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Abstract

Abstract

A genetic system is an essential tool to decipher the complex molecular mechanisms
that dictate the physiology of an organism. The primary goal of this study was to
establish a foundation for the development of a genetic system for ammonia-oxidising
archaea (AOA) using ‘Ca. Nitrosocosmicus franklandus C13’ as a model. To facilitate
mutant selection, a novel cultivation method (Liquid-Solid method) was developed
that enables the growth of ammonia-oxidising archaea on solid medium as single
colonies. The growth of ‘Ca. N. franklandus C13” and N. viennensis EN76 on solid
medium was dependent on the use of Phytagel™ (gellan gum) as the gelling agent as
agar-based gels were inhibitory. The antibiotics puromycin and hygromycin B were
identified as potential candidates for use as selective agents. Both antibiotics strongly
inhibited nitrite production at concentrations of > 27 pg/ml. Addressing the lack of
native plasmids for the AOA, three E. coli - ‘Ca. N. franklandus C13’ shuttle vectors
based on the chromosomal replication origin of ‘Ca. N. franklandus C13” were
assembled. Plasmid pfrank-CRISPR-amoB, contains the necessary elements needed
for CRISPR-Cas9-based genome editing. In contrast, the plasmids pfrank-mCherry-
Cdc-orb and pfrank-mCherry-orb are mCherry reporter gene-based plasmids. In
addition to containing a reporter gene, the latter plasmids differ in the presence or
absence of a cis or trans Orc1/Cdc6 encoding cdc gene respectively. All three plasmids
contain the puromycin resistance gene (pac). The transformation attempts of ‘Ca. N.
franklandus C13’ using either CaCl, heat-shock, electroporation and polyethylene
glycol were unsuccessful. This work serves as a much needed reference for future
efforts aiming to establish a genetic system for the AOA.
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1.1 General overview

Nitrification is the biological oxidation of ammonia (NH3) to nitrate (NO3") via nitrite
(NO2") (Li et al., 2018; Norton and Ouyang, 2019). It is a key process in the
biogeochemical cycling of nitrogen in the environment and is primarily mediated by
microbes known as nitrifiers. In addition to its role in nitrogen cycling, nitrification is
used in waste-water treatment plants to minimise the ammonia levels in the effluent.
However, nitrification may also have negative environmental impacts. For example, a
large proportion (50 - 70%) of nitrogen-based fertilizers are lost through nitrification
which negatively impacts crop yields (Beeckman, ef al., 2018; Wang et al., 2021).
Nitrification is also responsible for conversion of nitrogen-based fertilizers into nitrate
which is highly mobile in soil and is readily leached into aquatic habitats leading to
eutrophication (Lehtovirta-Morley, 2018). Furthermore, nitrification has been found to
contribute towards the release of greenhouse gasses in the form of nitrous oxide (N>O)
thus impacting the climate (Wrage et al., 2001). Consequently, there is an urgent need
to develop effective management practices capable of mitigating the negative impacts
of nitrification. This requires an in-depth understanding of the microbial communities

that are responsible for this process.

The first and rate-limiting step of nitrification, ammonia oxidation, is performed by
three phylogenetically and physiologically distinct groups of microorganisms which
include ammonia-oxidising bacteria (AOB), ammonia-oxidising archaea (AOA) and
the complete ammonia-oxidising bacteria also known as ‘comammox’ (You et al.,
2009; Daims et al., 2015; Li et al., 2018). A fourth group of ammonia-oxidising
nitrifiers, the anaerobic ammonia oxidisers (anammox), are responsible for ammonia-

oxidation in anaerobic environments (Kartal ez al., 2007).
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While AOB have been extensively studied for over a century, the first AOA strain was
only isolated in 2005 (Konneke et al., 2005). Consequently, unlike their bacterial
counterparts, AOA have not been studied as extensively in the context of their
physiology, biochemistry, and ecological role. Interestingly, molecular studies indicate
these archaea are highly abundant and ubiquitous in the environment often
outnumbering AOB, which suggests that AOA play an important role in the global
nitrogen cycle. Although significant strides forward have been made in expanding our
understanding of AOA physiology, biochemistry and ecological role, key research
gaps still exist. For example, the mechanisms used by these archaea to outcompete
AOB and adapt to diverse ecological niches are unknown. Additionally, it is evident
that AOA and AOB differ in their ammonia oxidation pathways based on missing

genes based on genome analysis (Lehtovirta-Morley, 2018).

Unfortunately, addressing these knowledge gaps is compounded by the high incidence
of hypothetical genes/proteins in archaeal genomes (Makarova et al., 2019). Thus, the
establishment of a genetic toolbox or system for an AOA model(s) would be highly
valuable in overcoming this research bottleneck. This is because a genetic system is
essential to deciphering molecular mechanisms that underpin the physiological and
biochemical characteristics of an organism through the functional characterisation of
key genes/proteins involved. As no such tools have been reported for any AOA, this
study aims to address this research gap by laying the foundation for the development

of a genetic system for the model strain ‘Ca. N. franklandus C13’.
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1.2 Nitrogen cycle: A brief overview

Nitrogen constitutes ~78% of the atmosphere making it the most abundant atmospheric
element (Stein and Klotz, 2016). It is essential to life and is a vital component of
biomolecules such as amino acids, nucleic acids, and adenosine triphosphate (ATP).
Despite its abundance, nitrogen is inert, and most organisms are incapable of breaking
the strong triple bond between the two nitrogen atoms (Fields, 2004; MacLeod and
Holland, 2013). The movement of nitrogen through the environment is facilitated by
both abiotic and biotic factors of which the latter play a major role (Arp and Stein,

2003).

The nitrogen cycle (N-cycle) is comprised of several reactions that transform
elemental nitrogen into different nitrogen oxide species through a series of redox
reactions facilitating its transfer through the environment (Rodionov et al., 2005).
Generally, the N-cycle (Figure 1.1) is divided up into three main processes: (i) nitrogen
fixation/ammonification (ii) nitrification and (iii) denitrification (Herbert, 1999).
Additional processes may include (i) dissimilatory nitrate reduction to ammonia
(DNRA) whereby nitrate and other oxidised forms of nitrogen serve as the electron
acceptor, and (ii) anaerobic oxidation of ammonia (Van De Graaf et al., 1996;

Chutivisut et al., 2018).

Nitrogen fixation involves the conversion of dinitrogen (N2) to ammonia, an important
biologically available form of nitrogen (Vicente and Dean, 2017). Nitrogen fixation is
catalysed by both abiotic (e.g. lightning) and biotic (e.g. microbial activity) factors.
The decomposition of organic matter through the process of ammonification and
anthropogenic sources further contributes towards the ammonia pool in the

environment. The microbes that mediate biological nitrogen fixation via the catalytic
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action of the nitrogenase enzyme are collectively known as diazotrophs (Zhao et al.,
2006). Bacterial diazotrophs belong to phyla such as Actinobacteria, Cyanobacteria,
Chlorobi, Chloroflexi, Proteobacteria and the Firmicutes (Solanki er al., 2020)
whereas archaeal diazotrophs include Methanosarcina barkeri and Methanococcus

maripaludis (Leigh, 2000).

In the second step, the ammonia generated from nitrogen fixation feeds into
nitrification. Nitrification consists of two sequential steps: (i) oxidation of ammonia to
nitrite and (ii) oxidation of nitrite to nitrate (Prosser, 1990). Four distinct microbial
groups are responsible for this process including AOB, AOA, nitrite oxidising bacteria

(NOB) and the comammox bacteria.

The N-cycle is concluded by denitrification, an anaerobic respiratory process that
produces dinitrogen gas through the sequential reduction of nitrate — nitrite — nitric
oxide (NO) — nitrous oxide and finally the production of dinitrogen (Stein and Klotz,
2016). Additionally, production of dinitrogen may also occur through: (i) nitrifier
denitrification whereby ammonia oxidisers reduce nitrite (Kozlowski et al., 2016) and

(i1) anaerobic ammonia oxidation (Hu et al., 2011).
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Figure 1.1: Reactions of the nitrogen cycle. Dinitrogen (N2) is converted to ammonia (NH3) via

nitrogen fixation (pink). Anthropogenic ammonia and ammonification further contribute towards the

ammonia pool (black). Under anoxic conditions, ammonia may also be produced via dissimilatory

nitrate reduction to ammonium or DNRA (purple). The second step, nitrification, is the sequential
oxidation of ammonia to nitrite (NO2") and nitrate (NOs3") in the presence of oxygen (green). The
oxidation of ammonia to nitrite is catalysed by ammonia-oxidising bacteria (AOB) or archaeca (AOA).
The complete ammonia oxidisers (comammox) are capable of oxidising ammonia through to nitrate.
The nitrite oxidisers (NOB) oxidise nitrite to nitrate. Denitrification, the final step involves the
sequential reduction of nitrate — nitrite — nitric oxide (NO) — nitrous oxide (N20) back into N2
(orange). The oxidation of ammonia under anoxic conditions (anammox) together with nitrite further

contributes to the production of N2 (red). Adapted from (Rose ef al., 2021).
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1.3 Ammonia-oxidising microorganisms

Ammonia-oxidising microorganisms are essential to nitrification as they catalyse the
first and rate-limiting step, ammonia oxidation. As discussed previously, ammonia-
oxidising microorganisms include AOA, AOB and the comammox. Ammonia
oxidation may also occur under anoxic conditions by anammox bacteria. The
following sections aim to introduce ammonia oxidisers with a primary focus on the
AOA, providing a general overview of these organisms and highlighting some key
aspects in which they differ from the AOB with regards to their ecophysiology,

biochemistry and niche adaptation.

1.3.1 Ammonia-oxidising bacteria (AOB)

AOB are ubiquitous in the environment and inhabit diverse ecological niches including
marine and terrestrial habitats (Horz et al., 2004). Phylogenetically, all known AOB
fall within the phylum Proteobacteria and cluster into the B and y sub-divisions (Head
etal., 1993; Purkhold et al., 2000; Christman et al., 2011). AOB in the B-proteobacteria
cluster include genera such as Nitrosomonas and Nitrosospira and are widely
distributed in soil ecosystems (Campbell et al., 2011). In contrast, AOB in the v-
proteobacteria cluster include Nitrosococcus oceani, Nitrosococcus halophilus,
‘Candidatus Nitrosoglobus terrae’ and the novel "Candidatus Nitrosacidococcus
tergens" sp. RJ19 (Watson, 1965; Teske et al., 1994; Ward and O’Mullan, 2002;
Hayatsu et al., 2017; Picone et al., 2021). AOB aerobically oxidise ammonia as their
sole energy source and fix inorganic carbon (CO3) using the Calvin cycle (Chain et al.,
2003; Hommes, et al., 2003). AOB are also capable of utilising organic compounds

such as urea as an alternative source of ammonia (Burton and Prosser, 2001).
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Research into AOB for over a century has provided significant insight into
nitrification. However, the relatively recent discovery of AOA and comammox
bacteria has resulted in a paradigm shift in our understanding of nitrification and the

ecophysiology of the microorganisms involved.

1.3.2 Ammonia-oxidising archaea (AOA)

The existence of archaeal nitrifiers was first hypothesised following the detection of
ammonia monooxygenase genes (AMO) in archaeal-associated sequences from
Sargasso Sea samples (Venter et al., 2004). The AMO is the enzyme responsible for
the oxidation of ammonia. Treusch and colleagues (2005) further identified archaeal
Group 1.1b-associated ammonia monooxygenase genes in a fosmid library constructed
from grassland soil. However, the isolation of the first archaeal nitrifier,
Nitrosopumilus maritimus SCM1 from a tropical aquarium, provided the first concrete
proof of the existence of AOA (Kdnneke et al., 2005). Since then, several archaeal
ammonia-oxidisers have been isolated from a range of different ecological niches. The
widespread distribution of AOA in the environment and their role in nitrification

provides strong support for their importance to the global N-cycle.

