells, another way to estimate the cell

count was manually counting the cells by microscopy and a Birker counting chamber

(haemocytometry). The cell count was done for both aerobically and anaerobically raised cells
of Pd1222 (Table 3.1) and GB17 (Table 3.2). The cells were counted from samples with known
optical density, where the ODegso Was 0.05, 0.10, 0.25, 0.50, 0.75 and 1.00. All triplicates were
counted for the samples with ODggo = 0.05, 0.50 and 1.00. Only one sample from each was

counted for the remaining samples (ODsgo = 0.10, 0.25 and 0.75).

Table 3.1 Cell Count for Pd1222. All data are shown as cells mL™. The number in the

parentheses indicates the number of replicates.

ODeso Aerobic Anaerobic
0.05 1.77 - 107 +7.29-10°  (3) 1.30 - 10’ +2.15-10°  (3)
0.10 1.94 - 107 (1) 3.24- 107 (1)
0.25 8.33 - 10’ (1) 1.94- 108 (1)
0.50 4.17 - 108 +2.30-108  (3) 5.43 - 108 +9.21-10"  (3)
0.75 8.13 - 108 (1) 7.42 - 108 (1)
1.00 1.17 - 10° +1.86-102  (3) 1.02 - 10° +222-10" (3)

Table 3.2 Cell Count for GB17. All data are shown as

parentheses indicates the number of replicates.

cells mL™. The number in the

ODsso Aerobic Anaerobic
0.05 6.76 - 10° +2.18-10°  (3) 5.33 - 10° +5.33-10° (3)
0.10 6.93 - 10° (1) 2.28 - 107 (1)
0.25 1.94 - 108 (1) 2.60 - 108 (1)
0.50 5.45 - 108 +3.78-10" (3) 6.44 - 108 +3.87-10" (3)
0.75 7.69 - 108 (1) 1.09 - 10° (1)
1.00 1.05 - 10° +122-108  (3) 1.31 - 10° +5.83-10"  (3)
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Figure 3.2 Linear relationship between cells mL* and ODgeo. A) Aerobically grown cells and
B) Anaerobically grown cells. All are based on samples taken at the following optical densities:
0.05, 0.10, 0.25, 0.50, 0.75 and 1.00. Triplicates were counted for ODesso = 0.05, 0.50 and 1.00.

The cell count was then plotted in a graph (Fig. 3.2) to visualise the linear relationship between
ODsso and cell count. As all of the graphs have an R?-value of 0.97 or greater, the data seem to
be well fitted to the regression line, and a linear relationship between cells/mL and ODggo Seems

likely, with a small deviation for samples with low ODsgo (<0.50).
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The slope of the respective graph was used to make the following estimates for cell count based

on microscopy, which are the cells mL™* ODgeo? used in all following experiments:

Pd1222 (aerobic): 1.07 -10° cells mL™ ODggo™
Pd1222 (anaerobic): 1.01 -10° cells mL* ODsgo™
GB17 (aerobic): 1.03 -10° cells mL™ ODggo™
GB17 (anaerobic): 1.33 -10° cells mL™* ODgego™

3.1.3 Estimating Dry Weight

In the last part of the cell counting experiment, the dry weight of both aerobically and
anaerobically raised cells of Pd1222 and GB17 were measured. By doing so, the relationship
between dry weight and ODseo and microscopical counts can be established. The difference
between aerobic and anaerobic cells was minimal, with anaerobically raised cells having a
slightly lower dry weight ODeso* than the aerobic. Both aerobically and anaerobically raised
Pd1222 have a higher dry weight ODsgo™ than GB17 (Table 3.3).

Table 3.3 Dry weight for Aerobic and Anaerobic Cultures of Pd1222 and GB17. The dry
weight is presented as g L™ ODeso and pg cell. The number in the parentheses indicates the

number of replicates.

Organism Dry Weight (g L™ ODeso?) Dry Weight (pg cell?)

Pd1222  Aerobic 0.254 +0.038 (3)  0.237 +0.036 (3)
Anaerobic 0.244 +0.044 (3)  0.200 +0.029  (3)

GB17  Aerobic 0.206 +0.030 (3)  0.242 +0.044 (3)
Anaerobic 0.171 +0.032 3) 0.128 +0.024 3)

The estimated dry weight has been corrected regarding the Eppendorf tubes' weight and the
natural weight loss after incubation at 100°C. Three empty Eppendorf tubes were weighed
before and after the incubation. From this, the average weight loss of the tube itself was
estimated to be approximately 0.16% of the original weight after incubation. Some tubes were
left for several days to see if they would lose more weight after a more extended incubation
period, which was proved not to be the case as the final weight remained the same after three

days as for one day of incubation.
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3.2 The Solubility of Carbon Species in PBS Under Different Partial Pressures

A current problem with anaerobic HCDC is that the accumulation of CO> leads to acidification,
counteracting the pH increase driven by denitrification, thus interfering with the pH-stat (Fig.
1.4). Unless measures are taken to remove CO> more efficiently or somehow correct for its
effect on pH, the provision of acid will become insufficient to maintain high growth rates in
dense cultures, with the continuous risk of running into complete depletion of NOs", and arrested
growth. The aim of this experiment was thus to establish the relationship between pH and Pco>
and use that information to optimize the script controlling the HCDC process so that the pH
setpoint is automatically adjusted depending on CO> in the off-gas, maintaining [HNO3] in the

low mM range.

The relationship between pH and Pco2 depends on the medium's buffer capacity; therefore, the
experiment was done with both 20 mM and 100 mM PBS. CO, was injected to a Pco2 of 0,
0.008, 0.018, 0.030 and 0.042 atm were reached. Acidification to a pH of ~ 5.00 caused all
injected CO> to release into headspace. The measured pH prior to acidification was then plotted
against the Pco2 (Fig. 3.3).
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Figure 3.3 pH Plotted Against Pco>. Different volumes of pure CO, were injected into the vial
containing PBS with either 20 mM (blue) or 100 mM (red) phosphate buffer. Each CO> injection
was done in triplicates, and each point in the graph represents one vial. Outliers for 100 mM

phosphate buffer(pink) were excluded from the regression line.
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As illustrated above, the pH declines nearly linearly when Pcoz increases. A general regression

function can be made for both molarities within the pH range tested:

100 mM PBS: pH = pHy — Peo; - 4.7154 (eq.2)

In a previous titration experiment determining pH as a function of [HNOs3] in 100 mM
phosphate buffer, the relationship pH = 7.2246 — 0.0235 - [HNOs] (R? = 0.9994) was found
(not part of this thesis). Since this is a linear function, it can be generalized to all initial pH

levels within the relevant range:

pH = pHy — 0.0235 - [HNO3] — Pgoy - 4.7154 (ea-3)

Thus, [HNOs3] is a simple function of measured pH and Pcoo.

pHO - pH - PCOZ * 4‘7154‘ (8q.4)

[HNOs] = 0.0235

Equation 4 was implemented in the HCDC process to regulate the provision of HNO3 based on
CO- concentration in the off-gas (Fig. 3.4). It will also improve the KinCalc spreadsheet

regarding COz calculations (not shown).
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Figure 3.4 pH setpoint adjusted by CO». Excerpt from a fed-batch process implementing (eq.4).
The pH setpoint (red) continuously changes in response to changes in the concentration of CO-

in the off-gas (black). Courtesy of Marte Mglsater Marak.
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3.3 Aerobic Denitrification

The main purpose of this set of experiments was to investigate the effect exposure to oxygen
has on denitrifying cultures of an organism described as an aerobic denitrifier (GB17) and an
organism known not to perform aerobic denitrification (Pd1222). This has implications for
HCDC in terms of the vulnerability of the process to oxygen leakage and the choice of an
organism (is one less vulnerable to oxidative stress than the other?).

3.3.1 Part 1 - Investigation of Gas Accumulation and Electron Flow

Anaerobically raised cells of Pd1222 and GB17 were monitored using the robot incubation
system, both the gas accumulation (umol/nmol vial?) and the electron flow, Ve- (umol e vial™
h™1). Triplicates of each culture were left untouched except for additions of KNO2 (Fig. 3.5a and
3.6a), while the rest of the cultures had oxygen injected to either 7% (Fig. 3.5b and 3.6b) or
21% (Fig. 3.5c and 3.6¢) in the headspace, also in triplicates. The accumulation of NO, N.O
and N2 gas was monitored both before and after the injection of oxygen (as well as the
untouched cultures for comparison) to see the effect of oxygen fluctuations and if denitrification
would occur. Before the injection of oxygen, the NO>™ concentration was measured, and KNO>
was supplied to make sure all cultures had 4 mM NO- available while oxygen was present to

investigate whether Oz and NO>™ are reduced simultaneously or not.

In the untouched vials (0% O2) both Pd1222 and GB17 could perform denitrification
uninterruptedly, with near-negligible N2O accumulation (N2Omax: 0.03 - 0.04 pumol viall).
Inspection of V. confirmed that the electron flow was entirely directed towards N-oxides. In
the vials injected with 7% O, denitrification immediately stopped after the oxygen injection.
A low activity, where Nos seemed more inhibited than the other reductases, resulted in some
N20O accumulation, which increased approximately 100-fold with maxima 2.71 - 4.45 pmol
vial™ during oxygen exposure. The further reduction to N started approximately when [O] in
the liquid was 25 pM, and the final N2 concentration was similar to what was observed in the
untouched vials. The start of denitrification was also confirmed by inspection of V., where the
graphs for oxygen reduction and N-oxide reduction cross simultaneously as the accumulation

of N2O was observed.
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The last oxygen treatment was 21%, similar to the atmospheric composition. The same
immediate stop of denitrification was observed when oxygen was injected into the vials.
However, contrary to the 7% O cultures, a much more significant accumulation of N>O was
observed before the final reduction to N2 occurred. For Pd1222, the N.O accumulation started
when [O2] in the liquid phase was approximately 90 M, which goes on until the peak of 109.94
umol vial NO is reached. For GB17, the N2O accumulation started when [O2] in the liquid
phase was approximately 75 uM, and the N2O concentration reached a maximum level of
135.05 pumol vial™. The [O;] in the liquid phase was approximately 30 uM when the reduction
of N20 to N2 resumed. The final reduction to N2 resumes for both organisms but at a lower rate
than for the cells exposed to no or 7% O-. In the time frame of the experiment, the electron flow
of the 21% O cultures never goes back to mainly N-oxide reduction for either of the organisms.

Summarised in Table 3.4 below is the maximum N2O concentration (umol vial) measured
throughout the aerobic denitrification experiment. In the samples with 7% O, the concentration
of N20O is almost 150x greater for Pd1222 and almost 70x greater for GB17 than the 0% O
samples. For the 21% O, samples, the N2O concentration increases another 25x for Pd1222 and
45x for GB17 compared to the 7% O samples. For both Pd1222 and GB17, the N2O
accumulation in untouched (0% O3) cells was almost negligible.

Table 3.4. Maximum N20O Concentration Measured. The peak for N2O concentration (umol
vialt) was observed in the different vials for both Pd1222 and GB17, all oxygen treatments

included. The number in the parentheses indicates the number of replicates.