Phylogeny, based on 16S rRNA sequence analysis, places AOA in the archaeal phylum
Thermoproteota (formerly known as Thaumarchaeota) (Brochier-Armanet et al., 2008;
Rinke et al., 2021). AOA can be further classed into five phylogenetic groups including
Nitrosopumilus, Nitrosotalea, Nitrosocaldus, Nitrosophaera and Nitrosocosmicus
(Nitrosophaera-sister cluster) (Pester et al., 2012; Lehtovirta-Morley et al., 2016). The
seminal discovery of archaeal nitrifiers piqued the interest of numerous research
groups who set out to understand their contribution to the N-cycle and their

relationship with bacterial nitrifiers.
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1.3.2.1 General metabolism

AOA are chemolithoautotrophs utilising ammonia and inorganic carbon as their sole
energy and carbon sources respectively (Kozlowski et al., 2016; Konneke et al., 2014).
Interestingly, genomic and experimental studies show slight differences in the
metabolic properties of AOA and AOB. For example, AOA fix inorganic carbon using
a highly energy efficient derivative of the hydroxypropionate/hydroxybutyrate
pathway (Konneke et al., 2014). This pathway is believed to provide AOA with a

strong physiological advantage particularly in oligotrophic environments.

As seen with AOB, certain AOA are capable of utilising urea and cyanate as alternative
sources of ammonia (Palatinszky et al., 2015; Lehtovirta-Morley, et al., 2016). Urea
metabolism is thought to provide a competitive advantage for AOA living at low pH.
This is because acidic conditions result in substrate limiting conditions due to a shift
in the NH3 <> NH4" equilibrium to the ionized NH4" species which is not a substrate
for the AMO (Li et al., 2018; Lehtovirta-Morley et al., 2016). In contrast, urea
hydrolysis is pH-independent and could therefore serve as an ammonia source under
acidic conditions. Currently, support for this hypothesis is limited due to the absence
of urease/cyanase genes in the genomes of obligate acidophilic AOA strains
(Lehtovirta-Morley, et al., 2016). It can, however, not be ruled out that perhaps
urea/cyanate support survival at low pH in other strains but requires further

investigation.

Urea and cyanate may also serve as sources of ammonia under ammonia-limiting
conditions created by pH-independent factors. This has been proposed by Tolar and
colleagues (2017) who performed extensive metagenomic and biochemical studies on

archaea inhabiting polar regions to determine the possibility of urea as an alternative
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energy source. Their results revealed urea concentrations exceeding those of ammonia
within this ecosphere and an abundance of urease-associated genes. These
observations led the authors to propose that urea metabolism may indeed provide a
competitive advantage for AOA under ammonia-limiting conditions. Furthermore,
sequences originating from N. maritimus dominated the polar oceans where high urea
concentrations were measured, thus providing further support for urea as an alternative
energy source in ammonia-limiting environments. Interestingly, the AOA strain ‘Ca.
Cenarchaecum symbiosum’, which forms a symbiotic relationship with a marine
sponge, is thought to utilize the urea excreted by its host as an energy source

(Kirchman, 2012).

1.3.2.2 The biochemistry of ammonia oxidation in archaea

The oxidation of ammonia, catalysed by the AMO enzyme, results in the production
of hydroxylamine (NH2OH). AMO is a copper-containing membrane-bound protein
and is present in all organisms capable of ammonia oxidation (Tavormina et al., 2011;
Lehtovirta-Morley, 2018). The AMO is made up of three main protein subunits

encoded by the genes amoA, amoB and amoC (Junier et al., 2009).

In AOB, these genes exhibit a conserved operon-like organisation in a specific order,
amoA, amoB, amoC (Arp et al., 2007). This contrasts with the AMO gene organisation
in AOA, where the subunit genes are often arranged in the order amoA, amoX, amoC
and amoB (Lehtovirta-Morley, 2018). The amoX gene encodes a hypothetical protein
of unknown function and is associated with the AMO operon of all sequenced AOA
genomes (Bartossek et al., 2012). It has been suggested that amoX may encode an

additional AMO subunit (Kerou et al., 2016). Recently, two additional AMO subunits

10
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unique to the AOA, AmoY and AmoZ were discovered although their function is

currently unknown (Hodgskiss et al., 2023).

Research into ammonia oxidation has revealed distinct differences between the
mechanism of the bacteria and archaeal pathways. In AOB, it was initially thought that
the oxidation of hydroxylamine by hydroxylamine oxidoreductase (HAO) directly
resulted in the formation of nitrite (Arp et al., 2002). However, recent studies
demonstrate that nitric oxide and not nitrite is the product of HAO activity (Caranto
and Lancaster, 2017). The authors further proposed nitrite reductase (NirK) as the third
enzyme responsible for the conversion of nitric oxide to nitrite. This newly proposed
pathway retains the original electron count with three electrons produced from
hydroxylamine oxidation and one from nitric oxide oxidation. Of the four electrons,
two are recycled back to the AMO to facilitate ammonia oxidation and two electrons
are utilized for cellular respiration. An illustration of the bacterial ammonia oxidation

pathway is shown in Figure 1.2.

11
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Figure 1.2: The revised bacterial ammonia oxidation pathway. In line with previous models of bacterial
ammonia oxidation, the ammonia monooxygenase (AMO) oxidises ammonia (NH3) to hydroxylamine
(NH20H). However, nitric oxide (NO) rather than nitrite (NO2) is the product of hydroxylamine
oxidoreductase (HAO). The resulting nitric oxide is hypothesised to be further oxidised into nitrite by
a nitrite reductase (NirK). Adapted from (Lehtovirta-Morley, 2018).

In contrast, the archaeal ammonia oxidation pathway is unlikely to follow a similar
sequence of reactions and most likely utilizes a unique enzyme repertoire. This is
supported by the consistent lack of HAO homologues encoded in the currently
available AOA genomes despite hydroxylamine being an intermediate of ammonia
oxidation (Vajrala et al., 2013). Consequently, several distinct archaecal ammonia
oxidation pathways have been proposed based on genome and biochemical data. For
example, the two-step pathway proposes that hydroxylamine is converted to nitrite
with the help of a multi-copper oxidase (MCO1) and nitric oxide as a co-reactant
(Kozlowski et al., 2016). The nitric oxide required for this reaction is produced from
the reduction of nitrite by NirK. An illustration of the proposed archaeal two-step
ammonia oxidation pathway is presented in Figure 1.34. However, some AOA such
as those from the Nitrosotalea lineage lack MCO1 homologues suggesting that these
organisms may exploit an alternative mechanism (Kerou et al., 2016; Herbold et al.,

2017). This led to the proposal of the three-step archaeal ammonia oxidation model by

12
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Lehtovirta-Morley (2018). This model shares similarities with the bacterial pathway
but lacks a NirK. This is based on the observation that certain AOA lack nirK
homologues (Daebeler et al., 2018; Abby et al., 2018). The proposed three-step

archaeal ammonia oxidation pathway is shown in Figure 1.3B.

13
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(A) Two-step pathway (archaeal)
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(B) Three-step pathway (archaeal)
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Figure 1.3: The proposed ammonia oxidation pathways in archaea. (A) In the two-step pathway,
hydroxylamine (NH20H) and nitric oxide (NO) serve as co-reactants for an unknown enzyme capable
of NH>OH oxidation (possibly a multi-copper oxidase) (Kerou et al., 2016). Nitrite (NO2") could
subsequently be reduced to nitric oxide by a Nirk, but this is yet to be validated. (B) The three-step
model was proposed based on the absence of nirK homologues in some AOA whereby, hydroxylamine
is directly converted into nitric oxide and nitrite by unknown enzymes. Adapted from (Lehtovirta-

Morley, 2018).
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1.3.2.3 Distribution of AOA in the environment

The plethora of ecological studies carried out to date have revealed a global
distribution of AOA in a range of environments including oceans (Wuchter et al.,
2006), lakes (Bollmann, et al., 2014), soils (Tourna et al., 2011; Lehtovirta-Morley, et
al., 2016), and even extreme ecosystems such as hot springs (de La Torre et al., 2008;
Hatzenpichler et al., 2008). This global distribution of AOA coupled with their

abundance is a strong indicator of their important role in the global N-cycle.

While the dominance of AOA is particularly evident in marine or aquatic ecosystems
(Francis et al., 2005; Wuchter et al., 2006; Wang et al., 2017), their abundance relative
to AOB in soils is not so clearcut. For example, soils receiving nitrogen-based
fertilisers (e.g. agricultural soils) are usually associated with a higher abundance of
AOB relative to AOA (Shen et al., 2008; Jia and Conrad, 2009). AOB also tend to
dominate engineered systems such as wastewater treatment plants (WWTP) that
receive high amounts of ammonia (Park ef al., 2006). In contrast, unfertilised soils
whose primary source of ammonia originates from the mineralisation of organic
matter, tend to be dominated by AOA (Di et al., 2009, 2010). These distribution
patterns led to the suggestion that AOA are adapted to oligotrophic or ammonia limited
conditions (Offre et al., 2009; Verhamme ef al., 2011). Interestingly, this generalisation
does not apply to AOA strains such as N. viennensis EN76 and ‘Ca. N. franklandus
C13’ that appear to be adapted to higher ammonia concentrations (Lehtovirta-Morley

etal., 2016).

In addition to ammonia concentrations, distribution patterns of AOA are influenced by
pH. A large-scale in silico study on AOA global distribution and abundance

demonstrated the tendency for the Nitrosotalea group to cluster and dominate in acidic
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soils (Gubry-Rangin et al., 2011). Two acidophilic AOA strains from the Nitrosotalea
group were later isolated from acidic soils (Lehtovirta-Morley et al., 2011, 2014).
Evidently, AOA are not only widely distributed in diverse ecosystems, but they are
also present in high numbers. This abundance and widespread distribution of these
archaea has raised questions into how they outcompete AOB and the molecular

mechanisms by which they adapt to these different ecological niches.

1.3.3 Niche specialization of AOA

The physiological adaptation to a specific set of biotic or abiotic conditions in the
environment is known as ‘niche specialization’ which consequently results in the
partitioning of resources termed ‘niche differentiation’ (Erguder et al., 2009; Prosser
and Nicol, 2012). Based on the distribution patterns of AOA (and AOB), two main
drivers of niche differentiation have been proposed; (i) substrate availability and (ii)

pH (Lehtovirta-Morley, 2018; Prosser et al., 2020).

1.3.3.1 Substrate

Both AOA and AOB are dependent on ammonia as their sole energy source and this
substrate is therefore expected to play an important role in shaping the community
structure of these microorganisms. Substrate-dependent adaptations are proposed to be
linked to ammonia affinity, tolerance to varying substrate concentrations and an
adaptation to different sources of ammonia (Prosser and Nicol, 2012). AOA dominance
at ammonia limiting conditions is attributed to these archaea having a higher affinity
for ammonia than AOB. This hypothesis was supported by the low ammonia half
saturation constant (Km) of ~133 nM of the marine dwelling AOA strain N. maritimus
SCM1 (Martens-Habbena et al., 2009). Similarly, the moderately thermophilic AOA

strain N. gargensis isolated from a hot spring, demonstrates high growth rates at
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ammonium concentrations as low as 140 uM (Hatzenpichler et al., 2008). In contrast,
the AOB model strains N. europaea and N. oceani exhibit significantly larger Km
values for ammonia in the range ~553 uM and 101 uM respectively (Martens-Habbena
et al., 2009). Most recently, ammonia affinities were determined for a larger pool of
AOA strains representing all major lineages (Jung et al., 2022). Interestingly, while the
authors found that AOA generally exhibited much higher ammonia affinities than
AOB, the Nitrosocosmicus lineage exhibited affinities similar to those of AOBs.
Although the exact mechanisms by which Nitrosocosmicus strains adapt to higher
ammonia concentrations are still unclear, evidence for the role of polyamines has

recently been demonstrated in ‘Ca. Nitrosocosmicus agrestis’ (Liu et al., 2021).