Organism Oxygen Injected Max N20 concentration (umol vial?)
Pd1222 0% 0.03 +0.00 (3)
7% 4.45 +0.21 (3)
21% 110 +7.96 (3)
GB17 0% 0.04 +0.00 (3)
7% 2.71 +0.41 (3)
21% 135 +8.35 (3)
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Figure 3.5. Gas Accumulation and Electron Flow for Different Oxygen Treatments of
Pd1222. Anaerobically raised Pd1222 cells were monitored in the robot incubation system
regarding NO, N2O and N2 production before and after oxygen injection. Triplicates were made
for each oxygen volume injected (0%, 7% or 21%). The panels show the gas graphs and
electron flow for the following: A) 0% O2 B) 7% Oz C) 21% O-. The x-axis indicates the time

elapsed since the injection of oxygen.
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Figure 3.6 Gas Accumulation and Electron Flow for Different Oxygen Treatments of GB17.
Anaerobically raised GB17 cells were monitored in the robot incubation system regarding NO,
N>O and N2 production before and after oxygen injection. Triplicates were made for each
oxygen volume injected (0%, 7% or 21%). The panels show the gas graphs and electron flow
for the following: A) 0% O2 B) 7% Oz C) 21% O.. The x-axis indicates the time elapsed since

the injection of oxygen.
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A closer scrutiny of the gas kinetics before, during and after oxygen exposure showed that the
respective N-oxide reductases were differently affected. In vials injected with 7% O3, there was
a continuous, low activity and a slightly more potent inhibition of Nos than Nir + Nor, leading
to N2O accumulation (Fig. 3.7a and 3.7b). When oxygen approached depletion (at approx. 35
MM O3 in liquid), denitrification resumed, with a temporarily higher N.O activity relative to Nir

+ Nor (> 50%), before subsequent balanced anaerobic respiration.
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Figure 3.7 Activity of Nos and Nir + Nor Before, During and After Oxygen Exposure in
Denitrifying Cultures of GB17 and Pd1222. Large panels: electron flow (Ve-, pmol e vial™ h-
) to Nir + Nor and Nos (left y-axis), and O (UM in liquid; right Y-axis); narrow panels: %
Nos activity relative to Nir + Nor throughout the experiment, in GB17 (A & C) and Pd1222 (B
and D) exposed to 7 % Oz (A & B) or 21% O (C & D)—averages of triplicate vials for each

time increment.
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In the cultures exposed to 21% Oy, the activity of Nos relative to Nir + Nor appeared slightly
more affected in Pd1222 compared to GB17 during the oxic phase (Fig. 3.7c and 3.7d).
However, the difference was minuscule and possibly coincidental. As the cultures switched to
denitrification (at O2 = 90 uM and 75 uM for Pd1222 and GB17, respectively), there was a
dramatic depression in Nos activity relative to Nir + Nor, and nearly all of the available NO>»
was transiently released as N2O. At O> ~25-30 uM, Nos activity resumed in both GB17 and
Pd1222. In GB17, Ve (nos) increased until N2O depletion resulting in a rapid reduction of N2O,
whereas Pd1222 showed a slightly different phenotype, where Ve (nos) reached a maximum,
after which it gradually dropped, while N2O was still available. Subsequent N2O reduction was

slow (relative to GB17) and linear.

The relative activities of Nir + Nor and Nos before oxygen injection and after re-induction of
denitrification in single vials showed negligible differences in apparent damage to Nos vs Nir
+ Nor in the cultures with 7% O- injected. However, they again illustrated a dramatic initial
inhibition of Nos as cultures switched to denitrification after exposure to 21 % O> (Fig. 3.8).
Moreover, in GB17, the activity of N-oxide reductases before vs after oxygen exposure
appeared lower than in Pd1222, particularly pronounced in the 7% cultures (ratio Ve. (Nir +

Nor) and Nos < 0.8 and > 1 for GB17 and Pd1222, respectively).
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Figure 3.8 Ratio of Ve-ir + Nor) @Nd Ve-(nos) Before and After Oxygen Exposure. The ratio of
apparent enzyme activities in single vials (n=3 for each treatment) before injection of oxygen
and after initial re-initiation of denitrification (the inflexion point after an initial rapid increase
in Ve- to NO-oxides and before apparent balanced anaerobic growth). A ratio of 1 indicates no

change.
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The dry weight yield (g mol™ &) in aerobic and anaerobic cultures of Pd1222 and GB17 were
compared (Fig. 3.9a). The estimates for cell count (Fig. 3.2) and dry weight (Table 3.4) were
used to estimate the yield per e based on cumulative e-flow to terminal acceptors and measured
ODseo in the cultures. Based on the results, GB17 seemed to have a slightly greater yield than
Pd1222 for aerobic and anaerobic cultures. However, the difference was marginal
(approximately 0.20 g mol? ), and the standard deviation for GB17 was generally higher
(+0.40 g mol " and +0.20 g mol™* e for aerobic and anaerobic cultures, respectively) than for

Pd1222 (+0.33 g mol™ e and +0.10 g mol™ e for aerobic and anaerobic cultures, respectively).

As well as comparing the dry weight yield of aerobic and anaerobic cultures of both organisms,
the observed yield in cultures with 7% O> injected was compared to the expected yield in the
respective cultures (Fig. 3.9 B). The observed dry weight yield was corrected for the assumed
difference in dry weight yield, where anaerobic cultures are assumed to yield approximately
60% of the yield of aerobic cultures (Thauer et al., 1977). For Pd1222, the observed yield (4.31
+ 0.14 mg vial ™) was slightly lower than the expected yield (4.80 + 0.15 mg vial™). However,
GB17 seemed to have a higher yield than Pd1222 and a greater observed yield (4.93 + 0.07 mg
vial) than expected (4.69 + 0.03 mg vial™?).
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Figure 3.9 Dry Mass Yield in Aerobic, Anaerobic and Oxygen Spiked Anaerobic Cultures of
Pd1222 and GB17. Panel A: Dry mass yield (g mol™ € in aerobic and anaerobic cultures of
GB17 and Pd1222. Panel B: expected and observed yields in cultures with 7% O injected,

based on cumulative e™-flow to terminal electron acceptors and observed ODeeo.
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3.3.2 Glucose Assay

A glucose assay was performed on samples taken both prior to and after exposure to oxygen to
estimate how much carbon was assimilated and how much was released as CO> under different
conditions for both organisms. The readings from the standards were used to make a standard
curve, and the slope will be used to estimate the concentration of the samples. The slope of the

standard curve (Appendix B2) was:

y = 0.1256x (R? = 0.9974)

Based on the results from the plate reader, more than half of the samples showed an increased
concentration of glucose, whereas the remaining showed a decrease (Appendix H). The results
were surprising as no glucose was added during the oxygen exposure. The results were not

trustworthy and not usable for estimations of cell yield for glucose as intended.

3.3.3 Part 2 — Collecting Samples for DNA and RNA Extraction

The aerobic denitrification experiment was repeated with only exposure to 7% O.. The purpose
was to collect samples for DNA and RNA extraction throughout the experiment for the
following reasons: 1) to confirm by Sanger sequencing that there were two different organisms
represented (Pd1222 and GB17), as the profiles from the previous experiment were very
similar, 2) investigate by transcription analysis if there is transient inhibition of all or some of
the functional genes when exposed to oxygen, and 3) investigate if there is an early transcription
of nosZ compared to the other genes and if there was a peak in transcription at the start of

complete denitrification.

The experiment was done for Pd1222 (Fig. 3.10a) and GB17 (Fig. 3.10b). Samples for both
DNA and RNA extraction were collected from the aerobically raised cells prior to the
inoculation of transition cultures. The anaerobically raised cells were monitored in the robot
incubation system. Samples for RNA extraction were sampled at six different times during the
experiment: 1) active denitrification with ODeso = 0.01, 2) active denitrification with ODego =
0.30, 3) 30 min after oxygen injection, 4) 5 hours after oxygen injection, 5) NO-production, and

6) active denitrification. At the last sampling, samples for DNA extraction were also collected.
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Figure 3.10 Gas Graphs from Part 2 of Aerobic Denitrification Experiment. The x-axis shows
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3.3.4 Sanger Sequencing and BLAST of 16S

To verify that Pd1222 and GB17 were the actual two organisms studied in the experiment, DNA
samples from the start of the experiment (aerobic) and DNA samples from the end of the
experiment (anaerobic) were prepared for Sanger sequencing. The Sanger sequencing results
were received as FASTA files, and two consensus sequences for both organisms (Appendix 1)
were made using Benchling, one based on the start samples (aerobic) and one based on the end
samples (anaerobic).

NCBI’s Basic Local Alignment Search Tool (BLAST®) was used to analyse the consensus
sequences. For the Pd1222 samples, all of the top hits were sequences from P. denitrificans,
and the very first hit was even strain-specific, stating Pd1222 (Accession CP000490.1). For the
GB17 samples, the same was observed, with P. pantotrophus being all of the top hits, with hit
number two being specific for DSM2944, corresponding to GB17 (Accession CP044426.1).
For all the consensus sequences analysed by BLAST®, the E-value was <0.01. The E-value
(expect value) is a parameter to describe the random background when searching the database,
where a lower E-value is considered better. Generally, the E-value should be no higher than

0.01 to consider the match “significant” and not by random chance.

The identity percentage shows how many per cent of the base pairs in the query sequence are
identical to the reference sequence. Generally, this should be greater than 98% to confirm that
the query and the reference are the same species. For the consensus sequences analysed by
BLAST®, the identity percentage was 99.9% for Pd1222 and 100% for GB17 (Table 3.5).

Table 3.5 Identity Percentage of Consensus Sequences Based on BLAST® Search. Identity
percentage after performing a BLAST search on the consensus sequences based on FASTA files

retrieved from Sanger sequencing. The E-value for all sequences was 0.0.

Organism Sample Origin Identity (%0)
Pd1222 Start (Aerobic) 99.9
End (Anaerobic) 99.9
GB17 Start (Aerobic) 100
End (Anaerobic) 100
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Alignments with Accession CP000490.1 and the consensus sequences for Pd1222 (Appendix
J1) and Accession CP044426.1 and the consensus sequences for GB17 (Appendix J2) were also
made. The ends of each consensus sequence were trimmed slightly to exclude a few
mismatches, as mismatches at the ends are expected. The remaining few mismatches were not
really mismatches, but rather a lack of signal causing undetermined bases in a few places.
However, this occurred only twice for aerobically raised and once for anaerobically raised
Pd1222 (Appendix J1).

3.3.5 Preparation of Standard Curve for gPCR

Before running the gPCR to amplify the denitrification genes, a standard curve was needed to
calculate the number of mMRNA transcripts of the different genes in the samples. The standards
were made of clean DNA as the template and the standard primers (Table 2.8). Prior to making
the standard curve, the primers and their Tm needed to be verified by gel electrophoresis, and
a gel picture was taken for further inspection (Fig. 3.11). The first annealing temperature tested
was 50°C, which resulted in one strong and clear band for narG, nirS and norB for Pd1222 and
narG, nirS and nosZ for GB17. Pd1222 nosZ and GB17 norB gave no visible bands.

A new PCR was performed for these two genes, one at 50°C to eliminate the chance of
something other than the Tm being wrong on the first try and one at 55°C to see if a higher
annealing temperature would solve the problem. The result of this was multiple bands for
Pd1222 nosZ at 50°C, a slightly weaker band for Pd1222 nosZ at 55°C, while GB17 norB gave
a strong and clear band at both 50°C and 55°C. As the nosZ for Pd1222 at 50°C showed
indications of another band, the annealing temperature for the subsequent runs was 55°C. For
simplicity, that was the temperature used for the other genes, too, as they seemed to give similar
results for 50°C and 55°C.
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Figure 3.11 Gel Picture of Standards. All standards for the target genes (narG, nirS, norB
and nosZ) for Pd1222 and GB17 were run at 50°C. As Pd1222 nosZ and GB17 gave no bands

on the first gel, they were tested again at 50°C as well as 55°C.

The purified standards were then used as the template for ddPCR. Prior to ddPCR, estimates on
the copy number pL* were needed to ensure the samples were not too saturated. The following
equation was used to estimate the copy number pL™:

Concentration (ng uL™%) - 6.022 - 10?3 (eq.5)
Length (bp) -1 - 10° - 650

The concentration in ng puL™* was measured with NanoDrop, 6.022 - 10?3 is the Avogadro

constant (number of atoms in one mole), the length of the product (estimated by using software
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Benchling), 1 - 10° is a conversion factor, and 650 is the average mass of 1 bp dsDNA. The
estimated copy number pL? for each sample is included in Appendix E3, along with the
measured concentration by NanoDrop of the purified standards.

A dilution series based on the calculated copy number pL* was made, and the dilutions included
were 1 - 10°, 1 - 104 and 1 - 10° copies uL™. The ddPCR results (results not shown) were not
analysed further, as multiple samples showed “no call”, and there was no correlation between
the estimated copy number pL* and dilutions for the rest of the samples. Even though an
absolute quantification of the standards was unobtainable, the standards were used as the
template for real-time PCR to make the standard curve based on Ct-values. The same dilutions
based on the calculated copy number pL* were used for ddPCR, including a 1 - 102 copies pL”
L dilution. For some of the genes, graphs reminding of a standard curve were visible, but there
was no correlation between the Ct-values and dilutions for most of the genes (results not
shown). Based on the messy ddPCR and real-time PCR results, the plan of making a standard

curve was discarded due to time limitations.

3.3.6 Purification of RNA

The initial on-column DNase treatment efficiency was tested by using the purified RNA
samples as the template in real-time PCR to investigate the presence of residual gDNA in the
samples. The real-time PCR was done before progressing to reverse transcription of RNA to
cDNA, as gDNA would give false positives and a higher expression of genes than the actual
amount. By running real-time PCR, the presence of residual gDNA was determined by the Ct-

value of each sample.

The Ct-values for Pd1222 ranged from 4.89 — 37.00, with most of the samples being above
28.00, while the Ct-values for GB17 had a range of 16.96 — 39.86 with most of the samples
being above 32.00 (Appendix K). Negative control for each organism was included. However,
both got assigned “undetermined” regarding Ct-value; if not, the “acceptable” Ct-value for the
other samples would have been 3 - 4 cycles lower than the negative control. As the negative
controls had an undetermined Ct-value, the acceptable threshold was set to >35.00. Despite
most samples having a Ct-value lower than desired, it was decided to proceed with reverse
transcriptase as an extended treatment with TURBO™ DNase had already been done on all

samples.
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3.3.7 Quantification of Denitrification Genes

Before quantifying the targeted denitrification genes (narG, nirS, norB and nosZ), the purified
RNA was converted to cDNA by reverse transcription as described in section 2.4.6. The
concentration of cDNA (Appendix E4) was assumed to be the same as the purified RNA

template (i.e., 100% conversion to cDNA).

An alternative way of quantifying the denitrification genes was explored, as no standard curve
was obtained after trying both ddPCR and real-time PCR. The alternative way involved
performing ddPCR on undiluted, 10* and 10? dilutions of cDNA from both Pd1222 and GB17
with primers for narG, nirS, norB and nosZ. The cDNA originated from the samplings taken
during active denitrification prior to exposure to oxygen, as these samples were expected to
have the highest transcription rate. This test run was done to indicate whether there was a signal
and which dilution would give the best result. nirS and norB for Pd1222 gave “no call” on all
concentrations. The remaining samples gave results for at least one of the dilutions, but there
was no correlation between the concentration and the estimated copy number (results not

shown).

A final test was done to investigate whether mMRNA had degraded in the samples. ddPCR was
performed with 102, 103, 10* and 10° dilutions of cDNA taken from the active denitrification
prior to exposure to oxygen for both Pd1222 and GB17. Positive controls for each gene with
DNA in 10* and 10* dilutions and the respective primers were also included, as well as negative
controls with cDNA and DNA for both organisms, but without the primers. The results from
the ddPCR (results not shown) did not give any valuable data regarding transcription analysis
but confirmed that cDNA was present, which suggests mMRNA degradation was most likely not
the reason for the lack of results. Due to limited time, the transcription analysis attempts stopped

here.
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4 Discussion

Through this thesis, a series of experiments have been conducted. The first preliminary
experiments included cell count estimations based on flow cytometry, microscopy and
haemocytometry, followed by dry weight determinations. Next up was the experiment related
to the CO2 problem of anaerobic HCDC, where the aim was to establish the relationship
between CO, and pH. The last set of experiments was the investigation of aerobic
denitrification, whether it can occur or not, followed by Sanger sequencing and an attempt at

transcription analysis.

4.1 Cell Count and Dry Weight

The preliminary experiments included cell count and dry weight measurements, intending to
couple this to ODsgo and establish which methods are the most reliable regarding cell count
determination. Prior to the experiments, the given cell count estimates were 1.25 - 10° cells mL"
1 ODeso™* for aerobic cells and 1.60 - 10° cells mL™ ODsso for anaerobic cells. These were
based on Pd1222 cultures grown with succinate as a carbon source, while the cultures used in
this thesis were grown with glucose as a carbon source. Estimates for Pd1222 and GB17 grown

under the relevant conditions used in this thesis were needed.

4.1.1 Flow Cytometry

Flow cytometry was the first method used to determine cell count. This method is way more
convenient than microscopy and more direct than ODego measurements, as the latter is not
necessarily accurate regarding cell count under all conditions. As previously stated, both
undiluted and 10x diluted cells of aerobically and anaerobically raised Pd1222 and GB17 cells
were used for flow cytometry. For the results presented in section 3.1.1, only the 10x diluted
cells were included. The undiluted cells gave estimates two and three orders of magnitude lower
than the already low estimates based on the 10x diluted cells, assuming that the original cells
mL?* ODego? estimates are accurate (Appendix G2). Different SYBR®Green concentrations
were also tested, specifically 0.5x, 1x and 5x. The results were scattered and appeared to depend
on the SYBR®Green concentration, too, as 0.5x generally gave higher estimates for Pd1222 and
1x gave higher estimates for GB17. For the cells stained with 5x SYBR®Green, only the 10x
diluted cells gave an estimate. It was quickly concluded that this concentration was too high

and excluded from the evaluation of which concentration would give the best result.
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As well as diluting the cells prior to fixation and staining, the cells were sometimes diluted after
the cells were applied to the flow cytometer when the events s was too high. When performing
flow cytometry, the desired events s is about 300 - 400. If the events s is higher, the samples
need to be diluted. The rule of thumb is that samples with an ODegso between 0.1 and 1.0 need
to be diluted x10 and samples with an ODeso above 1.0 need to be diluted 100x. In general, this
happened mainly to the undiluted samples. Diluting the cells at this point also results in the
dilution of the SYBR®Green used to stain them, and the final concentration might not be as
intended for the experiment. Therefore, to gain the most accurate results, the dilution of samples

should take place prior to fixation and staining.

The overall conclusion was that the cell count made by flow cytometry was underestimated.
After a deeper analysis of the data in the CellStream™ Analysis software, a few factors seem to
play arole in the low cell count. Firstly, the dot plot showing all the particles defined as bacteria
shows a long “tail” on the right side of the defined gating, with increased side scatter and
forward scatter (Appendix L). This “tail” suggests that the cells in the sample have aggregated,
and the flow cytometer misinterprets these for bigger cells that go outside the defined gating.
A possible solution is to disperse the cells by pipetting up and down a few times before applying

the samples to the flow cytometer or disperse the cells using a syringe with a needle.

The protocol for preparing the samples and using the flow cytometer has been updated since
the flow cytometry experiment related to this thesis was conducted. VVortexing or mixing of the
samples while adding fixatives is recommended to penetrate the cells more efficiently and
reduce aggregation. It is also known that samples fixated with formalin should be washed before

performing flow cytometry, which was not done to the samples used in this work.

Secondly, it has now been a routine to wash the flow cytometer with 0.1% hypochlorite and
then autoclaved, sterile-filtered (pore size 0.1 um) MQ water between samples to avoid
contamination of dye from the previous sample. Neglecting to do so can result in a higher cell
count than the previous sample due to SYBR®Green being still present in the flow cytometer
tubes, leading to a stronger signal for each run and giving false positives. However, the
unstained samples and the samples stained with the lowest concentration of SYBR®Green were
run first, ending with the samples with the highest concentration of SYBR®Green, meaning
very strong contamination of SYBR®Green residues and false positives most likely were
avoided.

62



In an attempt to make a conclusion based on the results from this experiment, diluting the cells
10x before staining gives the most accurate results, as undiluted cells gave a significantly
underestimated cell count. Regarding the SYBR®Green concentration used to stain the cells,
determining the “best” concentration is more challenging. Given that all the estimates are lower
than expected, the most accurate estimate would be the highest. In other words, that will be 0.5x
for Pd1222 and 1x for GB17. However, the difference between 0.5x and 1x was smaller for
GB17 than for Pd1222, so if one concentration has to be regarded as the absolute best, it has to
be 0.5x concentration. Based on the results, flow cytometry performed as the method was at the
time of the experiment was unreliable for estimations of cell numbers in this experiment and,

therefore, not used further.

4.1.2 Microscopy

As the estimate by flow cytometry seemed unreliable, another set of cell count estimates was
made by microscopy and counting the cells using a Burker counting chamber. These estimates
were more similar to the original estimates based on Pd1222 grown with succinate but generally
lower for both organisms and growth conditions. Even though the cells were counted manually,
with the risk of making mistakes such as skipping cells or counting the same cell twice, the high
R2-value of all the regression lines (Fig. 3.2) suggests a strong linear relationship between the
cells mL™ and ODgso. As mentioned, the samples were fixated at six different ODeso Values.
Ten different squares were counted for all samples, and the mean was calculated. For three of
the samples, all three of the triplicates were counted. Given the high number of squares counted
and the relatively low standard deviation of those, the counting seems reliable, and not many
human mistakes were made while counting. On the other hand, the linear relationship between
ODgso and cells mL™* was not as strong for samples with an ODgso below 0.50, as the count was
generally lower than the regression line would suggest. The lower correlation could be because
the samples with an ODeso 0f 0.10 and 0.25 were only based on one sample and not triplicates;
in other words, only ten squares. By counting triplicates, the count will be based on 30 squares,

resulting in a higher degree of statistical significance.

Automatic cell counters exist and could give an even more accurate estimate of the cell count
and be more efficient and less drudgery for the user. Unfortunately, such a machine was
unavailable for this experiment, and the cell count had to be done manually by haemocytometry.
Counting cells by haemocytometry is a method with a high risk of errors and ranges from 20 -

30%. The high error rate can be due to chamber volume, sample volume and pipetting errors.
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Regardless, counting cells using a haemocytometer is still widely used worldwide (EMS).
Based on the results, the estimates based on microscopy and haemocytometry were more
reliable than those based on flow cytometry. Therefore, those estimates were the ones used in

further experiments.

4.1.3 Dry Weight

After the cell count estimations followed estimations of dry weight (g L™* ODsgo?). The dry
weight was higher for aerobically raised cells than for anaerobically raised cells. The higher dry
weight might be due to aerobically raised cells having more optimal conditions for cell growth,
as oxygen is the most effective electron acceptor, resulting in maximal yield per electron
acceptor (Chen & Strous, 2013).

Another reason for anaerobically raised cells' lower weight is most likely due to their smaller
size and, thus, less cell mass than aerobically raised cells. The Pd1222 cells generally had a
higher dry weight than GB17 cells, both for aerobically and anaerobically raised cells, where
the difference was 0.05 and 0.07 g L™ ODsgo™! respectively. The lower dry weight of GB17 is
most likely due to the loss of cells during washing. After centrifuging to harvest the cells, the
pellet was resuspended twice in 1 mL of MQ water. When removing the supernatant by
pipetting, there is a risk of losing cells, and this proved to be particularly challenging with GB17

as the cell pellet was very loose compared to the firm pellets of Pd1222.

Finding other studies focused on the dry weight of Pd1222 and GB17 per ODsgo proved
difficult, except for one study by Bordel et al. (2021). They estimated a dry weight of 0.365 ¢
L ODego? for Pd1222, which is about 0.1 g L™ ODgso? higher than the results from this
experiment. However, the carbon source available to the cells differed, as Bordel et al. used
succinate. In contrast, the cells in this experiment were given glucose, suggesting the carbon

source also affects the dry weight.

Another reason for the difference in dry weight might be the loss of cells during the washing
steps. The washing of the cells was done similarly to what was described in Bordel et al. with
the same number of replicates and washing steps, as well as using MQ water for the washing.
The only difference was in the volume, as Bordel et al. used 2 mL instead of 1 mL as done in

this experiment.
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An alternative method to determine the bacterial cells' dry weight could be using a moisture
analyser with an infrared heating source and analytical balance. This method is just as precise
as the old-fashioned heating cabinet method (R? = 0.99), but instead of days of incubation, the
dry weight is determined in less than an hour (Li & Mira de Ordufia, 2010). Even though less
time-consuming, the cost of such equipment might not be worth it if the only advantage is its

efficiency.

4.2 The “CO2 Problem” — Is It Solved?

As previously mentioned, one of the main challenges when performing anaerobic HCDC (Fig.
1.4) is the net change in pH being too small to trigger the acid pump due to denitrification
increasing the pH but CO2 lowering it. The aim was to investigate exactly how much CO;
affects the pH of the medium and, based on the results, optimize the programmed pH setpoint
equation to ensure HNOz is supplied to the cells when needed and avoid an unnecessary pause
in cell growth.