Related to substrate affinity, an additional mechanism proposed to play a role in niche
differentiation is the efficiency of substrate uptake facilitated by either passive or
facilitated ammonia uptake. Facilitated (or active) ammonia uptake is expected to be
important under low ammonia availability (Winkler, 2006). Ammonia transport in
AOA is predicted to be facilitated by the presence of the ammonia transporters Amt-1
and Amt-2 that cluster within the methyl-ammonia permeases (MEP) protein family
(Offre et al., 2014). Interestingly, Amt-type transporters are absent in AOB and instead,
AOB genomes encode the functionally distinct rhesus-type transporters that are
distantly related to the MEP protein family (Offre ef al., 2014). Some AOB such as
Nitrosomonas eutropha C91 lack genes encoding ammonia transporters in their
genome (Stein et al., 2007). A transcriptional analysis of the amt genes in N. maritimus
SCM1 found that the Amt-2 transporter was important under ammonia limiting
conditions (Nakagawa and Stahl, 2013). However, in the absence of genetic tools that
could be used for amt knockout studies, it is challenging to determine what role these

ammonia transporters play in AOA biology.
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1332 pH

pH as a driver of niche differentiation among ammonia-oxidising microorganisms is
primarily related to substrate availability. For example, at acidic pH, the NH3 <> NH4"
equilibrium shifts away from ammonia with a subsequent increase in the concentration
of the ionized form (NH4"). This results in substrate limitation since ammonia as
opposed to ammonium is the preferred substrate for the archaeal AMO, based on work
done on N. europaea. (Suzuki et al., 1974; Hatzenpichler, 2012). A decrease in pH also
affects the availability of bicarbonate (HCO3") which archaeal ammonia oxidisers fix
as their sole a carbon source. Additionally, at acidic pH, the NO2" <> HNO; equilibrium

increases the availability of cytotoxic nitrous acid (Herbold et al., 2017).

As discussed previously, some AOA are capable of utilising alternative organic
compounds such as urea and cyanate as a source of ammonia. These organic
compounds have also been proposed to play a role in the adaptation to acidic
conditions because they can be taken up into the cell where they are hydrolysed to
ammonia which is not affected by the acidic environment outside of the cell (Burton
and Prosser, 2001: Allison and Prosser, 1993). However, the absence of urease/cyanase
genes in the genomes of the obligate acidophilic AOA strains Nitrosotalea devanaterra
Nd1 and Nitrosotalea sinensis Nd2 provides poor support for this hypothesis
(Lehtovirta-Morley et al., 2011, 2014). The mechanisms by which AOA dominate and
thrive in acidic environments are largely unknown and are currently being

investigated.

An in-depth analysis of Nitrosotalea genomes identified a range of possible alternative
mechanisms for the adaptation to acidic pH (Lehtovirta-Morley ef al., 2016; Herbold

et al.,2017). These mechanisms were based on four main characteristics including ion
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transport, enhanced proton consumption, cell wall/membrane properties and carbon
metabolism at low pH. The genome of N. devanaterra Nd1 was found to contain genes
that encode for various cation transporters such as kdp (P-type ATPase involved in
potassium transport), mgtA (P-type ATPase involved in magnesium transport) and
CPAl-family of Na'/H" exchangers that play a role in pH homeostasis. The
acetolactate decarboxylase encoded in the genome of N. devanaterra Nd1 is proposed
to enhance cytoplasmic consumption of protons through the production of acetoin
from acetolactate. With regards to cell wall properties, the use of glycerol dibiphytanyl
glycerol tetraether lipids (GDGT) with a larger number of cyclopentane groups
(GDGT-4) may contribute to lower membrane permeability minimising entry of
protons. Lastly, carbon metabolism at low pH using bicarbonate may be possible
through use of a dual functional carbonic anhydrase. This enzyme could counter
acidification of the cytoplasm by breaking down bicarbonate depending on the
direction of the reaction (Lehtovirta-Morley et al., 2016). A summary of the proposed
mechanisms used by acidophilic AOA for survival at low pH are illustrated in Figure

1.4.
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Figure 1.4: Proposed mechanisms of low pH adaptation by the acidophilic AOA strain, M.
devanaterra Nd1. (1) N. devanaterra Nd1 contains several cationic transporters which have the
capacity to play a role in pH homeostasis. (2) N. devanaterra Ndl may rely on acetolactate
decarboxylase to consume the excess protons and present at low pH. Alternatively, carbonic anhydrase
may facilitate buffering of the cytoplasm. (3) Adaptation to low pH may also result from reduced cell
permeability due to the presence of GDGT-4 lipids and/or glycosylation which prevent an influx of
protons into the cell. (Lehtovirta-Morley et al., 2016).

In summary, AOA are major players in the nitrogen cycle where they contribute to the
nitrification process. Nitrification is associated with greenhouse gas emissions (N>O)
as well as reduced ammonia fertiliser use efficiency which impacts crop yields.
Therefore, a better understanding of these archaea could inform the development of
better land management and agricultural practices. However, this requires a better
understanding of the biology of these archaea. In the preceding sections, key
knowledge gaps regarding AOA ecophysiology that are currently under investigation
have been highlighted. These include (i) the identity of the unknown enzymes driving

archaeal ammonia oxidation, (ii) the role of ammonia transporters in niche adaptation

20



Literature review

strategies, and (iii) the unknown mechanisms by which acid tolerant AOA (e.g. the
Nitrosotalea group) thrive in low pH environments.

These questions could benefit from genetic studies such as gene knockout experiments
that have the potential to shed light on these cellular processes. Unfortunately, the lack
of a functional genetic system for these archaea is currently a major bottleneck in AOA

research.

1.4 Genome-editing technologies

Mutations play a key role in driving the evolution of organisms across all domains of
life. Geneticists have long been interested in studying the various aspects of genetic
material including inheritance and function. However, the low rate at which mutations
occurred in nature hindered any significant advances in the field (Muller, 1927). This
led to the search for methods capable of inducing mutations and various physical and
chemical agents have proven to be useful in this regard. For example, X-rays have
been used to induce genetic mutations in Drosophila flies (Muller, 1927; Wiirgler and
Maier, 1972) while alkylating agents such as ethyl methane sulfonate have been used
to study DNA repair kinetics in plants (Gichner ef al., 1999, 2000). Despite the success
of such methods in inducing genetic mutations, the resulting mutations were random

and unpredictable limiting their use.

A second group of mutagens, termed transposons or ‘jumping genes’, were later
discovered by Barbara McClintock during her research on maize plants (Mcclintock,
1950). Transposons are mobile genetic elements (MGE) that are abundant in all
domains of life (Ravindran, 2012). The mutagenic potential of transposons arises from
the ability of these genetic elements to insert themselves randomly in the genome

including within intragenic loci. Unfortunately, just like the physical and chemical
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mutagens mentioned previously, transposon-mediated mutagenesis is random and

unpredictable requiring the screening of a large number of mutants.

This sparked interest in developing methods that allow the introduction of precise user-
defined mutations also known as ‘targeted genome-editing’. Notable discoveries that
have contributed towards the development of targeted genome-editing tools in use
today include deciphering of the structure of DNA, the development of the polymerase
chain reaction (PCR), discovery of restriction enzymes as well as DNA sequencing
technologies (Doudna and Charpentier, 2014). Targeted gene disruption, however,
began in earnest with work on homologous recombination in yeast and mammalian
cells (Hinnen et al., 1978; Rothstein, 1983; Smithies et al., 1985). Although
homologous recombination-mediated genome editing is still widely used today, it is
limited by its poor efficiency (Capecchi, 1989; Silva ef al., 2011). A turning point in
targeted genome-editing came about when it became evident that the efficiency of
homologous recombination could be increased by introducing a double-stranded break
(DSB) at a user defined genomic locus (Jasin and Berg, 1988; Hasty et al., 1992; Adli,

2018).

Once a DSB has been introduced, it may be repaired by two main pathways including
homology-dependent repair (HDR) or non-homologous end joining repair (NHEJ)
(Rouet et al., 1994; Adli, 2018). Repair of the DSB using the HDR pathways requires
the presence of a template containing homology to the region containing the break
(Xue and Greene, 2021). In comparison, NHEJ does not require homology and instead
involves the direct ligation of the DNA ends and is considered to be error-prone
(Rodgers and McVey, 2016). Most of the contemporary genome-editing technologies

such as zinc-finger nucleases (ZFN), transcription activator-like effector nucleases
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(TALEN) and the CRISPR-Cas systems rely on the creation of a DBS at a user-define

genomic loci (Ran et al., 2013).

1.4.1 Zinc-finger nucleases (ZFN)

Zinc-finger nucleases (ZFN) are one of the pioneering platforms for targeted genome-
editing. Structurally, ZFN are comprised of a fusion between a DNA binding zinc-
finger protein (C2H2-type) and a non-specific endonuclease such as Fokl (Smith et
al., 2000). Zinc-fingers are protein domains that interact with or bind to a zinc-ion for
structural stability (Krishna et al., 2003). Each zinc-finger binds to three consecutive
DNA base-pairs via essential amino-acid residues (referred to as critical residues) that
facilitate contact with DNA (Smith ez al., 2000). It is the ability to manipulate these
‘critical residues’ within a zinc-finger protein that researchers have exploited to alter

the specificity of each ZFN to a user-defined genomic locus.

A functional ZFN requires the binding of two ZFN monomers to opposite ends of the
target region, which allows dimerization of the FokI nuclease, an essential process for
DSB formation (Bitinaite et al., 1998; Kim and Kini, 2017). The architecture and

mechanism of a ZFN is illustrated in Figure 1.5.
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Figure 1.5: Structure and mechanism of zinc-finger nuclease (ZFN) genome-editing technology. (A)

General architecture of a ZFN monomer. A ZFN monomer contains an array of zinc-finger proteins
(ZFP) (coloured spheres), whereby each ZFP is specific to a nucleotide triplet. At the C-terminal, the
ZFP array is fused to the Fokl endonuclease via a linker. (B) A functional ZFN requires binding of
each monomer to opposite sides of the target sequence resulting in Fokl dimerization. The Fokl creates

a DSB at the target site that may be repaired either by NHEJ or HR. Adapted from (Isalan, 2011).
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1.4.2 Transcription-activator like effector nucleases (TALEN)

Transcription activator-like effectors (TALE) are proteins excreted by bacterial plant
pathogens such as those in the genus Xanthomonas and influence the transcription of
host genes (Boch and Bonas, 2010). TALE proteins consist of (i) an N-terminal located
transcription factor III (TS3) translocation signal (ii) two C-terminal nuclear
localization signal (NLS) domains and (iii) an acid activation domain responsible for

gene transcription (Bogdanove ef al., 2010).

The TALE proteins have a centrally located DNA-binding domain made up of
monomers ~33 - 35 amino acids in length, each binding to a specific nucleotide in
DNA (Bogdanove and Voytas, 2011; Nemudryi et al., 2014). The amino acid residues
at position ‘12” and ‘13’ of each DNA-binding domain are referred to as repeat
‘variable di-residues’ (RVD) and dictate the DNA-binding specificity (Garg et al.,
2012). It is these two hypervariable residues that have made it possible to customise
the TALE DNA binding specificity. A TALE protein fused to the non-specific
endonuclease Fokl (see ZFN), is the basis for the TALEN genome-editing technology
(Joung and Sander, 2013). The structure and mechanism of the TALEN genome-

editing system is shown in Figure 1.6.
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Figure 1.6: Structure and mechanism of transcription activator-like effector nuclease (TALEN)

genome-editing technology. (A) A TALEN monomer consists of a TALE protein bound to a Fokl
endonuclease. The DNA binding domain within each monomer contains several amino acid repeats
(coloured rectangles) spanning ~34 amino acids. Within each 34 amino acid repeat are two variable
residues at position 12 and 13 (highlighted in red) termed repeat variable di-residues (RVD) that specify
the nucleotide specificity. (B) To induce a DSB, two TALEN monomers bind to opposite sides of the
target site allowing the Fokl to dimerise and introducing a double-stranded break (DBS). The DBS may
be repaired by non-homologous end joining (NHEJ) or homology repair (HR). Adapted from (Naitou
etal., 2015).
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1.4.3 CRISPR

1.4.3.1 Overview

Clustered Regularly Interspaced Short Palindromic Repeat sequences or ‘CRISPR’, is
an adaptive immunity system used by both bacteria and archaea to fight off viruses
and other mobile genetic elements (Bhaya ef al., 2011; Vestergaard et al., 2014). The
repeats associated with the CRISPR system were first identified in the genome of an
E. coli K12 strain (Ishino et al., 1987). However, it was not until a few years later that
the function and importance of these repeats was fully investigated and understood
(Doudna and Charpentier, 2014). The term ‘CRISPR’ was coined to avoid confusion
as it specifically refers to the family of repeats that are characteristically interspaced
by spacer sequences (Jansen et al., 2002). CRISPR genomic loci were found to also
contain CRISPR-associated genes (cas) whose function at the time was unclear and

was loosely inferred from sequence alignments (Jansen et al., 2002).