4.2.1 The Reliability of the Data

The results from this experiment seem reliable as all of the triplicates from each set of
treatments were highly similar, and there were no outliers within the triplicates. For the samples
before acidification, the standard deviation was never greater than 0.05 for pH and pressure,
but most had a standard deviation <0.01. After the acidification, the standard deviation
increased slightly as the amount of H.SO4 varied slightly. For the samples in 20 mM PBS, the
standard deviation for pH was generally around 0.4. For the samples in 100 mM PBS, however,
the standard deviation for pH was <0.1 due to the medium’s improved buffer capacity compared
to the 20 mM. For the pressure, the standard deviation was highly similar, regardless of the
molarity of the medium, acidification and presence of cells. The amount of injected CO, was
also somewhat similar in all triplicates, which is seen as the dots being placed close to each
other in the plot showing the pH as a function of Pco2 with few outliers within a triplicate
(Figure 3.3). An entire triplicate (Pco2 ~ 0.015 atm for 100 mM PBS) was excluded when

making the regression line to increase the R2-value as this triplicate seemed to be an outlier.
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4.2.2 Implementation of the Results

By injecting known amounts of CO> into the buffer and waiting for equilibrium to be reached,
the relationship between CO- concentration in the headspace and pH was established based on
pH and pressure measurements. Knowing the start concentration of the medium and the
concentration of CO; in the setpoint makes it possible to calculate the pH. However, this
experiment was done without HNOs, and H.SO4 was added at the end of the experiment to
lower the pH and force all CO: to the headspace.

Another experiment (not a part of this thesis) was conducted without CO> but included HNO3
to establish the effect HNO3 has on the pH. Combining the results of both experiments, an
equation that considers both CO2 and HNO3 was made (eq.4). All except Pco2 are fixed values,
so the only factor affecting the pHsp is the Pco2 which is measured in the reactor constantly. By
programming the pH setpoint to follow this equation, the pH setpoint continuously changes as
a response to the changes in [CO2]. The pH of the reactor will fluctuate around the pH setpoint,
resulting in the addition of HNOs when the pH increases, an important step towards an

optimised process.

The results from the CO2 experiment can also be implemented into KinCalc, making the
calculations about C-uptake in biomass (yield) based on gas kinetics more robust. In addition
to usage for purely physiological studies, it also allows more accessible and faster screening of
denitrifying bacteria in search of “high yield” organisms, which in turn can be further explored

as potential producers of proteins and biomass in HCDC.

4.3 Aerobic Denitrification — Does It Occur?

The other main aim of this thesis was to investigate if P. pantotrophus (strain GB17), previously
described as an aerobic denitrifier, displays aerobic denitrification under stringently controlled
conditions (mineral medium, low cell density, rigorous stirring). GB17 was also compared to
the model organism P. denitrificans (strain Pd1222), which is not known for aerobic
denitrification. Comparing their yield and electron flow to electron acceptors during and after
oxygen exposure can establish if GB17 is more tolerant to oxygen, making it a more robust

choice as a potential candidate for anaerobic HCDC.
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4.3.1 Analysing the Gas Data from Part 1

Both organisms behaved similarly and showed a near-complete arrest of denitrification when
exposed to oxygen. For both cultures with 21% O> injected (Fig. 3.5¢ and 3.6c), denitrification
resumes in two pulses; First, a period with a considerable accumulation of N2O, followed by a
temporary depression and then a reduction of N2O. One possibility is that the N2O reduction
rate is tightly coupled to Oz concentration and is prone to a more potent inhibition than the other
reductases. Another possibility is that this results from the destruction of existing Nos proteins,
followed by the construction of new Nos proteins. It might also be a combination of those two.
Nos was marginally more inhibited than Nir + Nor in Pd1222 under the oxygen pulse, resulting
in a slightly higher concentration of N2O in the presence of oxygen (Table 3.4). For cultures
with 7% O injected, the maximal N2O concentration was observed during the oxygen pulse.
However, this is unknown for cultures with 21% O3 injected, as Table 3.4 only reports the
maximal N2O concentration for the experiment. However, the relative activity of Nir + Nor
compared to Nos in cultures with 7% O (Fig. 3.7a and 3.7b) and 21% O (Fig. 3.7c and 3.6d)
can be used as a reference for what to expect. When looking at the Nos activity after
denitrification is triggered in the 21% O3 vials, the same tendency is observed in Pd1222

compared to GB17.

As seen in the gas accumulation for GB17 exposed to 21% (Fig. 3.6¢), N>O reached a peak, but
towards the end of incubation and NO3/NO2™ and NO are depleted, N2O is reduced rapidly to
No. This pattern is also seen in Fig. 3.7c, as Ve-(Nos) increased rapidly and peaked before the
activity stopped because all N-oxides were reduced to No. For Pd1222, it is also observed a
peak in N>O at the same time as NO3/NO;™ and NO are depleted, but the reduction of N>O to
N> was slower and linear (Fig. 3.5¢). This difference in reduction rate can be due to differences
between the organisms but also a result of random variations. Additional experiments would
have been necessary to determine this, including careful monitoring of carbon and other
elements to ensure no limitations would affect the results. During balanced denitrification, the
activity of Nos is 50% of the sum of Nir + Nor together, also evident in the lack of N>O
accumulation. In the presence of O, Nos is relatively a bit lower, and N>O accumulation is
observed. When denitrification is triggered again in the cultures exposed to 7% O2 ([O2] = 35
UM in the liquid phase), it appears that N>O is activated first. The explanation for this may be
that nosZ is transcribed at higher O, than nir and nor, as shown in Qu et al. (2016), resulting in

a temporarily bigger pool of Nos.
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Another explanation could be that the Nos pool is always relatively bigger than Nir + Nor, and
the observed changes are due to the reactivation of old enzymes. When excess N0 is reduced,
the subsequent Nos activity is restricted by the activity of Nir + Nor, which provides N2O. For
the cultures with 21% O, it is observed that when denitrification is triggered ([O2] = 90 uM
and 75 uM for Pd1222 and GB17, respectively), the Nos activity relative to Nir + Nor is
significantly reduced. The reduced activity is most likely due to the destruction of the old Nos
pool and probably that the de novo synthesis of Nos is not activated at high O2 concentrations.
The activity of Nir + Nor starts and seems to compete with the oxidases about electrons
(transient lower O respiration). The activity of Nos increases dramatically when [O2] ~ 25 uM.
Both organisms are quite similar, but generally, Pd1222 has a slightly higher respiration rate,
most likely due to the higher density.

Another matter of interest was comparing the yield of Pd1222 and GB17, both aerobically and
anaerobically raised cells. When comparing aerobically and anaerobically raised cells, it is
expected that the yield of anaerobically raised cells is 60% of the yield of aerobically raised
cells (Thauer et al., 1977). This ratio was observed for the dry weight determinations (Fig. 3.9a),
as the yield for anaerobically raised cells was 57% and 60% of the yield of aerobically raised
cells for Pd1222 and GB17, respectively. When comparing the yield in cultures with 7% O»
injected of Pd1222 and GB17 (Fig. 3.9b), minor differences are observed between the
organisms, and it appears to be a slightly smaller yield for Pd1222 than for GB17. The expected
yield was highly similar for both organisms, but the results show that the observed yield of
GB17 was slightly above the expected yield, while the observed yield of Pd1222 was slightly

below.

Suppose this minor difference is due to actual differences between the organisms, not random
variations. In that case, the results suggest that GB17 might be a more robust candidate for
HCDC than Pd1222, as the observed yield compared to the expected yield was not affected by
the fluctuating conditions (switch from aerobic respiration to denitrification).
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4.3.2 Glucose Assay

Ideally, the combination of improved estimation of CO. in experimental vials, final
measurement of pH in sealed vials and accurate measurements of glucose would provide
information about how much carbon was assimilated and how much was released as CO> under
the different conditions for both organisms and use this knowledge in the evaluation of a
potential candidate for anaerobic HCDC. However, the results from the glucose assay
(Appendix H) did not make sense, as the concentration apparently increased throughout the
experiment. The cells used glucose as their carbon source and were expected to consume it,
leading to a lower concentration. Especially the samples exposed to 21% O were expected to

have a noticeable decrease in glucose concentration.

A possible reason for this is the presence of interfering components in the media. The standards
used for the assay were dissolved in distilled water but could have been dissolved in the media
used instead. Previous tests (not a part of this thesis) have been done where standards have been
dissolved in distilled water and media and compared to each other. However, the result was
only minor changes, concluding that dissolving in distilled water or media would give more or
less the same results when performing a glucose assay, especially as the used medium was
clearly defined and not complex. Theoretically, the assay should be sensitive enough to detect
the changes in glucose concentration for this experiment, especially for the cultures injected
with 21% O». The conclusion was that the most likely reason for the failed results was due to

interfering components, and the results were not analysed further.

An alternative method to determine the yield from carbon in this experiment is to perform high-
performance liquid chromatography (HPLC). HPLC is a common analytical technique to detect
different components, like glucose (Galant et al., 2015; Ma et al., 2014; Wilson et al., 1981).
HPLC consists of two phases, a mobile phase that dissolves the compound and a stationary
phase that interacts with the compound. The compound is injected into the mobile phase, and
due to the Van der Waals force between the compound and the stationary phase, the compound
will move through the column at different speeds based on the affinity. A detector connected to
the outlet of the columns will monitor the time the compound takes to move through the HPLC
system (Gupta et al., 2012). The main disadvantages of this method are time and cost. HPLC is
expensive to set up, and preparing the samples for HPLC can be challenging and time-

consuming.
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4.3.3 Sanger Sequencing

Sequencing of the 16S rRNA gene is a common way of identification and classification. In this
experiment, the sole purpose of the 16S rRNA sequencing was to verify that Pd1222 and GB17
were indeed the two strains present in the respective vials and that the cultures were pure from
start to end. If that were not the case, all the results from the previous aerobic denitrification

experiment and the upcoming transcription analysis would be invalid.

Choice of Sequencing Method

The chosen method to do so was Sanger sequencing, a “first-generation” DNA sequencing
method, and it is common practice to use when there are only a few samples from pure cultures
to be sequenced. Sanger sequencing holds many advantages, especially for organisms that are
difficult to culture. One of the main disadvantages is probably the time-consuming process of
preparing the samples for sequencing and sending them to another laboratory for identification,
as this is done primarily in reference laboratories. Newer methods exist, like next-generation
sequencing (NGS), where the number of fragments sequenced simultaneously is much higher.
However, Sanger sequencing is still used worldwide due to its simplicity and unrequired need

for validation (Hagemann, 2015).

Analysing the Data

As stated in the results, all samples had a high identity match with the reference strains from
NCBTI’s database (Accession CP000490.1 for Pd1222 and CP044426.1 for GB17). There is no
doubt that the strains used for both Sanger sequencing and transcription analysis were P.
denitrificans Pd1222 and P. pantotrophus GB17. This was also confirmed when making an
alignment based on consensus sequences. After the ends of each consensus sequence were
trimmed slightly, no “real” mismatches were present, if not counting the few undetermined
bases (Appendix J). Therefore, the conclusion was that Pd1222 and GB17 were indeed the two

strains present in the respective vials and that the cultures were pure from start to end.
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4.3.4  Transcription Analysis

The transcription analysis intended to investigate changes in the genes for denitrifying cells
before and after oxygen exposure. Due to limited time, the transcription analysis was not
completed. However, the gas data from the second incubation experiment largely confirmed the
observations made for cultures injected with 7% O in the first aerobic denitrification
experiment. The exception was a lower accumulation of N2O in the GB17 cultures than in the
first experiment, which supports the assumption of Nos in Pd1222 being marginally more

sensitive to oxygen.

Lack of Standard Curves

One of the most time-consuming tasks was the attempt to make a standard curve for quantifying
the denitrification genes narG, nirS, norB and nosZ. Designing the primers, amplifying and
purifying the standards went smoothly, but when performing ddPCR, things started going
wrong. The idea was to make a dilution series of each standard and then use three of the
dilutions to make a standard curve based on the absolute quantification acquired by ddPCR.
However, multiple samples got “no call”, and for those who gave an estimated number of
copies, there was no correlation between the dilutions, as the lower dilutions often had a higher
copy number than the previous (results not shown). ddPCR was performed twice, and new

dilution series was made for the second round of ddPCR.

The dilution series was made carefully, eliminating the risk of errors from that step. For the first
dilution, the estimated copies pL* was 10° based on an equation (eq.5) and the concentrations
measured by NanoDrop (Appendix E3). The samples were diluted thoroughly by pipetting up
and down multiple times. New tips were used between each dilution, ensuring no residues of a
higher concentrated dilution were carried over to the new one. There should therefore be no
reason to believe the flaw was in the dilution series itself. After two attempts to make a standard
curve based on absolute quantification by ddPCR, real-time gPCR was tried instead. However,
the same issue followed here, with no clear correlation between dilutions and Ct-value (results
not shown). Due to time limitations, no further attempts were made, and the standard curve was
discarded. The conclusion to the problem was most likely either the choice of an assay, which
here was SYBR®Green, or the primers and the PCR program regarding the annealing

temperature.
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Choice of Assay — SYBR®Green VS TagMan

For the transcription analysis, SYBR®Green was used, which is a relatively cheap method based
on DNA binding dye. A possible solution to the problem could be to design TagMan assays
specifically for the desired target genes in Pd1222 and GB17 instead. TagMan assays are based
on hybridization probes and 5’ to 3’ exonuclease activity of Taq polymerase and have multiple
advantages over SYBR®Green, such as a higher specificity and efficiency (Samanthi, 2017).
However, as TagMan assays are costly, they are not the first choice when the goal is to
investigate multiple genes in two organisms. Initially, a common TagMan assay was attempted
to be designed but failed due to the sequences of some genes differing too much. With more
time and a higher budget, new TagMan assays could have been designed specifically for each
organism and selected genes, like nirS and nosZ. Ideally, monitoring of all the functional genes
narG, nirS, norB and nosZ is of interest, but due to economic reasons, nirS and nosZ would be
the main priority. The reason why nirS and nosZ are of particular interest is because of their
respective enzymes’ role in denitrification. Nir reduces NO2 to NO, which is the requirement
for denitrification sensu stricto, while Nos is responsible for reducing the potent greenhouse
gas N20 to harmless N2 gas. In addition, it is assumed that nir and nor are triggered and
expressed quite similarly, as they are subject to the same regulators and Nor must follow Nir to
prevent NO accumulation, which is lethal to the cells. Like nir and nor, nosZ is also regulated
by NNR, but the transcription of nosZ is also triggered by FnrP (at least in Pd1222). nosZ
expression and Nos activity do not necessarily follow nir and nor, and the consequence is the

accumulation of N2O.

Primer Design

Designing the primers turned out to be challenging for some of the genes. For the 16S gene
primer pairs (Lane, 1991), the primers were general and well-known to many laboratories. The
primers were known to work for at least Pd1222 and were confirmed to work for GB17 on the
first try. The standard primer pairs (Appendix C2) were explicitly designed for Pd1222 and
GB17. As mentioned earlier, most of the primers worked on the first try with an annealing
temperature of 50°C, and the remaining primers worked after raising the annealing temperature
to 55°C. On the other hand, the primer pairs designed for the denitrification genes (Appendix
C1) turned out to be somehow problematic. Some of the primers needed to be replaced with
new ones, as they would not bind to the desired area of the target genes for unknown reasons.

The most likely reason is the PCR program's annealing temperature being too low.
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If the experiment were to be repeated, a strategy would be to run a PCR gradient with an
annealing temperature between 50°C and 65°C. By selecting the highest temperature as possible
for the primer pairs in further runs, a higher level of specificity is reached for the PCR reaction.
When designing the primers, many different precautions were taken. The first factor is the Tm
of the primers. Primer3 and Sigma-Aldrich gave two very different Tm for all primers
(Appendix C). The Tm was also calculated manually by the rule of thumb where each A and T
count 2°C and each C and G count 4°C. Using this method, the Tm given by Primer3 was the
most accurate. Different annealing temperatures were tried out, ranging from 50°C to 58°C.
Primer dimers were avoided using the Sigma-Aldrich Oligo tool, and the primers were also
controlled not to form prominent hairpin structures. The last precaution was to avoid several T
and A bases at the 3’end of the primers, as G and C are considered more stable. Several co-
workers were involved in the process of designing the primers to avoid obvious mistakes, and
for some of the primers that would not initially work, the problem was solved. For the
remaining, new primers had to be designed to replace the old ones.

Working with RNA

MRNA is easily degradable and requires careful handling. Even though the samples were
quickly stabilized, some mRNA for the relevant genes are still expected to degrade. The rapid
degradation is due to the half-life of mMRNA, which is in the order of minutes (Chan et al., 2018).
When the cells are exposed to air, the transcription of the relevant genes will presumably stop,
and degradation (which takes place all the time) will dominate. Thus, the net number of mMRNA
for the denitrification genes is likely to be somewhat lower in cells after short exposure to
oxygen (Qu etal., 2016). Another challenge was the removal of gDNA from the RNA extraction
samples. The extraction and purification of RNA took place in two rounds, first for Pd1222 and
then GB17. First, only the on-column DNase treatment of 15 min included in the RNA
extraction kit (section 2.4.5) was used. As this was insufficient, the same on-column DNase
treatment was performed with an hour of incubation instead of only 15 min. Still, the results
were unsatisfactory, leading to the additional DNase treatment using TURBO™ DNase (section
2.4.5). For the Pd1222 samples, the TURBO™ DNase treatment was given after two attempts
with the on-column DNase treatment. For the GB17 samples, the TURBO™ DNase treatment
was given immediately after the purification. With more handling of the samples, the higher
risk for degradation of mRNA and contamination of gDNA. When comparing the Ct-values of
Pd1222 and GB17, the Pd1222 samples generally had lower Ct-values, indicating the presence
of more gDNA, which might be due to the excessive handling compared to the GB17 samples.
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5 Conclusion and Further Research

5.1 Conclusion

With an increased population in the world, food and feed production is more crucial than ever,
and with a shortage of proteins, new methods of producing them are needed. Existing HCDC
methods are based on aerobic respiration, with the limitations it entails. A novel HCDC method
is under development, aiming at SCP production by anaerobic HCDC (Bergaust et al., 2022).
Through this thesis, a series of experiments have been conducted. The first preliminary
experiments included cell count estimations based on flow cytometry, microscopy and
haemocytometry, followed by dry weight determinations. Next up was the experiment related
to the CO problem of anaerobic HCDC, where the aim was to establish the relationship
between CO, and pH. The last set of experiments was the investigation of aerobic
denitrification, whether it can occur or not, followed by Sanger sequencing and an attempt at

transcription analysis.

As initially stated, there were two main aims of this thesis: The first was to investigate the effect
CO:- has on pH in the hope of helping optimise the anaerobic HCDC method and solve the so-
called “CO2 problem”. Together with the results of another experiment not a part of this thesis,
a new equation (eg.4) was made and used in programming the pH-stat. So far, it seems like this
has been successful, and a step in the right direction has been taken in optimising the anaerobic
HCDC method. Moreover, the now-established relationship between CO> dissolved in liquid
and pH has led to the optimisation of the carbonate chemistry algorithm of KinCalc, which will
be helpful in future experiments.

The second main aim was to investigate aerobic denitrification, specifically in P. pantotrophus,
as an aerobic denitrifier would be the perfect candidate for anaerobic HCDC due to potential
oxygen leakages. Contrary to previous reports of P. pantotrophus being an aerobic denitrifier
(Robertson & Kuenen, 1983; 1984; 1985), the results in this thesis do not imply this is the case.
However, these results are insufficient to prove or reject this, and more research is needed.
Besides this, more knowledge of how oxygen fluctuations lead to the emission of N2O and NO
is acquired, showing how much the accumulation increases under different oxygen

concentrations.
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In addition to the main aims of the thesis, more data has been collected regarding the
relationship between optical density, cell count and dry weight of both P. denitrificans and P.
pantotrophus. Knowledge like this was not only beneficial for the experiments conducted as a
part of this thesis, but can also help make better and faster estimates of cell count and dry weight
in future experiments as well, by only doing the fast and easy spectrophotometrically
measurement of ODsgo. The estimates of cell count, dry weight and ODeso Were also used to
investigate and compare the yield per mol e” in Pd1222 and GB17 under aerobic and anaerobic

conditions and when challenged with exposure to oxygen during active denitrification.

In an attempt to draw a tentative conclusion based on the results of this thesis, P. pantotrophus
type strain GB17 appears to be marginally better for SCP production by anaerobic HCDC than
P. denitrificans strain Pd1222 regarding the observed dry weight yield per mol e” and robustness

of Nos when exposed to oxygen.

5.2 Further Research

A similar aerobic denitrification experiment can be designed if granted one more year of
working on this thesis. However, instead of just one injection of oxygen, the cells can be
exposed to oxygen in multiple fluxes, which simulates the natural environment more precisely
than just one single wave of oxygen. Doing such an experiment would give information about
how the strains cope with being exposed to oxygen fluctuations; maybe they handle multiple
exposures to oxygen just as well as the first, or maybe the first flux is destroying their ability to
rebuild the necessary apparatus back to the original, and their ability to cope will be reduced
for each new exposure? As implied in section 4.3.4, to investigate the changes in the
transcriptome of the bacteria, a new analysis should be performed with TagMan assays instead
of the SYBR®Green assay used. Such analyses would increase the understanding of how
oxygen fluctuations affect the transcription of genes encoding the denitrification-related

reductases.

As well as performing a better and more specialized transcriptome analysis, proteomics analysis
can also be done, which was intended for this thesis. However, due to limited time, it never
proceeded past the sampling of cells. Proteomics analyses would be helpful combined with
detailed gas kinetics and transcriptional analysis to obtain a comprehensive picture. At the same

time, the presence of a peptide does not necessarily mean one has a functional protein.
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Proteomics analyses are used to separate and identify the proteins expressed by the genome (Le
etal., 2019) and have already been performed on Pd1222 to explore the denitrification proteome
(Olaya-Abril et al., 2018). It would be interesting to compare the proteome before and after
exposure to oxygen, investigate the relative differences, and compare the widely studied model
organism P. denitrificans to P. pantotrophus, which is not investigated as much. The
implications of this work, especially if it is continued, may increase our understanding of which
mechanisms drive N2O emission in complex systems and have implications for the

biotechnological application of denitrification, e.g., in HCDC.
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Appendices

Appendix A — Media and Buffers
Table Al. Preparation of 10x Sistrom’s medium (Sistrom, 1960)

Component Amount [g] Concentration [mM]
K:HPO, 34.8 200
NH.CI 1.95 36.4
Succinate 40.0 340
L-glutamic acid 1.0 6.7
L-aspartic acid 0.4 2.5
NaCl 5.0 85
Nitrilotriacetic acid 2.0
MgSO;, - 7H.0 3.0 12
CaCl, - 2H,0 0.15 1.0
FeSO, - 7H,O 0.02 0.07
(NH.)sMo0;0., (1% solution) 0.2 mL
Trace elements solution 1mL
Vitamins solution 1mL

Table A2. Preparation of 10x Sistrom’s medium without any carbon source

Component Amount [g] Concentration [mM]
K;HPO, 34.8 200
NH.CI 1.95 36.4
NaCl 5.0 85
Nitrilotriacetic acid 2.0
MgSO, - 7H.0 3.0 12
CaCl, - 2H,0 0.15 1.0
FeSO, - 7H,O 0.02 0.07
(NH.)sMo0;0., (1% solution) 0.2 mL
Trace elements solution 1mL
Vitamins solution 1mL
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Table A3. Trace elements solution for Sistrom’s medium A

Component Amount [g/100 mL]

EDTA 1.765
ZnS0O4 - TH20 10.95
FeSO4 - 7TH20 5.00
MnSOs4 - H20 1.54
CuSOq - 5H20 0.392
Co(NOs). - 6H20 0.248
H3BO3 0.114

Table A4. Vitamin Solution for Sistrom’s medium A

Component Amount [g/100 mL]

Nicotinic Acid 1.0

Thiamine HCI 0.5

Biotin 0.01

Table A5. Phosphate Buffered Saline (PBS) pH 7.0 per L.

Component 20 mM 100 mM
NaHPO4 - 2H20 1.377¢ 6.886 g
NaH2PO4 - H20 1.692 g 8.4605 g
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Appendix B — Standard Curves
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Figure B1. Standard Curve for Nitrite Concentrations.
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Appendix C - Primers

Table C1. Primers for Denitrification Genes. Primer pairs designed to amplify the
denitrification genes narG, nirS, norB and nosZ. The primer names indicate which organism
and gene it is designed for. Both the Tm estimated by Sigma-Aldrich and Primer3 are listed, as

well as the primer length and the product length, both in bp.