The first evidence that hinted at CRISPR being an adaptive immune mechanism was
from the seminal work on Streptococcus spp. (Bolotin et al., 2005). The authors found
significant homology of the spacer sequences to Streptococcus spp. phages and other
extrachromosomal elements. Mojica and colleagues (2005) made similar claims
regarding the origin of the intervening spacers and correlated their presence to
resistance of the spacer-containing strains to specific viruses. Two years on, Barrangou
and colleagues (2007) provided experimental evidence for CRISPR acting as an
adaptive immune system in Streptococcus thermophilus. Since then, CRISPR-Cas
systems have been detected in ~90% of archaeal and ~40% of bacterial genomes (Adli,

2018).
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1.4.3.2 Classification of CRISPR-Cas systems

The classification of CRISPR-Cas systems is rather challenging due to factors such as
a high rate of evolution of the adaptation and effector modules, the lack of distinct cas
gene signatures and cas sequence clustering as well as variable cas gene composition
(Makarova et al., 2011, 2015, 2018). Nonetheless, the current CRISPR-Cas
classification recognises two distinct groups, class 1 and class 2 (Makarova et al.,
2017). The currently accepted CRISPR-Cas classification system utilises a multifactor
approach based on the presence of a characteristic cas gene within a type/subtype, the
overall Cas protein composition, CRISPR loci architecture, the phylogeny of genes

within the subsets and experimental observations (Makarova et al., 2020).

Class 1 CRISPR-Cas systems are widely distributed in both bacterial and archaeal
genomes. These CRISPR-Cas systems are characterised by the use of a multi-protein
effector module and are comprised of types I, III and IV (Makarova et al., 2020). In
addition to the three types, the latest CRISPR-Cas classification system recognises an
additional 16 subtypes. In comparison, while class 1 CRISPR-Cas systems are
widespread in both bacteria and archaea, class 2 systems are highly prevalent in
bacterial genomes (Makarova et al., 2020). This skewed distribution has been
attributed to the lack of RNAse III in archaea which is needed to process the crRNAs
(Makarova et al., 2020). Class 2 CRISPR-Cas systems utilise a single multidomain
effector protein and include types II, V and most recently VI (Makarova et al., 2020).
Currently, 17 subtypes have been identified. A summary of the current CRISPR-Cas

classification system and Cas composition is illustrated in Figure 1.7.

28



Literature review

cas8 or |Spacers
cas3 cas10 cas11 cas7 cas5 casb casl cas2 cas4 |
RPN S B ——
Large Small
subunit  subunit CRISPR
cas9 or cas12 or cas13 casl cas2 cas4
Class 2 @
tracrRNA Single effector protein
Adaptation Expression Interference Signal transduction/ancillary
[ I ] I 1
Repeat Spacer Pre-crRNA Effector module (crRNA Target cleavage coA Sensor Effector Ring Helper,
array  integration processing and target binding) synthesis nuclease role
unknown
- [ | S—  S—  E———————r| =
e 1N (D D 50 (55D (D D B & ( ()
e N (D EE ERIEE@E N - T 0 @ o
(]
Lweev N GDGE DD @D @D &
wer i GDEDED GOSN 2 ) &
~
P
i wev NN G UD G0 NS 000 )
(9]
EOUE TR TG —

Figure 1.7: Classification of CRISPR-Cas systems. CRISPR-Cas systems can be divided into either
class 1 that use multiple effector proteins or class 2 that use a single effector protein. CRISPR-Cas
systems are further divided into six types (I - VI) which differ mainly based on mechanistic properties.
CRISPR-Cas types and subtypes differ in the genetic components of their functional modules
(adaptation, expression and interference). Genes that may or may not be present in a particular type are
presented with dashed lines (e.g. Caso6). Proteins with multiple functions across the modules are

represented as multicoloured genes. Adapted from (Makarova ef al., 2020).

1.4.3.3 Structure of CRISPR-Cas loci

CRISPR-Cas loci are generally characterised by the presence of ‘repeat-spacer-repeat’
arrays. The spacer sequences are short segments of DNA that originate from previously
encountered mobile genetic elements such as phages and plasmids (Mojica et al.,
2005). The function of these spacer sequences is to serve as an infection memory to
facilitate recognition of the mobile genetic elements during future encounters
(Wimmer and Beisel, 2020). A CRISPR-Cas locus also contains an operon encoding
cas genes (Sorek et al., 2008). Located 5’ of the CRISPR-array is an AT-rich leader

sequence containing the promoter elements needed to transcribe the array (Kieper et
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al., 2019; Sorek et al., 2008). The general structure of a CRISPR-Cas locus is

illustrated in Figure 1.8.
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Figure 1.8: General structure of a CRISPR-Cas genomic locus. The CRISPR-array consists of spacers
(coloured rectangles) and repeat sequences (black diamonds). The spacer sequences originate from
foreign invading genetic material such as viruses. The leader sequence found adjacent to the CRISPR-
array, is an AT- rich stretch of DNA of varying length that contains the necessary regulatory elements
needed to transcribe the array. A CRISPR-Cas locus also contains varying composition of cas genes

depending on the CRISPR-Cas system. Adapted from (Jiang and Doudna, 2015).

1.4.3.4 Stages of CRISPR-Cas adaptive immunity

Fundamentally, the CRISPR-Cas system operates as an RNA-guided defence system
against invading genetic elements akin to eukaryotic interference RNA (RNAi)
(Bosher and Labouesse, 2000). CRISPR-Cas adaptive immunity consists of three main
stages including (i) the adaptation stage (ii) expression and maturation and (iii)

interference (Rath ez al., 2015; Makarova et al., 2020).

1.4.3.4.1 Adaptation

Adaptation is the first stage of CRISPR-Cas adaptive immunity and involves the
acquisition of a new segment of DNA (the spacer) from an invading genetic element.
The acquisition of new spacer sequences is mediated primarily by the proteins Casl
and Cas2 (Nuiiez et al., 2014, 2015). Casl and Cas2 are present in all CRISPR-Cas
systems except in the recently discovered type IV system (Makarova et al., 2015,
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2020). Casl and Cas2 form a complex (consisting of two Casl dimers and a single
Cas2 dimer) that recognises a specific sequence in the DNA of the invader known as
the protospacer-adjacent motif or PAM (Amitai and Sorek, 2016). Once the PAM is
recognised by the Cas1-Cas2 complex, a short segment of DNA (adjacent to the PAM)

is excised and integrated into the CRISPR-array as a newly acquired spacer.

Integration of the newly acquired spacer occurs at the junction of leader and repeat
sequences with the latter simultaneously undergoing duplication (Nufiez ef al., 2015).
Once the new spacer has been integrated into a CRISPR-Cas locus of the organism,
the host can recognise the invading element during any future encounters. It is
interesting to note that certain CRISPR-Cas systems are also capable of obtaining new
spacers from ssRNA typically associated with type III CRISPR systems that encode a
reverse transcriptase at the CRISPR-Cas locus (Silas ef al., 2016). An illustration of

the adaptation stage of CRISPR-Cas adaptive immunity is presented in Figure 1.9.
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Figure 1.9: Illustration of the adaptation stage of CRISPR-Cas immunity. The adaption complex consisting of the Cas1 and Cas

2 proteins binds to the invading DNA at a protospacer adjacent motif site (PAM). A segment of DNA (protospacer) adjacent to

the PAM is subsequently excised and integrated into the CRISPR-array becoming a new spacer. Newly acquired spacers are

inserted in the region closest to the leader sequence. Adapted from (Amitai and Sorek, 2016).
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1.4.3.4.2 Expression and maturation

During the second stage of CRISPR-Cas immunity, the CRISPR-array is transcribed
as a single transcript termed precursor CRISPR RNA or pre-ctrRNA. The pre-crRNA
is processed into individual mature crRNAs that proceed to form a ribonucleic protein
complex with an effector(s) protein that attacks foreign invading elements. The
processing of pre-crRNA may vary slightly depending on the CRISPR-Cas system or
subtype. For example, class 1 CRISPR-Cas systems utilise the endoribonuclease Cas6
to cleave the pre-crRNA transcript into smaller spacer-containing units (Carte et al.,
2008; Deltcheva et al.,2011). An exception to this is the type 1-C subtype that employs
Cas5d to cleave pre-crRNA into small units (Nam et al., 2012; Charpentier et al.,
2015). In the recently discovered type IV systems, processing of pre-crRNA was

determined to be mediated by Csf5 (Ozcan et al., 2019).

In contrast, class I CRISPR-Cas systems exhibit slight variation in their mechanism
of crRNA biogenesis. For example, type II CRISPR-Cas require an additional trans-
activating CRISPR RNA (tracrRNA) for the processing of pre-crRNA (Charpentier,
2015). The tracrRNA together with Cas9 (formerly Csnl) and RNAse III mediate the
processing and maturation of crRNA (Deltcheva ef al., 2011). Interestingly, a unique
crRNA biogenesis mechanism was identified in the type II-C CRISPR-Cas system of
Neisseria meningitidis whereby internal promoters, present within the CRISPR
repeats, mediate transcription of individual crRNAs (Zhang et al., 2013; Mir et al.,
2018). In the type V and VI systems, the effector proteins Casl2a (formerly cpfl) and
Casl13 are responsible for crRNA maturation respectively (Fonfara et al., 2016; Zheng

et al., 2020). A generic mechanism of crRNA biogenesis is illustrated in Figure 1.10.
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Figure 1.10: A generic illustration of the CRISPR-Cas expression and maturation stage. The CRISPR-
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array is transcribed as a single transcript into a pre-crRNA molecule. The processing and maturation
of the pre-crRNA involves the cleaving of the transcript into individual crRNA each containing a single
spacer flanked by a truncated repeat sequence. The individual crRNA forms a ribonucleoprotein with
an effector(s) prior to targeting an invading genetic element. Additional elements such as the tracrRNA
are required in certain CRISPR-Cas systems (e.g type II Cas9). Adapted from (Amitai and Sorek,
2016).

1.4.3.4.3 Interference

Once a spacer is integrated into the CRISPR-array, the host cell can recognise and
degrade the invading virus or plasmid during any future encounters. Interference
requires the formation of a ribonucleoprotein complex comprised of the crRNA and
the effector endonuclease and tracrRNA in the case of type II systems. This complex
recognises a specific sequence (protospacer) in the DNA of the invading element via
the PAM. Complementary base-pairing between the crRNA and the protospacer

induces a conformational change in the interference complex causing target cleavage
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(Wang et al., 2022). An illustration of the CRISPR-Cas immunity interference stage is

shown in Figure 1.11.
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Figure 1.11: Mechanism of CRISPR-Cas interference. Upon processing of the pre-crRNA, individual crRNA units form a

ribonucleic protein complex (RNP) with a Cas effector(s). In the case of type II systems, the crRNA must also associate with a

tractrRNA. The RNP is guided to the target site recognising the protospacer adjacent motif (PAM) and subsequent degradation of the

invading DNA by the effector protein. Adapted from (Wang ef al., 2022).
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1.4.3.5 CRISPR-Cas as a genome-editing tool

CRISPR-Cas technology has been widely adopted and favoured as a genome-editing
tool in a range of models including mammals, fungi, plants and bacteria (Mali ef al.,
2013; Fauser et al., 2014; Li et al., 2015; Wenderoth et al., 2017). The popularity of
CRISPR-Cas as a genome-editing tool can be attributed to its relative simplicity
relative to pioneering platforms such as ZFN and TALEN. For example, customisation
of ZFN/TALEN requires tedious and laborious protein engineering for every new
target (Wright et al., 2006; Li et al., 2020; Javaid et al., 2022; Xiaoshuai et al., 2022).
Furthermore, the routine use of ZFN is hindered by their high costs making them
inaccessible to most research groups (Sander et al, 2011). In contrast, the
customisation of CRISPR-Cas systems relies on the synthesis of a ~20 bp
oligonucleotide (spacer) complementary to the desired genomic locus which is
relatively simple and cost-effective. Aside from its simplicity, CRISPR-Cas genome-
editing technology offers remarkable mechanistic versatility. For example. depending
on the CRISPR-Cas system employed, a user can target either RNA or DNA which is
not possible with ZFN or TALEN technology. In addition to genome-editing, CRISPR-
Cas technology may also be used to control gene expression exemplified by CRISPRi
technology (Larson et al., 2013). An added advantage of CRISPR-Cas is the ability to

manipulate multiple targets (multiplexing) simultaneously (Cobb et al., 2015).

Although genome-editing of eukaryotic and bacterial models with CRISPR-Cas has
seen substantial advances, the same cannot be said for the archaea. This is surprising
as CRISPR-Cas systems are absent from eukaryotes and are in fact more abundant in
archaea than they are in bacteria (Sorek et al., 2008; Pourcel et al., 2020). Nonetheless,

the successful use of CRISPR-Cas in archaea has been demonstrated in just a handful
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of strains. For example, the RNA-targeting type IIIB CRISPR-Cas system in the
archaeon Sulfolobus solfataricus was repurposed as a tool to target the mRNA of
chromosomal genes to influence their expression (Zebec et al., 2014). In the closely
related Sulfolobus islandicus, the native type-1A and I1I-B CRISPR-Cas systems were
exploited as genetic tools (Peng et al., 2015; Li et al., 2016). Among the haloarchaea,
an endogenous CRISPR-Cas type I-B system found in H. volcanii, was used to
manipulate gene expression (Stachler and Marchfelder, 2016). The exploitation of
endogenous CRISPR-Cas systems is particularly important for archaeal
extremophiles. This is because the Cas proteins do not require further adaptation to

function under extreme conditions (Luo et al., 2016; Gophna et al., 2017).

Type II CRISPR-Cas systems (e.g. Cas9) are absent in archaea and have primarily
been relevant in mesophilic bacterial models (Li ef al., 2016). The first description of
a Cas9-based system for an archaeon was reported by Nayak and colleagues (2017)
and was developed for the methanogen Methanosarcina acetivorans. More recently, a
CRISPR-Cas12a system was developed for the archaeon Methanococcus maripaludis
which was used to knockout and replace the operon encoding the flagella apparatus
with heterologous genes (Bao et al., 2022). The development of genome-editing tools
for the archaea based on class 2 systems is a major development for archaeal genetics.
This is because non-native CRISPR-Cas systems could be important for strains that
lack endogenous CRISPR-Cas systems. Furthermore, the need for a single effector
protein by class 2 CRISPR-Cas systems simplifies and reduces the genetic load that

needs to be introduced into the cell.
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1.4.3.5.1 Restriction-modification systems

In addition to adaptive immunity, prokaryotic organisms also make use of innate
immune defence mechanisms to fight off invading genetic elements such as viruses. A
well-studied and ubiquitous prokaryotic innate immune system is the restriction-
modification (R-M) system (Vasu and Nagaraja, 2013). In one study, R-M systems
were detected in 83% of prokaryotic genomes compared to CRISPR-Cas systems
found in ~39% of sequenced prokaryotic genomes in the NCBI RefSeq database

(Tesson et al., 2022).

R-M systems consists of two enzymatic activities including a restriction endonuclease
and a DNA methyltransferase (Vasu and Nagaraja, 2013; Dimitriu et al., 2020). The
restriction endonuclease activity is responsible for cleaving DNA at specific
recognition sites (Rusinov ef al., 2018). In contrast, the DNA methyltransferase plays
a role in facilitating the differentiation between the invading/foreign and host DNA.
This is achieved by the incorporation of a methyl-group at adenine or cytosine residues
within the restriction endonuclease recognition site of the host DNA thus protecting it
from cleavage (Tock and Dryden, 2005). Interestingly, the R-M system is capable of
stimulating CRISPR-Cas adaptive immunity (Maguin et al., 2022). This interplay
between R-M and CRISPR-Cas systems has also been shown to augment resistance to
phage infection with DNA methylation having no effect on the latter (Dupuis et al.,

2013).

Four types of R-M systems are recognised and include types I, II, III and IV which
may be further grouped into various subtypes (Loenen et al., 2014; Roberts et al.,
2003). A major difference between the R-M systems is that while the restriction

endonucleases of types I-1II specifically target unmethylated DNA at their respective
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recognition sites, type IV restriction endonucleases target methylated DNA at their
recognition sites (Bai et al., 2017; Roberts et al., 2003). Additional differences
between the different R-M systems may include subunit composition, specificity of
the recognition sequence and cleavage position relative to the recognition site (Vasu

and Nagaraja, 2013; Bai et al., 2018).

The discovery of R-M systems predates CRISPR-Cas and they have played a pivotal
role in advancement of molecular biology and especially genome-editing technologies.
For example, pioneering genome-editing technologies such as ZFN and TALEN,
exploit the Fokl restriction endonuclease (originating from the R-M system of
Flavobacterium Okeanokoites) to introduce double-stranded breaks (Kita ez al., 1989).
Most recently, a novel genome-editing technology termed R-M system-mediated
genome-editing (or RMGE) based on the type [V R-M system, has been developed for
bacteria and yeasts (Bai et al., 2018). The RGME approach makes use of an exogenous
restriction endonuclease or methyltransferases as counterselection markers in strains

with or without type IV R-M systems.

Despite the importance of R-M systems in recombinant DNA technology and genome-
editing, they may also present as major barriers to these technologies and the genetic
tractability of microorganisms (Freed et al., 2018; Johnston et al., 2019). This is due
to the fact that successful genome-editing of an organism is dependent on the
maintenance of heterologous DNA (e.g. plasmids) within a host cell. However, R-M
systems can target and degrade this heterologous DNA resulting in poor transformation
efficiencies and consequently hinder genome-editing efforts. A typical approach used
to protect the recombinant DNA (e.g. plasmids) from degradation by R-M systems,

entails passing the DNA through a strain containing the necessary methyltransferases
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to match the methylation pattern of the target host (Johnston et al., 2019). A recently
developed approach makes use of special vectors termed SyngenicDNA minicircle
plasmids to facilitate evasion of R-M systems. SyngenicDNA minicircle plasmids are
synthetic vectors specially designed to be deficient in recognition sequences making
them resistant to degradation by R-M systems in the target host (Johnston ez al., 2019).
Evidently, R-M systems play an important role in genetic engineering efforts acting
both as tools to introduce genetic changes and potential barriers to the introduction of
such changes. Therefore, R-M systems are integral to the success of genome-editing

regardless of the technology used.

1.5 Current state of archaeal genetic tools

Archaea, unlike their bacterial and eukaryotic counterparts, have not seen nearly as
much success in the development of genetic tools. This is perhaps not surprising given
that archaea were only classified into their own domain in the late 1970s (Woese and
Fox, 1977). Initially, only two archaeal phyla were recognised, Crenarchaeota and the
Euryarchaeota (Spang et al., 2010). The Euryarchaeota are widely distributed in both
marine and soil sediments and include representatives such as methane-producing
archaea (i.e. methanogens) and extreme halophiles (Offre et al., 2013). The phylum
Crenarchaeota is mainly comprised of hyperthermophilic organisms (e.g. Sulfolobales
and Thermoproteales) that can be found in hydrothermal vents and hot springs

(Perevalova et al., 2008).

Over the years, a plethora of novel archaeal lineages have been described with notable
examples such as the Nanoarchaeota (Huber et al., 2002), Korarchaeota (Barns et al.,
1996), Thaumarchaeota (reclassified as Thermoproteota) (Rinke et al., 2021) and the

recently discovered Asgard archaea (Zaremba-Niedzwiedzka et al., 2017). These new
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archaeal lineages, discovered from diverse ecological niches, represent new research
opportunities to understand archaeal metabolism, physiology and explore
biotechnological potential. However, cultured representatives of these novel archaeal
phyla are too few, which not only hinders their physiological characterisation but also

the establishment of a genetic toolbox.

Genetic tools are essential to investigating the mechanisms that underpin the molecular
processes of an organism. With regards to archaea, the availability of a genetic system
is particularly important due to the prevalence of poorly annotated genomes or
so-called ‘genomic dark matter’ (Makarova et al., 2019). ‘OMICS’ approaches have
undoubtedly been key to inferring function of genes and proteins present in this
‘dark-matter’. However, instances where the genes or proteins have ancient
evolutionary histories, it becomes increasingly challenging to identify homologues and
confidently assign function without the use of reverse or even forward genetics.
Furthermore, novel molecular processes that may be unique to archaea, would be
challenging to decipher without genetic tools as the associated proteins are unlikely to

have homologues in the other phylogenetic lineages.

In this work, a genetic toolbox is defined as a set of elements that together make up a
genetic system. The four main elements of a genetic toolbox are: (i) the ability to grow
the target organism as single colonies on solid growth medium which facilitates mutant
screening (ii) a selection system (e.g. antibiotics resistance or auxotrophy) (iii) a DNA
vehicle which allows the transfer of genetic material (e.g. plasmids) and (iv) a method
to introduce DNA into a host cell (e.g. transformation, transduction, transfection,
conjugation) (Leigh et al., 2011; Fink et al., 2021). Currently, archaea for whom a

genetic system has been developed belong exclusively to the Crenarchaeota and the
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Euryarchaeota (Atomi ef al., 2012). The subsequent sections will explore the current
advances and factors that have contributed to the development of genetic tools for

these archaea.

1.5.1 Euryarchaeota

1.5.1.1 Methanogens

Anaerobic methane-producing archaea (i.e. methanogens) were the first archaea to be
discovered (Stephenson and Stickland, 1933; Buan, 2018). These archaea are the only
known microorganisms capable of biological methane production. As such,
methanogens have been under intense research for decades to better understand their
contribution to carbon cycling as well as their biotechnological potential (e.g.
renewable energy source). Furthermore, due to the role of methane as a potent
greenhouse gas, mitigation efforts rely on in-depth knowledge of methanogen biology.
Consequently, the development of genetic tools for the methanogens has been a major
focus for decades. Of the seven recognised methanogen orders (Adam et al., 2017;
Buan, 2018), genetic tools are currently only available for the Methanococcales and
the Methanosarcinales which include genera such as Methanococcus and

Methanosarcina (Leigh et al., 2011; Atomi et al., 2012).

These strains grow well in the laboratory and readily form single colonies on solid
growth media with high plating efficiencies (Jones ef al., 1983; Sowers et al., 1993;
Leigh et al., 2011). The mesophilic nature of most genetically tractable methanogens
has favoured the use of antibiotics as selective agents. For example, puromycin, a
translation inhibitor isolated from Streptomyces alboniger, has proven to be a suitable
antibiotic in strains such as Methanococcus voltae and Methanosarcina mazei

(Gernhardt et al., 1990; Conway De Macario et al., 1996). It is interesting that the
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puromycin resistance gene, puromycin N-acetyltransferase (pac), retains its activity
following codon optimisation even in distantly related microbes with a significant
difference in GC content (e.g. 73% GC in S. alboniger vs 30% GC in M. voltae). Thus,
the pac gene may also be useful in other archaeal systems as a selectable marker. The
aminoglycoside antibiotic, neomycin, has also proven to be suitable for strains such as

M. mazei and M. maripuladis (Argyle et al., 1996; Mondorf et al., 2012).

Genome analysis of the available methanogens has led to the discovery of several
naturally occurring plasmids in both mesophilic and extremophilic methanogens
(Lange and Ahring, 2001). Such plasmids are highly useful elements for establishing
genetic tools as they contain the native endogenous replication and partitioning
machinery. This means that they are more likely to be taken up and maintained in the
host cell from which they were isolated. Unsurprisingly, several methanogen shuttle
vectors that are based on these native plasmids have been constructed. For example,
Metcalf and colleagues (1997) designed an E. coli-M. acetivorans shuttle-vector
derived from the native M. acetivorans plasmid, pC-2A. In Methanococcus
maripaludis CS5, the native plasmid pURB500 was used to develop an E. coli shuttle
vector (Tumbula et al., 1997). Other natural plasmids identified in methanogens
include pME2001 from the thermophile Methanobacterium thermoautotrophicum
(Marburg) (Bokranz et al., 1990) and the related plasmid, pME2200 from
Methanobacterium thermoautotrophicum ZH3 (Stettler et al., 1995). Recently, the
cryptid plasmid from Methanothermobacter marburgensis pME2001 was used as a

shuttle vector in Methanothermobacter thermoautotrophicus AH (Fink et al., 2021).

The majority of transformation methods used for methanogen models are either

physical or chemical methods. For example, polyethylene glycol (PEG) and liposome-
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mediated transformation have successfully been used for M. acetivorans (Metcalf et
al., 1997; Oelgeschldger and Rother, 2009). In strains such as M. voltae,
electroporation is an effective transformation method (Micheletti et al., 1991; Patel et
al., 1994). Interestingly, strains such as M. voltae, have been found to exhibit natural
competency albeit at lower efficiencies than those of electroporation (Micheletti ef al.,

1991).