Primer Sequence Tm (°C) Tm (°C)  Length Product
Sigma Primer3 (bp) (bp)
GB17_narG_FWD GAACACCTCGGACATGCATC 65.6 59.0 20 641
GB17_narG_REV TGGGCGAGGAGATGATCTTC 66.6 59.0 20
GB17_nirS_FWD GATCAAGATCGGCTCGGAGG 68.2 60.0 20 645
GB17_nirS_REV TTCGGGTGCGTCTTGATGAA 68.9 60.0 20
GB17_norB_FWD TCGCCTTCCTGATGCTCAAG 67.8 60.1 20 605
GB17 _norB_REV GTCCTGCACGTCCATGAAGA 66.4 60.0 20
GB17 _nosZ FWD TCTCGACCTCCTACAACTCG 62.0 58.3 20 603
GB17_nosZ_REV CCTTCGAGAACTTGCACAGC 65.1 59.5 20
Pd1222 narG_FWD GAAGTTCGGCGACATCTGG 66.1 58.6 19 596
Pd1222 narG_REV CCCGGTCCAGGCTGTAATTG 66.0 60.8 20
Pd1222 nirS_FWD GACGCCCAATACAACGAAGC 66.6 59.9 20 625
Pd1222 nirS_REV TGGCGTATTTGTCCTCCCAG 67.1 59.8 20
Pd1222 norB_FWD CCTTGCCTTCCTGATGCTCA 67.7 60.0 20 607
Pd1222 norB_REV GTCCTGCACGTCCATGAAGA 66.4 60.0 20
Pd1222 nosZ_FWD TGGAGGACGTGGCGAATTAC 67.1 60.1 20 635
Pd1222 nosZ_REV CAGCTTGTCCTTGATCGGGT 66.4 60.0 20
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Table C2. Primers for Standards. Primer pairs designed to amplify the denitrification genes
narG, nirS, norB and nosZ and cover the previous primers. The primer names indicate which
organism and gene it is designed for. Both the Tm estimated by Sigma-Aldrich and Primer3 are

listed, as well as the primer length and the product length, both in bp.

Primer Sequence Tm (°C) Tm (°C) Length Product

Sigma Primer3 (bp) (bp)

GB17_STD narG_FWD  TGCTGGTGACGATCGACTT 64.7 59.0 19 794
GB17_STD_narG_REV CTCATGCACGTTGGTCCAG 65.6 58.8 19

GB17_STD_nirS_FWD CTGTGGATGAAGGAGCCCA 66.4 59.0 19 795
GB17_STD_nirS_REV GGTCTTGAACTCGGGGTCC 65.9 59.7 19

GB17_STD _norB_ FWD  ATACTGGTGGTGGGTCATCC 63.5 58.8 20 751
GB17_STD norB_REV CACCGCATAGATGAACAGCA 64.9 58.3 20

GB17_STD nosZ FWD GAACGTCTTCACCGCTGTC 63.6 58.9 19 781
GB17_STD_nosZ_REV CATCTGGTCGCCCGAAATG 68.8 59.0 19

Pd1222_STD narG_FWD CGCGCATTTCTATACCGAGG 66.4 58.9 20 775
Pd1222 STD narG_REV CTGGATGATCTTGTCGCGAC 65.9 58.8 20

Pd1222 STD nirS FWD AGGATCACAAGACCAAGACG 61.8 57.3 20 780
Pd1222_STD nirS REV ~ TCTCGCCGTCCATGATGAC 67.6 59.6 19

Pd1222_STD norB_ FWD ATACTGGTGGTGGGTCATCC 63.5 58.8 20 751
Pd1222 STD norB_REV CACGGCATAGATGAACAGCA 64.9 58.3 20

Pd1222 STD nosZ FWD  GTCAACGACGGCACCAAC 65.5 59.4 18 755
Pd1222_STD nosZ_ REV CGGTCCTTCGAGAACTTGGA 66.5 59.4 20
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Appendix D - Ladders

Figure D1. 100 bp DNA Ladder. The ladder used on the agarose gel for gel electrophoresis is
the 100 bp DNA Ladder Ready to Load from Solis Biodyne.
https://solisbiodyne.com/EN/product/name=100-bp-DNA-Ladder-Ready-to-L oad&catno=07-
11-0000S

100 BP DNA LADDER

bp ng/10ul
3,000 100
2,000 134
1,500 100
1,000 104
900 93
800 83
700 73
600 63
500 104
400 42
300 31
200 42
100 31

100 bp DNA Ladder
1% agarose, 1x TBE
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Appendix E — NanoDrop

Table E1. NanoDrop of Clean DNA.

Organism Culture Sample Abs 260/280 ng/uL
Pd1222 Aerobic 1 0.088 2.55 1.7
2 0.066 1.30 2.9
3 0.033 5.16 1.8
Anaerobic 7 0.186 2.23 9.0
8 0.021 2.50 4.0
9 0.089 1.99 4.5
GB17 Aerobic 1 0.043 1.43 15
2 0.068 6.35 0.7
3 0.018 1.23 0.4
Anaerobic 7 0.199 1.80 7.3
8 0.197 2.01 9.8
9 0.161 1.68 7.0

Table E2. NanoDrop of Clean 16S PCR Product.

Organism Culture Sample Abs 260/280 ng/uL
Pd1222 Aerobic 1 2.215 1.96 28.2
2 0.256 2.29 16.2
3 0.866 1.99 30.2
Anaerobic 7 2.660 2.07 31.6
8 0.448 2.06 30.8
9 0.348 2.02 26.3
GB17 Aerobic 1 0.352 1.96 23.2
2 0.306 2.13 21.5
3 0.633 2.33 37.9
Anaerobic 7 0.202 2.19 10.8
8 0.290 1.98 19.2
9 0.465 2.19 28.7

Table E3. NanoDrop of Clean Standards and Copies puL™.

Organism Gene Abs 260/280 ng/uL Copies pL*
Pd1222 narG 0.212 1.89 18.0 2.12E+10
nirS 0.293 2.17 15.7 1.84E+10
norB 0.28 1.93 20.0 2.43E+10
nosZ 0.212 1.77 10.9 1.32E+10
GB17 narG 0.173 2.05 15.3 1.76E+10
nirS 0.203 2.23 14.2 1.63E+10
norB 0.160 1.84 14.6 1.77E+10
nosZ 0.231 2.38 13.1 1.53E+10

91



Table E4. NanoDrop of Clean RNA.

Organism Culture Sample Abs 260/280 ng/uL
Pd1222 Aerobic 1.1 2.846 1.25 63.6
1.2 1.034 1.67 8.9
1.3 0.672 0.76 1.7
Anaerobic 2.1 0.841 1.11 5.3
2.2 0.793 0.74 1.1
2.3 1.87 1.41 24.7
3.1 0.829 1.86 5.7
3.2 1.228 1.13 3.3
3.3 0.600 0.80 14
4.1 0.579 1.54 3.9
4.2 0.961 1.31 4.9
4.3 4.169 1.46 87.1
5.1 1.017 1.20 5.9
5.2 0.702 2.30 6.4
5.3 0.695 1.58 4.3
6.1 1.235 1.32 6.3
6.2 1.326 1.52 13.3
6.3 0.636 1.44 5.3
7.1 2.289 1.66 11.5
7.2 0.968 1.82 14.1
7.3 0.880 1.51 11.6
GB17 Aerobic 1.1 2.387 1.56 5.8
1.2 1.319 1.70 4.7
1.3 1.489 2.02 5.0
Anaerobic 2.1 1.426 1.53 5.7
2.2 1.265 1.35 4.0
2.3 1.723 1.54 4.0
3.1 1.578 2.10 4.8
3.2 1.801 1.63 5.7
3.3 1.808 1.39 4.0
4.1 1.547 1.46 5.0
4.2 1.888 2.12 6.1
4.3 1.753 2.16 6.8
5.1 2.236 1.46 5.4
5.2 1.273 2.07 7.7
5.3 2.482 1.59 7.9
6.1 2.224 1.44 9.1
6.2 1.482 1.80 7.4
6.3 2.150 1.69 8.7
7.1 2.070 1.57 11.3
7.2 2.700 1.71 8.8
7.3 1.951 1.59 11.0
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Appendix F — Gel Pictures

Pd1222 GB17
2o B b U LS BT A LN B P R L

3.0-
2.0-
1355

1.0-

Figure F1. Gel Picture of 16S Samples. The numbers represent the sample number applied to
the well, where 1 - 3 are the aerobic DNA samples and 7 - 9 are the anaerobic DNA samples.
The expected size of the 16S rRNA gene for both Pd1222 and GB17 was ~ 1.4 kb.
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Appendix G — Cell Count by Flow Cytometry

Table G1. Estimated Cells mL* ODsgso* by Flow Cytometry (Unstained cells). The number in

the parentheses indicates the number of replicates.

Organism Cells mL* ODeso*
2‘;&3&% 2.23 107 + 1.58 - 107 @3)
Ai‘;irzféc 3.88 - 107+ 2.85 - 107 ©)
AirBolb7ic 2.25 . 107 + 1.89 - 107 3)
Arifgbic 1.92 - 107 £ 1.38 - 107 3)

Table G2. Estimated Cells mL* ODsgso* by Flow Cytometry (Stained cells). The number in the
parentheses indicates the number of replicates.

SYBR®Green
Organism 0.5x 1x ~
UD Pd1222 i ] :
Merobic | 267+ 10°42.76-10°  (3) 5.51 - 10 1) A
10x Pd1222 ; i 8 8 8 8
Merobie | 383-10°£195-10°  (2) 3.29-10°£193-10° (2) 3.02-10°£229-10° (2)
UD Pd1222 ; ; 6
Ancerobia 446+ 10°£455 108 (3) 432 - 10 1) A
10x Pd1222 ; ; 8 8 8
Aneropic 693 10°£307-10°  (2)  490-10°:427-10°  (2) L6110 @
UD GB17 ) i 6
neropic (98- 107£101-10° () 5.61 - 10 1) A
10x GB17
peropic | 228°10°2125-10° () 245-10°4109-10° (2) 184-10°:118-10° (2)
UD GB17
Anagrobic 8.18 - 10° @ 4.62-10° 1) N/A
10x GB17
Ameropic | 314-10°%308.10° (2) 359.10°£150-10° (2) 264-10°%207-10° (2)
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Appendix H — Glucose Assay

Change in Glucose Concentration
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Figure H1. Change in Glucose Concentration. Calculated change in glucose concentrations
based on glucose assay performed on samples taken prior to and after aerobic denitrification.
The bars show how much the glucose concentration had increased or decreased for all O
concentrations and replicates for Pd1222 and GB17.
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Appendix | — Consensus Sequences

>Pd1222_aerobic
agtcgagcgaacccttcggggttagcggcggacgggtgagtaacgcgtgggaatatgecctttgctacggaatagecccgggaaactggg
agtaataccgtatacgccctttgggggaaagatttatcggcaaaggattagcccgegttggattaggtagttggtggggtaatggectaccaag
ccgacgatccatagctggtttgagaggatgatcagccacactgggactgagacacggcccagactcctacgggaggceagceagtggggaat
cttagacaatgggggcaaccctgatctagccatgccgegtgagtgatgaaggecctagggttgtaaagcetctttcagetgggaagataatgac
ggtaccagcagaagaagccccggctaactccgtgecageagecgeggtaatacggagggggcetagegttgticggaattactgggegtaa
agcgcacgtaggcggaccggaaagttgggggtgaaatcccggggctcaacctcggaactgccttcaaaactatcggtctggagttcgaga
gaggtgagtggaattccgagtgtagaggtgaaattcgtagatattcggaggaacaccagtggcgaaggeggctcactggetcgatactgac
gctgaggtgcgaaagegtggggagcaaacaggattagataccetggtagtccacgecgtaaacgatgaatgecagtegtcgggeageaty
ctgttcggtgacacacctaacggattaagcattccgectggggagtacggtcgcaagattaaaactcaaaggaattgacgggggeccgeac
aagcggtggagceatgtggtttaattcgaagcaacgcgcagaaccttaccaacccttgacatcgcaggaccgetccagagatggagttttcteg
taagagacctgtggacaggtgctgcatggctgtcgtcagetegtgtegtgagatgticgggttaagtccgggcaacgagcgcaacccacact
cttagttgccagcatttggttgggcactctaagagaactgccgatgataagtcggaggaaggtgtggatgaagtcaagtcctcatggceccttac
gggttgggctacacacgtgctacaatggtggtgacagtgggttaatccccaaaagecatctcagttcggattggggtetgcaactcgaceeca
tgaagttggaatcgctagtaatcgcggaacagcatgccgeggtgaatacgttcccgggecttgtacacaccgeecgtcacaccatggg-agt
tgggtctacccgacggcecgtgcgctaaccage