Although homologous recombination is still the primary approach to introducing
genomic changes, CRISPR-Cas tools have recently been developed for a handful of
methanogens. For example, Nayak and Metcalf (2017) developed the first archaeal
type I CRISPR-Cas system in the model methanogen M. acetivorans. Additionally, a
CRISPRIi system, which is dependent on a deactivated Cas9 was developed to control
expression of nitrogen fixation-associated genes in the archaecon M. acetivorans
(Dhamad and Lessner, 2020). An additional type II CRISPR-Cas system (CRISPR-

Casl12a) was recently developed for the methanogen M. maripaludis (Bao et al., 2022).

1.5.1.2 Haloarchaea

In the late 1930s, Benjamin Wilkansky (now known as Benjamin Elazari Volcani)
published the first report on living microorganisms in the Dead Sea (Wilkansky, 1936;
Oren and Ventosa, 1999). These were later identified as halophilic archaea or
haloarchaea, a unique group of archaea that thrive in high salinity environments (Purdy
et al., 2004). The haloarchaea belong to the family Halobacteriaceae comprising the
genera Halobacterium, Haloarcula, and Haloferax among others (Fendrihan et al.,
2006). The extremophilic lifestyle of haloarchaea has generated interest in exploring
their biotechnological potential (Singh and Singh, 2017). Consequently, there have

been great strides made in developing genetic tools for these archaea.
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Genetically tractable haloarchaeal include strains such as Haloferax volcanii and
Halobacterium salinarium (Allers et al., 2004; Silva-Rocha et al., 2015). These strains
exhibit rapid growth in the laboratory (Robinson et al., 2005) and readily form single
colonies on agar plates which is conducive to mutant screening (Mullakhanbhai and
Larsen, 1975). Development of visible colonies in a little as 4 days has been reported
for Haloferax strains (Holmes and Dyall-Smith, 1990). Antibiotic-based selection is
widely used for the haloarchaea. For example, novobiocin a DNA gyrase inhibitor is
an important selective agent for strains such as Haloferax Aa. 2.2 at concentrations as
low as 0.005 pg/ml (Holmes and Dyall-Smith, 1990). The cholesterol lowering drug
mevinolin, is another important selection agent for strains such as H. volcanii (Lam
and Doolittle, 1992). Mevinolin inhibits the 3-hydroxy-methylglutaryl coenzyme A
reductase (HMG-CoA reductase) which forms part of the mevalonate pathway
responsible for the production of lipid biosynthesis precursors (Goldstein and Brown,
1990; Atomi et al., 2012; Vinokur et al., 2014). In addition to antibiotics, auxotrophy-
based selection has also proven useful for the haloarchaea. One such system is the
orotidine-5’-monophosphate decarboxylase (ura3/pyrF) selection system that is often
used as a counterselection system (Atomi et al., 2012). It works on the principle of
sensitivity to 5-fluroorotic acid (5-FOA) by cells containing an ura3/pyrF gene,
whereas as cells that have lost this gene are able to grow in the presence of uracil. This
selection system was successfully developed and used in Haloferax mediterranei and
Haloarcula hispanica (Liu et al., 2011). Allers and colleagues (2004) further

developed a selection system based on leucine and tryptophan auxotrophy.

As seen with the methanogens, efforts towards the establishment of genetic tools for
the haloarchaeal have also benefitted from the discovery of native plasmids that act as

templates for the design of shuttle vectors. The multicopy plasmid pHK2 from
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Haloferax Aa.2.2, was repurposed into an E. coli-Haloferax shuttle vector (Holmes
and Dyall-Smith, 1990). The plasmid pHV2 originating in H. volcanii was
instrumental in establishing transformation protocols for this strain (Charlebois et al.,
1987). With regards to inducing DNA uptake in the haloarchaea, transformation is
primarily limited to the use of PEG-mediated transformation (Cline et al., 1989a;
Cline, et al., 1989b). Transformation using PEG can be done on either whole cells or

spheroplasts (S-layer removed) (Dyall-Smith, 2009).

Similar to the methanogens, genetic manipulation of the haloarchaea has primarily
been achieved using homologous recombination (Bitan-Banin ez a/., 2003). However,
the endogenous type IB CRISPR-Cas system has been exploited to manipulate gene

expression in H. volcanii (Stachler and Marchfelder, 2016).

1.5.1.3 Hyperthermophilic Euryarchaeota

Hyperthermophilic lineages within the phylum Euryarchaeota include the orders
Archaeoglobales, Methanococcales and Thermococcales (Leigh et al., 2011). Archaea
from the order Thermococcales often represent the dominant archaeal community in
both deep and shallow-sea hydrothermal vents (Holden et al., 2001; Nercessian ef al.,
2003; Zhang et al., 2012). Three main archaeal genera make up the Thermococcales
including Pyrococcus, Palaecoccus and Thermoccocus (Zillig et al., 1983; Fiala and
Stetter, 1986; Takai et al., 2000; Lepage et al., 2004; Le Guellec et al., 2021). The
study of these hyperthermophiles promises fascinating insights into life at temperature
extremes and potential for novel biotechnological discoveries, particularly
thermostable enzymes (Vieille and Zeikus, 2001). Therefore, considerable efforts have

been made towards the development of a genetic system for this group of archaea.
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The main genetically tractable model strains include Thermococcus kodakarensis,
Pyrococcus abyssi, Pyrococcus yayanosii and Pyrococcus furiosus. These strains are
reportedly relatively easy to handle and grow well in the laboratory to high cell
densities (Lucas et al., 2002). Relevant to the development of genetic systems, these
strains also readily form colonies on growth medium solidified with Gelrite™ (gellan

gum) (Sato et al., 2003; Waege et al., 2010; Li et al., 2015).

Due to the extremely high temperatures needed for growth, antibiotic-based selection
systems are not widely used for these hyperthermophiles. Furthermore, one of the few
available thermostable antibiotic ~markers, a thermostable hygromycin
phosphotransferase (4pf), has limited use in strains such as P. abyssi due to the innate
resistance to hygromycin B (Lucas ef al., 2002). However, an exception is simvastatin
(also known as mevinolin), that has proven to be a useful selection agent in both
Pyrococcus and Thermococcus strains and exhibits stability at elevated temperatures
(> 85°C) for several days (Li et al., 2015; Song et al., 2021). In contrast, systems based
on auxotrophy including uracil or tryptophan auxotrophy are readily available and
widely used for these archaea (Santangelo et al., 2008b). An additional selection
system for 7. kodakarensis is based on the toxic purine analogue, 6-methyl purine
(6MP), and is usually used as counterselection system. Resistance to 6MP is due to the
inactivation of the hypoxanthine guanine phosphoribosyltransferase gene encoded by

TK0664 (Hileman and Santangelo, 2012).

Several native plasmids have been identified serving as templates for the design of
shuttle vectors. The first shuttle vector for a hyperthermophilic Euryarchaeote was
based on the native plasmid pGT5 (from P. abyssi) which was fused to pUC19 to create

the shuttle vector pCSVI (Aagaard et al., 1996). Interestingly, the pCSVI shuttle vector
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is capable of stable replication in both P furiosus and the crenarchaeote S.
acidocaldarius (Aagaard et al., 1996). Plasmid pGT5 has also been fused to the
plasmid pLitmus38 (bacterial) to create the shuttle vector pYS2 (Lucas et al., 2002).
In contrast to the genetically tractable Pyrococcus, T. kodakarensis does not harbour
its own native plasmids (Hileman and Santangelo, 2012). However, plasmids
identified in the closely related Thermococcus species are capable of replicating in
T kodakarensis. For example, plasmid pTN1 from Thermococcus nautilus was used
to create the E. coli-T. kodakarensis shuttle vector pTKO1 (Santangelo et al., 2008).
Plasmid pTP2 from Thermococcus prieurii formed the basis of various E. coli-T.
kodakarensis shuttle vectors (Catchpole et al., 2018). A notable recent discovery is
plasmid pT33-3, the first non-Sulfolobales archaeal conjugative plasmid discovered

(Catchpole et al., 2023).

It has been determined that the certain Thermococcal strains such as 7. kodakarensis
are capable of natural transformation which is efficient enough to be exploited for
genetic studies (Sato ef al., 2003). Similarly, P. furiosus COM1, also exhibits natural
competency and seems to be a characteristic feature of these hyperthermophiles
(Lipscomb et al., 2011). In addition to natural transformation, DNA uptake may also
be induced using methods such as CaCl, heat-shock treatment (Sato et al., 2003, 2005;

Lipscomb et al., 2011).

Targeted genomic alterations among the hyperthermophilic Euryarchaeota are
exclusively introduced via homologous recombination. However, reports on the
characterisation of CRISPR-Cas systems from 7. kodakarensis (Elmore et al., 2013)
and P. furiousus (Elmore et al., 2015) suggests that CRISPR-Cas-based genome-

editing tools could be available in the near future.
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1.5.2 Crenarchaeota

1.5.2.1 Sulfolobales

The Crenarchaeota order Sulfolobales, contains genera such as Sulfolobus,
Saccharolobus, Sulfurococcus and Sulfodiicoccus (Brock et al., 1972; Johnson, 1998;
Sakai and Kurosawa, 2017, 2018). These archaea are characterised by their
hyperthermophilic and acidophilic lifestyle and have been isolated from volcanic
solfataras, calderas and hot springs. As with other hyperthermophilic archaea, they
have attracted the attention for the potential of novel biotechnology discoveries and a
better understanding of life at extreme conditions. Despite their extremophilic nature,
efforts into the development of a genetic system for the Sulfolobales have been rather

successful.

Genetically tractable strains primarily belong to the genus Sulfolobus and include S.
solfataricus and S. islandicus. These strains exhibit rapid growth and readily form
individual colonies on solid growth medium (Reilly and Grogan, 2001; Wagner et al.,
2009; Leigh et al., 2011). Consequently, mutant selection on solid medium is possible

for the strains.

An interesting and unique feature of the Sulfolobales is the abundance of conjugative
plasmids (Prangishvili et al., 1998). Examples of conjugative plasmids include pNOBS8
(Sulfolobus sp.), pING1 (8. islandicus) and pM164 (S. islandicus strains) (Schleper et
al., 1995; Stedman et al., 2000). Non-conjugative plasmids have also been discovered
and include pRNI1 (Berkner et al., 2007). In addition to plasmids, the well
characterised Sulfolobus spindle-shaped virus 1 (SSV1) from Sulfolobus shibatae has
been a valuable tool for Sulfolobus genetic studies. For example, elements of the SSV1

virus have been used as the basis for construction of both integrative and multi-copy
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shuttle vectors (Cannio et al., 1998; Jonuscheit et al., 2003). In addition to acting as
DNA vectors, the high prevalence of conjugative plasmids for the Sulfolobales
provides an added advantage as a transformation method via conjugative transfer
(Elferink et al., 1996). It has also been demonstrated that the SSV1 virus particles can
be packaged with DNA and used to transform cells via transduction (Schleper et al.,
1992). Genetically tractable Sulfolobus sp. are also transformed using electroporation

at high efficiencies (Schleper et al., 1992; Stedman et al., 2000; Schelert et al., 2004).

With regards to mutant selection, auxotrophy-based systems have proven to be
superior among the Sulfolobales. For example, using [(-galactosidase deficient
Sulfolobus mutants (AlacS), transformants can be selected for on minimal media
supplemented with lactose (Schelert et al, 2004). The lacS gene (encoding [-
galactosidase), further functions as a reporter gene when medium is supplemented with
X-gal which facilitates blue/white screening (Jonuscheit et al., 2003). In addition to
the /acS system, uracil-auxotrophy is widely used in Sulfolobus genetic systems
(Berkner and Lipps, 2008). Although antibiotic-based selection systems are not
commonly used for the Sulfolobales, a thermostable phosphotransferase was
developed facilitating hygromycin B selection at temperatures reaching 75°C (Cannio

etal.,2001).