>Pd1222 anaerobic
agtcgagcgaacccttcggggttagcggeggacgggtgagtaacgegtgggaatatgecctttgctacggaatagecccgggaaactggg
agtaataccgtatacgccctttgggggaaagatttatcggcaaaggattagcccgegttggattaggtagttggtggggtaatggectaccaag
ccgacgatccatagetggtttgagaggatgatcagccacactgggactgagacacggceccagactcctacgggaggcageagtggggaat
cttagacaatgggggcaaccctgatctagccatgccgegtgagtgatgaaggecctagggttgtaaagctctttcagetgggaagataatgac
ggtaccagcagaagaagccccggctaactcegtgccagcagecgeggtaatacggagggggctagegttgttcggaattactgggegtaa
agcgcacgtaggcggaccggaaagttgggggtgaaatcccggggctcaacctcggaactgccttcaaaactatcggtetggagttcgaga
gaggtgagtggaattccgagtgtagaggtgaaattcgtagatattcggaggaacaccagtggcgaaggeggctcactggetcgatactgac
gctgaggtgcgaaagcgtggggagcaaacaggattagataccetggtagtccacgecgtaaacgatgaatgecagtcgtcgggeagceatg
ctgttcggtgacacacctaacggattaagcattccgectggggagtacggtcgcaagattaaaactcaaaggaattgacgggggeccgeac
aagcggtggagcatgtggtttaattcgaagcaacgcgcagaaccttaccaacccttgacatcgcaggaccgctccagagatggagttttctcg
taagagacctgtggacaggtgctgcatggcetgtcgtcagetegtgtcgtgagatgttc-ggttaagtcc-ggcaacgagcegceaacccacactc
ttagttgccagcatttggttgggcactctaagagaactgccgatgataagtcggaggaaggtgtggatgaagtcaagtcctcatggeccttacg
ggttgggctacacacgtgctacaatggtggtgacagtgggttaatccccaaaagcecatctcagticggattggggtctgcaactcgaccecat
gaagttggaatcgctagtaatcgcggaacagcatgecgeggtgaatacgttccegggcecttgtacacaccgeccgtcacaccatgggtagtt
gggtctacccgacggecgtgegetaaccage
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>GB17_aerobic
acacatgcaagtcgagcgcacccttcggggtgageggcggacgggtgagtaacgcgtgggaatatgecctttggtacggaatagtectgg
gaaactgggggtaataccgtatgcgcccttcgggggaaagatttatcgccaaaggattageccgegttggattaggtagttggtggggtaatg
gcctaccaagccgacgatccatagetggtttgagaggatgatcagccacactgggactgagacacggeccagactcctacgggaggeage
agtggggaatcttagacaatgggggcaaccctgatctagccatgccgegtgagtgatgaaggcecctagggttgtaaagcetetttcagetggg
aagataatgacggtaccagcagaagaagccccggctaactcecgtgccagcagecgeggtaatacggagggggctagegttgttcggaatt
actgggcgtaaagcgcacgtaggcggaccggaaagttgggggtgaaatcccggggetcaacceccggaactgcecttcaaaactatcggtet
ggagttcgagagaggtgagtggaattccgagtgtagaggtgaaattcgtagatattcggaggaacaccagtggcgaaggeggctcactgge
tcgatactgacgctgaggtgcgaaagegtggggagcaaacaggattagataccctggtagtccacgecgtaaacgatgaatgecagtegte
gggcagcatgctgttcggtgacacacctaacggattaagcattccgectggggagtacggtcgcaagattaaaactcaaaggaattgacggg
ggcccgcacaageggtggageatgtggtttaattcgaagcaacgegcagaaccttaccaacccttgacatcccaggaccggeccggagac
gggtctttcacttcggtgacctggagacaggtgctgcatggetgtegtcagetegtgtecgtgagatgttcggttaagtccggcaacgagegcea
acccacactcttagttgccagcatttggttgggcactctaagagaactgccgatgataagtcggaggaaggtgtggatgacgtcaagtcctcat
ggcccttacgggttgggctacacacgtgctacaatggtggtgacagtgggttaatccccaaaagecatctcagttcggattggggtctgcaac
tcgaccccatgaagttggaatcgcetagtaatcgcggaacageatgecgeggtgaatacgttcccgggecttgtacacaccgeccgtcacacc

atgggagttgggtctacccgacggecgtgegetaaccageaatgggg

>GB17_anaerobic
acacatgcaagtcgagcgcacccttcggggtgagcggeggacgggtgagtaacgegtgggaatatgecctttggtacggaatagtectgg
gaaactgggggtaataccgtatgcgccecttcgggggaaagatttatcgccaaaggattagecegegttggattaggtagttggtggggtaatg
gcctaccaagcecgacgatccatagetggtttgagaggatgatcagecacactgggactgagacacggeccagactectacgggaggeage
agtggggaatcttagacaatgggggcaaccctgatctagccatgccgegtgagtgatgaaggecctagggttgtaaagcetctttcagetggg
aagataatgacggtaccagcagaagaagccccggctaactcegtgccagcagecgeggtaatacggagggggctagegttgttcggaatt
actgggcgtaaagcgceacgtaggcggaccggaaagttgggggtgaaatcccggggetcaaccecggaactgecttcaaaactatcggtct
ggagttcgagagaggtgagtggaattccgagtgtagaggtgaaattcgtagatattcggaggaacaccagtggcgaaggeggctcactgge
tcgatactgacgctgaggtgcgaaagegtggggagcaaacaggattagataccctggtagtccacgecgtaaacgatgaatgecagtegte
gggcagcatgctgttcggtgacacacctaacggattaagcattcegectggggagtacggtcgcaagattaaaactcaaaggaattgacggg
ggcccgeacaageggtggagceatgtggtttaattcgaagcaacgcgeagaaccttaccaacccttgacatcccaggaccggeccggagac
gggtctttcacttcggtgacctggagacaggtgcetgcatggetgtegtcagetegtgtegtgagatgttcggttaagtccggcaacgagegcea
acccacactcttagttgccagcatttggttgggcactctaagagaactgcecgatgataagtcggaggaaggtgtggatgacgtcaagtectcat
ggcccttacgggttgggctacacacgtgctacaatggtggtgacagtgggttaatccccaaaagecatctcagttcggattggggtetgeaac
tcgaccccatgaagttggaatcgctagtaatcgcggaacageatgecgeggtgaatacgttcecgggecttgtacacaccgeccgtcacacce

atgggagttgggtctacccgacggecgtgcgctaaccagcaatgggg
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Appendix J - Alignments
Appendix J1 - Alignment for Pd1222.

Page 1 Pd1222 Alignment

PdlZ22 165 rRNA
Pd1222 Rerobic
Pd1222 Anaercbic

Pdl1222 165 rRNA
Fd1222 Rerobic
Fd1222 Anaercbic

Pd1222 165 rERNA
Pd1222 Rerobic
Fd1222 Anaercbic

Pd1222 165 rRNA
Pd1222 Rerobic
Pd1222 Anaerocbic

Pd1222 165 rEHNA
Pd1222 Rerobic
Pd1222 Anaerocbic

Pd1222 165 rENA
Pd1222 Rerobic
Pd1222 RAnaercbic

Pd1222 165 rENA
Pd1222 Rerobic
Pd1222 Anaercbic

Pd1222 163 rRHA
Pd1222 Rerobic
Pd1222 Anaercbic

Pdl1222 165 rRNA
Pd1222 Rerobic
Fd1222 Anaercbic

1 78
agucgagcgaacccuucgggguuagocggoggacgggugaguaacgcgugggaalaugocccuuugcuacggaauagoco
agtcgagcgaacccetteggggttageggeggacgggtgagtaacgogtgggaatatgecctttgetacggaatageee
agtcgagcgaaccotteggggttageggeggacgggtgagtaacgogtgggaatatgecctttgetacggaatageee

19 156
cgggaaacugggaguaauaccgualacgocculugggggaaagauuuaucggcaaaggauuagocccgoguuggauuag
cgggaaactgggagtaataccgtatacgeccctttgggggaaagatttatcggcaaaggattagococgegttggattag
cgggaaactgggagtaataccgtatacgocctttgggggaaagatttateggcaaaggattagocccgegttggattag

157 234
guaguuggugggguaauggccuaccaagocgacgauccauagocugguuugagaggaugaucagoccacacugggacuga
gtagttggtggggtaatggoctaccaagocgacgatccatagetggtttgagaggatgatcagocacactgggactga
gtagttggtggggtaatggocctaccaagocgacgatccatagotggtttgagaggatgatcagocacactgggactga

235 312
gacacggcccagacuccuacgggaggcagcaguggggaauculagacaaugggggcaacccougaucuagocaugocgo
gacacggcccagactcctacgggaggcagcagtggggaatcttagacaatgggggcaaccctgatctagocatgocge
gacacggcccagactcctacgggaggcagcagtggggaatcttagacaatgggggecaaccctgatctagocatgooge

313 380
gugagugaugaaggcccuaggguuguaaagcucuuucagougggaagauaaugacgguaccagocagaagaagoccogg
gtgagtgatgaaggccctagggttgtaaageteotttcagotgggaagataatgacggtaccagecagaagaagoccoogy
gtgagtgatgaaggccctagggttgtaaageototttcagoctgggaagataatgacggtaccagocagaagaagoccocogg

391 468
cuaacuccgugccagcagcogogguaalacggagggggcuagoguuguucggaaluacugggoeguaaagogoacguag
ctaactccgtgeocagcageccgoggtaatacggagggggetagegttgtteggaattactgggegtaaagegocacgtag
ctaactccgtgocagcagoocgoggtaatacggagggggctagegttgtteggaattactgggegtaaagogoacgtag

469 546
gcggaccggaaaguugggggugaaauccoggggcucaaccucggaacugoculucaaaacuaucggucuggaguucgag
gcggaccggaaagttgggggtgaaatccoggggotcaacctcggaactgecttcaaaactatcggtetggagttogag
gcggaccggaaagttgggggtgaaateccoggggeotcaacctecggaactgecttcaaaactatcggtetggagttogag

547 624
agaggugaguggaauuccgaguguagaggugaaauucguaganauucggaggaacaccaguggogaaggoggoucacu
agaggtgagtggaattccgagtgtagaggtgaaattegtagatattcggaggaacaccagtggogaaggeggeteact
agaggtgagtggaattccgagtgtagaggtgaaattegtagatattecggaggaacaccagtggogaaggeggeteact

625 702
ggcucgauacugacgcugaggugcgaaagcguggggagcaaacaggauuagauacccugguaguccacgoocguaaacy
ggctcgatactgacgetgaggtgegaaagegtggggagecaaacaggattagataccetggtagtccacgeogtaaacy
ggctcgatactgacgcoctgaggtgecgaaagegtggggagcaaacaggattagataccetggtagtccacgecgtaaacy
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Page 2 Pdl1222 Alignment

Pdl222 165 rRNA
Pd1222 Aerobic
Pd122Z2 Anaercbic

Pdl122Z2 165 rRNA
Pd12Z2 RBerobic
Pd1222 Rnaercbic

Pd1222 168 rRNA
Pd12Z2 Aerobic
Pd1222 Anaercbic

Pd1222 168 rRNA
Pd12Z2 Aerobic
Pd1222 Anaercbic

Pd1222 165 rENA
Pd1222 Rerobic
Pd1222 Anaercbic

Pd1222 165 rENA
Pd1222 RBerobic
Pd1222 Anaercbic

Pd1222 165 rENA
Pd1222 Rercbic
Pd122Z2 Anaercbic

PA1222 165 rRNA
Pd1222 perobic
Pd1222 Anaercbic

703 T80
augaaugccagucgucgggcagcaugcuguucggugacacaccuaacggaunuaagcanuccgocuggggaguacgguc
atgaatgccagtcgtcgggcagcatgotgttoggtgacacacctaacggattaagecattcocgectggggagtacggte
atgaatgccagtcgtegggecagecatgetgtteggtgacacacetaacggattaageattecgectggggagtacggte

781 858
gcaagauuaaaacucaaaggaauugacgggggocccgcacaagogguggagcaugugguuuaauucgaagcaacgogca
gcaagattaaaactcaaaggaattgacgggggcoccgeacaagoggtggageatgtggtttaattecgaagecaacgegea
gcaagattaaaactcaaaggaattgacgggggcoocgcacaagoggtggagecatgtggtttaattcgaagocaacgogea

859 936
gaaccuuaccaacccuugacaucgcaggaccgouccagagauggaguuuucucguaagagacocuguggacaggugoug
gaaccttaccaacccttgacatcgecaggaccgetccagagatggagttttetegtaagagacctgtggacaggtgetg
gaaccttaccaacccttgacatcgcaggaccgctcoccagagatggagttttoctogtaagagacctgtggacaggtgctyg

937 1014
Ccauggcugucgucagcucgugucgugagauguuc-gguuaagucc—ggcaacgagogoaacccacacucuuaguugec
catggctgtogtecagetegtgtogtgagatgtta@iggttaagtoed@ggoaacgagegeaaceccacactettagttgeo
catggctgtcgtcagectegtgtocgtgagatgtte-ggttaagtcc-ggoaacgagocgoaacccacactcttagttgeo

1015 1092
agcauuugguugggcacucuaagagaacugccgaugauaagucggaggaagguguggaugaagucaaguccucauggo
agcatttggttgggcactctaagagaactgoccgatgataagtcggaggaaggtgtggatgaagtcaagtcctecatgge
agcatttggttgggcactctaagagaactgccgatgataagtcggaggaaggtgtggatgaagtcaagtcctocatgge

1093 1170
ccuuacggguugggcuacacacgugcuacaaugguggugacaguggguuaauccocaaaagocaucucaguucggauu
ccttacgggttgggctacacacgtgectacaatggtggtgacagtgggttaatccccaaaagccatetcagttoggatt
ccttacgggttgggctacacacgtgectacaatggtggtgacagtgggttaatccccaaaageoccatctcagttoggatt

1171 1248
ggggucugcaacucgaccccaugaaguuggaaucgouaguaaucgoggaacageaugoogoggugaauacguucecogg
ggggtctgcaactcgaccccatgaagttggaatocgetagtaatcgoggaacagecatgoogoggtgaatacgttcocegg
ggggtctgeoaactcgaccccatgaagttggaategetagtaategoggaacageatgoogoggtgaatacgttocegg

1249 1315
gccuuguacacaccgcoccgucacaccauggg-aguugggucuacccgacggocgugogouaaccage
gcoccttgtacacaccgoccgtcacaccatggg-agttgggtoetacccgacggocgtgogotaaccage
gocttgtacacaccgeccgtcacaccatggglagttgggtetaccegacggecgtgegetaaccage

99



Appendix J2 - Alignment for GB17

Page 1 GBl7 Alignment

1 T8
GB17 168 rRNA acacaugcaagucgagcgcacccuucggggugagcggcoggacgggugaguaacgogugggaauaugocccuuugguacy
GB17 Aercbic acacatgcaagtcgagcgecaccettcggggtgagecggeggacgggtgagtaacgegtgggaatatgeectttggtacg
GB17 Anaerobic acacatgcaagtcgagcgcacccttoggggtgagoggeggacgggtgagtaacgegtgggaatatgeectttggtacy

79 156
GB17 165 rRNA gaauaguccugggaaacuggggguaauvaccguaugcgcccuucgggggaaagauluaucgccaaaggaulagoccgeg
GB17 Aercbic gaatagtcctgggaaactgggggtaataccgtatgegecccttcgggggaaagatttatecgocaaaggattagoocogog
GB17 Anaercbic gaatagtcctgggaaactgggggtaataccgtatgogcccttcgggggaaagatttatcgoccaaaggattagccogeg

157 234
GB17 165 rRNA wuuggauuagguaguuggugggguaauggccuaccaagcocgacgauccauagocugguuugagaggaugaucagccacac
GB17 Aercbic ttggattaggtagttggtggggtaatggoctaccaagecgacgatccatagetggttitgagaggatgatcagocacac
GB17 Anaercbic ttggattaggtagttggtggggtaatggocctaccaagocgacgatccatagotggtttgagaggatgatcagecacac

235 312
GB17 165 rRNA ugggacugagacacggcccagacuccuacgggaggcagcaguggggaaucuuagacaaugggggcaacccugaucuag
GB17 Aercbic tgggactgagacacggcccagactcctacgggaggcagcagtggggaatcttagacaatgggggcaaccoctgatctag
GB17 Anaercbic tgggactgagacacggcccagactcctacgggaggroagcagtggggaatcttagacaatgggggecaaccectgatetag

313 390
GB17 168 rRNA ccaugccgcgugagugaugaaggccocuaggguuguaaagoucuuucagougggaagalaaugacgguaccagcagaag
GB17 Aercbic ccatgocgogtgagtgatgaaggoccctagggttgtaaagetoctttecageotgggaagataatgacggtaccagoagaag
GB17 Anaercbic ccatgocgcgtgagtgatgaaggccctagggttgtaaagectotttcagotgggaagataatgacggtaccagcagaag

391 468
GB17 185 rRNA aagccocggcuaacuccgugccagcagocgogguaauacggagggggocuagcguuguucggaauuacugggoguaaag
GB17 Aercbic aagccoocggotaactocogtgeocagoagoogoggtaatacggagggggectagegttgttoggaattactgggegtaaag
GB17 Anaercbic aagccoccggctaactcogtgoccagcagocgoggtaatacggagggggoctagegttgttoggaattactgggegtaaag

469 546
GB17 168 rRNRA cgcacguaggcggaccggaaaguugggggugaaauccoggggcucaacccoggaacugccuucaaaacuaucggucug
GB17 Rercbic cgcacgtaggcggaccggaaagttgggggtgaaateocceggggetcaacccocggaactgecttcaaaactateggtetyg
GB17 Anaercbic cgcacgtaggcggaccggaaagttgggggtgaaatcceoggggeteaaccceggaactgecttecaaaactateggtetg

547 624
GB17 165 rRNA gaguucgagagaggugaguggaauuccgaguguagaggugaaanucguagavauucggaggaacaccaguggcgaagyg
GB17 Aercbic gagttcgagagaggtgagtggaattcogagtgtagaggtgaaattogtagatattcggaggaacaccagtggocgaagy
GB17 Anaercbic gagttcgagagaggtgagtggaattccgagtgtagaggtgaaattcgtagatattcggaggaacaccagtggcgaagyg

625 0z
GB17 185 rBNA cggcucacuggcoucgalacugacgcugaggugcgaaagoguggggagcaaacaggauuagauacococugguaguccacg
GB17 Rercbic cggctcactggetogatactgacgotgaggtgcgaaagecgtggggageaaacaggattagataccetggtagtecoacyg
GB17 Anaercbic cggctcactggctcgatactgacgctgaggtgecgaaagocgtggggagcaaacaggattagataccctggtagteocacyg
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Page 2 GBl7 Alignment

703 780
GB17 165 rRNA ccguaaacgaugaaugccagucgucgggoeagcaugcuguucggugacacaccuaacggauuaagcauucegocugggg
GB17 Aercbic ccgtaaacgatgaatgccagtogtcgggocagecatgotgttcggtgacacacctaacggattaageattccgoctgggg
GB17 Anaercobic ccgtaaacgatgaatgccagtcgtcgggcagcatgctgttoggtgacacacctaacggattaageattecegectgggg

781 858
GB17 165 rRNA aguacggucgcaagauuaaaacucaaaggaaulgacgggggecogcacaagogguggageaugugguuuaauucgaag
GB17 Aercbic agtacggtcgraagattaaaactcaaaggaattgacgggggeccgcacaagoggtggageatgtggtttaattecgaag
GB17 Anaerobic agtacggtcgcaagattaaaactcaaaggaattgacgggggcccgcacaagocggtggageatgtggtttaattecgaag

859 938
GBE17 165 rRNA caacgcgcagaaccuuaccaacccuugacaucccaggaccggooccggagacggguculucacuucggugaccuggaga
GB17 Aercbic caacgcgcagaaccttaccaacccttgacatcccaggaccggecccggagacgggtetttecacttecggtgacctggaga
GB17 Anaercbic caacgcgcagaaccttaccaacccttgacatcccaggaccggoccggagacgggtotttocactteggtgacctggaga

937 1014
GE17 165 rRNA caggugcugcauggcugucgucagcucgugucgugagauguucgguuaaguccggcaacgagogcaaccocacacucuu
GB17 Aercbic caggtgctgcatggctgtegtcagectegtgtecgtgagatgttcggttaagtccggcaacgagocgcaacccacactett
GB17 Anaercobic caggtgctgcatggetgtogtcagotogtgtegtgagatgttoggttaagteocggeaacgagogcaaccocacactett

1015 1092
GB17 165 rRNA aguugccagcauuugguugggcacucuaagagaacugjccgaugalaagucggaggaagguguggaugacgucaaguce
GB17 Aercbic agttgccagcatttggttgggecactctaagagaactgecgatgataagtocggaggaaggtgtggatgacgtcaagtee
GB17 Anaerobic agttgccagcatttggttgggcactctaagagaactgccgatgataagtcggaggaaggtgtggatgacgtcaagtee

1083 1170
GB17 165 rRNA ucauggcccuuacggguugggcuacacacgugouacaaugguggugacaguggguuaaluccccaaaagocaucucagu
GB17 Aercbic tcatggcoccttacgggttgggctacacacgtgetacaatggtggtgacagtgggttaatccccaaaageccatoteagt
GB17 Anaerobic tcatggcccttacgggttgggctacacacgtgotacaatggtggtgacagtgggttaatccccaaaageccatcteoagt

1171 1248
GB17 165 rRNA ucggauuggggucugcaacucgaccocaugaaguuggaaucgouaguaaucgoggaacagjcaugcogeggugaauacg
GB17 Aercbic tcggattggggtctgeaactcgaccocatgaagttggaatcgetagtaatcgeggaacagecatgecgeggtgaatacg
GB17 Anaercbic tcggattggggtctgocaactcgacceocatgaagttggaatecgotagtaatogoggaacagocatgocogoggtgaatacyg

1249 1326
GBE17 165 rRNA uucccgggccuuguacacaccgcccgucacaccaugggaguugggucuacecgacggoccgugcgcuaaccagcaaugg
GB17 Aercbic ttceccgggocttgtacacaccgoccgtcacaccatgggagttgggtctaccocgacggeccgtgocgctaaccagcaatgy
GB17 Anaercbic ttcccgggocttgtacacaccgocccocgtcacaccatgggagttgggtctaccogacggocgtgogetaaccagoaatgg

GB17 1658 rRNA gg
GB17 Aercbic gg
GBE17 Anaercbic gg
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Appendix K — gPCR
Table K1. The Efficiency of DNase Treatment. Ct-values were obtained by gPCR of the

purified RNA samples after on-column DNase treatment and TURBO™ DNase treatment.

Organism Culture Sample Ct-value
Pd1222 Aerobic 1.1 Undetermined
1.2 34.37
1.3 28.82
Anaerobic 2.1 Undetermined
2.2 20.73
2.3 19.88
3.1 37.00
3.2 Undetermined
3.3 34.24
4.1 35.00
4.2 30.45
4.3 35.15
5.1 29.03
5.2 29.14
5.3 31.87
6.1 30.32
6.2 10.98
6.3 34.63
7.1 4.89
7.2 32.02
7.3 28.75
Negative Control Undetermined
GB17 Aerobic 1.1 35.86
1.2 32.91
1.3 Undetermined
Anaerobic 2.1 32.91
2.2 33.11
2.3 34.68
3.1 35.38
3.2 34.57
3.3 39.86
4.1 33.17
4.2 35.16
4.3 16.96
5.1 33.08
5.2 Undetermined
5.3 37.13
6.1 32.66
6.2 32.53
6.3 Undetermined
7.1 29.97
7.2 35.32
7.3 Undetermined
Negative Control Undetermined
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Appendix L — Flow Cytometry Gating
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Figure L1. Observed “Tail” in Flow Cytometry Plots. To the left is a screenshot of a typical
sample where most particles are within the defined gating. To the right is a screenshot of what

a sample with a tail looks like.
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