Ultimately, targeted genomic manipulation or gene knockout/in in the Sulfolobales is
achieved by homologous recombination. However, as seen with the previous archaeal
groups, efforts are being made into the development of CRISPR-Cas-based genetic
tools. A notable example is the endogenous CRISPR-Cas system (type [I[I-CMR) in S.

solfataricus that was used to influence gene expression (Zebec et al., 2014).
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Plasmid

Strain Phylum Transformation method virus Selection markers Reference
Haloferax volcanii Euryarchaeota PEG-mediated v Mevinolin (Lam and Doolittle, 1989)
3-isopropylmalate dehydrogenase  (Allers et al., 2004)
Leucine auxotrophy (lueB) (Charlebois et al., 1987)
Tryptophan synthase (7pA) -
Tryptophan auxotrophy
Haloferax strain Aa 2.2 Euryarchaeota PEG-mediated v Novobiocin (GyrB) (Holmes et al., 1994)
(Holmes and Dyall-Smith, 1990)
Haloferax mediterranei  Euryarchaeota CaClz heat-shock /X Orotidine-5'-monophosphate (Liu et al., 2011)
Haloarcula hispanica decarboxylase (ura3/pyrF) -uracil
auxotrophy
Methanosarcina Euryarchaeota Liposome-mediated v Puromycin resistance (puromycin (Nayak and Metcalf, 2017)
acettvorans PEG-mediated transacetylase, pac) (Metcalf et al., 1997)
Electroporation
Methanococcus voltae Euryarchaeota Natural competency V/x Puromycin resistance (puromycin (Bertani and Baresi, 1987)

PEG-mediated
Electroporation

Liposome-mediated

transacetylase, pac)

(Gernhardt ef al., 1990)
(Patel et al., 1994)
(Chaban et al., 2009)
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Methanococcus Euryarchaeota Natural competency v Neomycin (aminoglycoside (Argyle, et al., 1996)
maripaludis PEG-mediated phosphotransferase genes Tumbula et al., 1994,1997)
(APH3'I and APH3'T)) (Bao et al., 2022)
Puromycin
Thermococcus Euryarchaeota CaClz heat-shock /X trpE auxotrophy (Sato et al., 2005)
kodakarensis pyrF auxotrophy (Aagaard et al., 1996)
Sulfolobus solfataricus Crenarchaeota CaClz heat-shock v [-galactosidase (lacS)-blue/white  (Schleper et al., 1992)
Electroporation selection (Cannio et al., 1998)
Conjugation Hygromycin B (hygromycin  (Jonuscheit et al., 2003)
phosphotransferase, Aph (Elferink et al., 1996)
Sulfolobus islandicus Crenarchaeota Shuttle vectors (E. coli) v pwE/F auxotrophy (Deng et al., 2009)

Electroporation

Conjugation

lacS [-galactosidaase-blue/white

selection

(Stedman et al., 2000)
(Sanchez-Nieves et al., 2023)

v /x: No native plasmid present but plasmids from closely related strains or those based on E. coli plasmids are available.
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1.5.3 Barriers to the establishment of genetic tools for the Thaumarchaeota

AOA have a relatively recent history with the first strain only isolated in 2005
(Konneke et al., 2005). This is in contrast to archaea from the major phyla some of
which were discovered decades ago (Stephenson and Stickland, 1933; Wilkansky,
1936). It is therefore unsurprising that the technical advancements for the AOA such
as genetic tools are still lagging behind these archaea. But aside from a relatively recent

history, virtually no reports on the development of genetic tools have been published.

As noted previously, the ability to grow an organism on solid medium as single
colonies is essential to mutant screening. A unifying feature of the genetically tractable
archaea we have discussed previously is that they all readily form single colonies on
solid growth medium. This is in contrast to the AOA strains currently available in
culture, of which none exhibit growth on solid growth medium. All AOA strains in
culture today are maintained exclusively as liquid cultures. Presently, only a single
attempt to grow an AOA on solid growth medium as distinct colonies has been reported
but achieved limited success (Chu et al., 2015). While it is possible to screen for
mutants grown in liquid growth medium using methods such as fluorescence activated
cell sorting (Abuaita and Withey, 2011), this approach is not suitable or attractive for
routine use as it is costly and time consuming. Furthermore, the majority of AOA
strains exhibit slow growth rates which may increase the chances of contamination as
antibiotics used for selection systems may degrade before the desired mutants have
been enriched. It will therefore be worthwhile to investigate this general inability of

the Thaumarchaeota to grow on solid growth medium.

A robust selection system is an essential component of any genetic toolbox and is

needed to ensure the isolation of a homogenous population of cells harbouring a
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desired genotype for further study. The selection of bacterial and archaeal mutants
relies on either antibiotic or auxotrophy-based selection mechanisms. In order to
employ auxotrophy-based selection, the availability of a relevant auxotrophic mutant
obtained naturally or via genetic manipulation is essential. Such mutants may also be
generated using physical methods such as UV irradiation (Bertani and Baresi, 1987).
In contrast, the use of antibiotics is relatively straight forward and is dependent on the
sensitivity of the model strain to the antibiotic and availability a resistance gene. The

latter approach therefore seems like a suitable method particularly for initial efforts.

Unfortunately, only a handful of antibiotics are currently known to inhibit AOA and
include compounds such as cycloheximide and simvastatin (Vajrala et al., 2014; Zhao
et al., 2020). Additionally, AOA also seem to exhibit resistance to a range of protein
synthesis inhibitors that are typically used to prevent bacterial growth in culture (Abby
et al., 2018). Therefore, it will be necessary to focus on antibiotic sensitivity testing of

the Thaumarchaeota before a selection system can be established.

Genetic manipulation or genome-editing largely rely on the introduction of the
necessary genetic information into a host cell. This is often achieved by using plasmids
(self-replicating or even integrative) that act as molecular vehicles. As gleaned from
the genetically tractable archaea, the development of genetic systems has greatly
benefitted from the availability of native plasmids or other mobile genetic elements
such as viruses and conjugative plasmids. This is because native plasmids can be
reengineered into customised vectors carrying user-defined genetic information.
Furthermore, with regards to conjugative plasmids, they have an added advantage of
being used as a transformation method. More importantly, native plasmids are

expected to contain all the necessary machinery needed for the
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maintenance/replication and partitioning of the plasmid. One can therefore be
relatively confident that the organism from which the plasmid originates has the ability

to maintain vector DNA.

In the phylum Thaumarchaeota, native extrachromosomal self-replicating plasmids are
yet to be discovered (Forterre et al., 2014). However, recent reports have identified
several MGE such as proviruses, integrative-conjugative elements and cryptic
integrated elements in some AOA genomes (Krupovic et al., 2011, 2019). Kim and
colleagues (2019) have also isolated a novel group of viruses, the Nitrosopumilus
spindle-shaped viruses (NSV), that infect marine-dwelling AOA in the genus
Nitrosopumilus. The discovery of such MGE in Thaumarchaeota is significant as it
sheds light on the possible mechanisms of DNA transfer/uptake in these archaea. More
importantly, these elements could serve as the basis for developing natural
transformation protocols based on transduction or conjugation. However, as these
MGE are yet to be studied in detail and characterised, initial efforts to develop DNA

uptake protocols for the AOA will likely rely primarily on artificial transformation.

Lastly, the fastidious nature of AOA is a major bottleneck in developing a genetic
system. For example, long-term preservation techniques of cultures are currently
lacking, and liquid cultures must be continuously maintained. This implies that
successful transformants would also need to be continuously maintained indefinitely
which may have unknown effects on the introduced mutations. A further major issue
often faced during AOA cultivation is that these archaea are often sensitive to chemical
contaminations in glassware, solvents and even plastics which complicate their

handling. This may also limit the use of antibiotics to those that are water-soluble.
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To reiterate, the four main components of a genetic toolbox include the (i) the ability
to grow the target organism as single colonies on solid growth medium which
facilitates mutant screening (ii) a selection system (e.g. antibiotics resistance or
auxotrophy) (iii) a DNA vehicle which allows the transfer of genetic material (e.g.
plasmids) and (iv) a method to introduce DNA into a host cell (e.g. transformation,
transduction, transfection, conjugation) (Leigh et al., 2011; Fink et al., 2021). While
these tools are available for archaea from the major phyla, it is evident from the above
discussion that none have been established for the AOA. Therefore, if a genetic system

is to be developed for the AOA, each of these elements will need to be addressed.
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1.6 Aims

A major goal of AOA research is aimed at deciphering the molecular mechanisms
underpinning various aspects of their ecophysiology. However, characterisation of
these molecular mechanisms at the genetic level is dependent on the availability of a
functional genetic system. The lack of such tools for the AOA has therefore created a
bottleneck in their study. Therefore, the overall aim of this project is to lay the
foundation for the establishment of an AOA genetic system using the soil isolate ‘Ca.
N. franklandus C13’ as a model strain. In addition to being relatively easy to maintain
in culture, the genus Nitrosocosmicus is widely distributed and abundant in soil
particularly those receiving high ammonia inputs and represents an important model

to study.

1.7 Objectives

(i) Determine key factors that preclude the growth of AOA including the
model strain ‘Ca. N. franklandus C13’ on solid growth medium as single
colonies.

(ii)  Developing a novel cultivation method(s) to grow AOA on solid medium
as single colonies.

(iii) Determine the sensitivity of ‘Ca. N. franklandus C13’ to commercial
antibiotics to identify an appropriate selection marker(s).

(iv)  Construct artificial self-replicating plasmids for use in ‘Ca. N. franklandus
C13°.

) Explore various artificial transformation methods as a means to induce

DNA uptake in ‘Ca. N. franklandus C13’.
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Chapter 2: Materials and Methods
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2.1 General chemicals

All chemicals used in this study were supplied by Fisher Scientific (Loughborough,
UK), Sigma-Aldrich (St. Louis, MO, USA), ThermoScientific (New Jersey, USA) and
Honeywell Fluka (Germany) unless otherwise stated. All commercially available
antibiotics used in this study were sourced from the following suppliers: puromycin
dihydrochloride (Fisher, Leicestershire), hygromycin B (Sigma-Aldrich), novobiocin
salt (Sigma-Aldrich), apramycin (Sigma-Aldrich), neomycin sulfate (Fisher Scientific)

and ciprofloxacin (Sigma-Aldrich).

2.2 Bacterial strains used in this study

Table 2.1: Bacterial strains used in this study.

Strain Genotype Supplier

F- ¢80lacZAM15 A(lacZYA-argF) U169
recAl endA1l hsdR17(rK-, mk+) phoA ThermoScientific (New Jersey,
supE44 USA)

E. coli DH5a.

2.3 Routine cultivation of ammonia-oxidising archaea

Batch cultures of ‘Ca. Nitrosocosmicus franklandus C13’ and Nitrososphaera
viennensis EN76 were routinely maintained in fresh-water medium (FWM). FWM
consists of a basal salt solution containing NaCl (1 g/l), MgCL.6H,O (0.4 g/),
CaCl2.2H>0 (0.1 g/1), KH2PO4 (0.2 g/1) and KC1 (0.5 g/1). The FWM basal salt solution
was supplemented with sterile stocks of modified trace element solution (1 ml/l,
Appendix A), FeNaEDTA (7.5 puM), NaHCO; (2 mM), vitamin solution (1 ml,

Appendix B), HEPES buffer (10 mM), and the pH indicator phenol red at a final
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concentration of 1.4 uM. The pH was maintained between 7 - 8. In addition, ‘Ca. N.
franklandus C13’ and N. viennensis EN76 cultures were supplied with NH4Cl at a final
concentration of 5 mM and 3 mM respectively. N. viennensis EN76 required sodium
pyruvate at a final concentration of 0.5 mM. Cultures were incubated at 37°C in the
dark under static conditions. Note: The antibiotic streptomycin was used at a final

concentration of 50 pg/ml to prevent the growth of heterotrophic bacteria.

Batch cultures of the marine AOA strain, Nitrosopumilus maritimus SCM1, were
maintained in synthetic crenarchacote medium composed of a basal salt solution of
NaCl (26 g/l), MgCL.6H20 (5 g/l), MgS04.7H20 (5 g/l), CaCL.2H>O (1.5 g/1) and
KBr (0.1 g/l). The basal salt solution was supplemented with modified trace element
solution (1ml/l, Appendix A), FeNaEDTA (7.5 uM), NaHCO3 (2 mM), NH4CI (1 mM),
HEPES (10 mM) and KH>PO4 (2.9 mM). The pH was maintained between 7 - 8.

Cultures were incubated at 28°C in the dark under static conditions.

Batch cultures of the acid-tolerant AOA strain ‘Candidatus Nitrosotalea sinensis Nd2’
were routinely maintained in modified FWM. The basal salt solution consisted of NaCl
(1 g/1), MgCL.6H>O (0.4 g/1), CaCL,.2H>0 (0.1 g/1), KH2PO4 (0.2 g/l) and KCI (0.5
g/1). This basal salt solution was further supplemented with sterile stocks of modified
trace element solution (1 ml/l, Appendix A), FeNaEDTA (7.5 uM), NaHCO3 (4 mM),
NH4Cl (500 uM), 4 ml of MES hydrate (0.5 M, pH 5.3) and 2 ml of 10% (v/v) HCL
The pH was maintained in the range 4.8 - 5.6. Cultures were incubated at 37°C in the

dark under static conditions.

All glassware was acid-washed in 10% (v/v) nitric acid prior to use and cultures were
regular monitored for the presence of heterotrophic bacteria by plating on lysogeny

broth agar (LB) and R2A agar.
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2.4 Nitrite measurements

The growth of the AOA was monitored by measuring total nitrite production in the
cultures. Nitrite concentrations were measured using the Greiss colorimetric assay
with sulphanilamide and N-(1-naphthyl) ethylenediamide in a 96-well plate format as
previously described (Lehtovirta-Morley et al., 2016). Absorbances were measured at

540 nm using a VersaMax™ plate reader (Molecular Devices).

2.5 Cell counting

Total archaeal cell counts were determined microscopically using the fluorescent dye
4’ 6-diamidino-2-phenylindole (DAPI). A volume of 1 ml of cells was stained with 6
pg/ml of DAPI in the dark for a minimum of 10 min. Note: To prevent clumping, the
cells were passed through a 1 ml syringe connected to a 25 gauge needle (4 - 5 times)
prior to DAPI staining. The cells were subsequently transferred onto black 0.22 uM
(25 mm) polycarbonate filter membranes (Cytiva Whatman™, Cyclopore™) using a
vacuum manifold and allowed to dry. Filters were mounted onto a glass slide with 10
pl of AF2 anti-fadent (Citifluor, USA) and viewed using a Zeiss AXIO Scope.Al

microscope (Carl Zeiss, Germany).

2.6 Assessing the effect of solidifying agents on the growth of AOA

Various gelling agents were screened to determine their effect on growth. For the strain
‘Ca. N. franklandus C13’, cells were harvested from 500 ml of a mid-late exponential
culture (~700 — 1200 pM NOy’) onto a 0.2 uM membrane filter (PES, Millipore) using
a vacuum filtration manifold. The cells were washed on the membrane with 50 - 100
ml of sterile FWM basal salts. The membrane filter was subsequently transferred into
10 ml of FWM basal salts and briefly vortexed. This cell suspension was serially
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diluted (1:10) and 80 — 100 pl of this suspension was used for further experiments

(1071, ~108 cells/ml).

For N. viennensis EN76 and ‘Ca. N. sinensis Nd2’, 100 pl of a mid-late exponential
culture (700 — 1000 uM or ~80 uM NO; respectively) was used for the growth

experiments.

To assess the effects of 1.5% (w/v) Agar (Formedium, UK), 1.5% (w/v) Bacto-Agar
(BD Difco™), 1.4% (w/v) Noble-Agar (BD Difco™), 1.4% (w/v) Agarose (Melford,
UK) and 1.7% (w/v) Phytagel™ (Sigma-Aldrich®) on the growth of AOA, a biphasic
mixture of the gel and liquid medium was used (Figure 2.1). Briefly, to each 30 ml
plastic screw-cap vial (Greiner Bio-One), 10 ml of molten gelling agent (containing
all medium supplements) was added and allowed to solidify. The solid layer was
subsequently overlayed with an equal volume of liquid medium and inoculated as
described above. All experiments were performed in triplicate and control experiments
were performed in the absence of a gelling agent (i.e. liquid medium only). Vials were
incubated in the dark at 37°C under static conditions. Total nitrite production was

measured to determine the effects the different gelling agents on growth.
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Figure 2.1: Experimental setup used to pre-screen gelling agents. Solid FWM was prepared using a
range of gelling agents including Phytagel™, Agarose, Agar, Nobel-Agar and Bacto-Agar. Solid FWM
was added to the vial and allowed to set. The solid layer was subsequently overlayed with liquid FWM
and inoculated with the strain of choice. Total nitrite production was monitored over time to determine

the effect of each gelling agent on growth.

2.7 Cultivation of AOA on solid growth media using the Liquid-Solid

method (LS)

‘Ca. N. franklandus C13’ was grown on solid media using the Liquid-Solid method
(LS-method). Briefly, the LS-method consists of a solid-phase (Phytagel™) in which
the cells are embedded and a liquid-phase in which the gel-embedded cells are
submerged. The LS-method involves four main steps (i) cell harvesting (ii) gel
preparation (iii) inoculation and (iv) maintenance. Experiments were performed in
triplicate in acid-washed 100 ml Duran glass bottles. The method was repeated five

times and has been validated independently in our laboratory.
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2.7.1 Cell preparation

Cells were aseptically harvested from 500 ml of a mid-late exponential culture onto a
0.2 uM pore size Millipore Express® PLUS PES membrane filters (Merck, USA)
using a vacuum filtration manifold. The cells were resuspended in a sterile solution of

FWM basal salts and diluted using a four-fold (1:10) dilution series.

2.7.2 Gel preparation

Phytagel™ (0.6% (w/v)) was dissolved in FWM basal salts (containing phosphates)
and sterilized by autoclaving at 121°C for 15 min (15 psi). All media supplements
including streptomycin (50 pg/ml) were added once the molten gel had cooled to
~42°C. A 20 - 25 ml aliquot of the molten Phytagel™ was transferred to each sterile
100 ml Duran bottle and allowed to set. The second Phytagel™ layer was prepared as
above but inoculated with the AOA strains of choice as described below. Note: A single

Phytagel™ layer may also be used.

2.7.3 Inoculation and monitoring

The molten Phytagel™ was inoculated with ‘Ca. N. franklandus C13’ using 50 - 80 pl
of the diluted cell suspension (i.e. 10! (~107 cells/ml) or 10 (~10* cells/ml)). The
Phytagel™:cell mixture was gently swirled to ensure even distribution of the cells.
Once the inoculated Phytagel™ layer had solidified, it was overlayed with an equal
volume of liquid FWM medium containing streptomycin (50 pg/ml). The bottles were

incubated in the dark at 37°C under static conditions.

Growth of the gel-embedded cells was monitored by measuring nitrite production in
the top liquid layer as previously described (see section 2.4). In addition, the bottles
were also observed for a change in colour from pink to yellow (due to the presence of
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the pH indicator phenol red) which is an indicator of media acidification resulting from
ammonia oxidation. Once nitrite accumulation had ceased, the cultures were
maintained by regularly replacing the top liquid layer with fresh medium. An

illustration of the LS-method design is presented in Figure 2.2.

100 ml Duran glass bottle

] ——> [iquid growth medium

NO2© NO2 NO»

Colonies «——) 0 O O
O (O ——3> Solid growth medium (Phytagel™)

Figure 2.2: Illustration of the Liquid-Solid cultivation method. Cells are immobilised in the gel by
inoculation into molten (but cool) Phytagel™. All requirements for growth are present in the solid
phase. Once the gel has solidified and the cells are immobilised, a top layer of liquid growth medium
equal to the volume of the solid growth medium is added. In theory, the nitrite (NO2") is expected to
diffuse into the top liquid layer and is subsequently discarded once the liquid phase is replenished.
Regular replenishment of the liquid growth medium minimises the accumulation of NO2  which is toxic

to AOA.
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2.8 Plating efficiency

The plating efficiency for ‘Ca. N. franklandus C13’ growing on solid medium was
determined as a measure of the number of colonies observed to the number of cells
plated i.e. number of colonies counted/ number of cells plated. This ratio was further

expressed as a percentage. Cell counts were performed as described previously.

2.9 Fluorescence in-situ hybridisation (FISH)

Cells growing within the Phytagel™ were harvested using the tip of a sterile glass
Pasteur pipette. Samples from three replicates were pooled totalling ~100 pl of the
Phytagel™:cell mixture to which an equal volume of sterile FWM solution was added.
Gel-embedded cells were released by vortex mixing for 10 min. Phytagel™ pieces
were removed by centrifugation at 2,000 g for 5 min. The supernatant was transferred
to a fresh tube and cells were harvested at 16,000 g for 40 - 60 min. The biomass was
resuspended in 20 pl of 1X Phosphate buffer saline (PBS) buffer and fixed with 3
volumes of 4% (v/v) in 1X PBS) formaldehyde (ACROS organics, USA) at room
temperature (RT) for 30 min. Fixed cells were harvested at 16,000 g for 15 min and
washed once with 500 pl 1X PBS buffer. The washed and fixed cells were finally

resuspended in 50 - 100 pl of'a 50:50 mix of PBS:absolute ethanol and stored at -20°C.

Fixed cells (10 pul) were spotted onto Teflon coated slides (Thermo Scientific, USA)
and oven dried at 46°C for 10 min. The samples were dehydrated in an increasing
ethanol series of 50% — 80% — 100% for 3 min each. A 35% (v/v) formamide
hybridization-buffer was prepared containing: NaCl (0.9 M), Tris (20 mM) and SDS
(0.001% (v/v)). To each well, 10 pl of the hybridization-buffer and fluorescent probes

were added. Probes specifically targeting the archaeal and bacterial 16S rRNA were
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added at a final concentration of 3 ng/ul and 5 ng/ul, respectively. All fluorescent
probes used in this study are listed in 7able 2.2. The fluorescent probes were hybridized
overnight in an air-tight humidity chamber at 46°C. Following hybridization, the slides
were rinsed in washing-buffer containing NaCl (70 mM), Tris-HCI (20 mM, pH 8) and
EDTA (5 mM) for 15 min at 48°C. Finally, the slides were briefly plunged in ice-cold
MilliQ water and dried at 46°C for 1 min. Cells were embedded in Vectashield
mounting solution containing 4',6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories Inc., Burlingame, CA, USA). Images were acquired with a Zeiss AXIO
Scope.A1 microscope and analysed with the Zen (2011) v. 1.0.0.0 software (Carl Zeiss,

Germany).

Table 2.2: Oligonucleotide probes used for fluorescence in-situ hybridisation.

Probe Target group Sequence (5 — 3°) References
Arch915 Archaea GTGCTCCCCCGCCAATTCCT  (Stahl and Amann, 1991)
EUB3381  Most bacteria GCTGCC TCC CGTAGGAGT (Amann et al., 1990)

EUB3382  Planctomycetales GCAGCCACCCGTAGGTGT (Amann et al., 1990)
EUB3383  Verrucomicrobiales GCTGCCACCCGTAGGTGT (Daims et al., 1999)

2.10 Transmission Electron Microscopy (TEM)

Phytagel™ plugs containing gel-embedded ‘Ca. N. franklandus C13’ cells were
sampled with a wide-bore tip (blue tips) and placed in a sterile solution of FWM. The
gel plugs were cut into 1 mm? cubes and fixed overnight using a 2.5% (v/v) solution
of glutaraldehyde in 0.05 M sodium cacodylate (pH 7.3) at 4°C. A stationary phase
liquid-batch culture of ‘Ca. N. franklandus C13’ was used as a control. Prior to

fixation, the cells were embedded in agarose using glutaraldehyde at a final
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concentration of 2.5% (v/v). The cells were pelleted by low-speed centrifugation and
most of the supernatant discarded. The cell pellet was mixed with an equal volume of
2% (w/v) low-melting point Agarose at 37°C and briefly plunged in ice. Low-melting
point Agarose containing cells was cut into cubes measuring 1 mm?. These cubes
containing concentrated cells were fixed overnight in a solution of 2.5% (v/v)

glutaraldehyde in 0.05 M sodium cacodylate (pH 7.3) at 4°C.

The fixed samples were embedded using a Leica EM TP embedding machine (Leica,
Milton Keynes, UK). The fixative was washed out with three successive 15 min
washes in 0.05 M sodium cacodylate and post-fixed in 1% (w/v) osmium tetroxide
(Os04) in 0.05 M sodium cacodylate at RT. The cells were washed thrice with distilled
water. Ethanol dehydration was performed in an increasing ethanol series (30% —
50% — 70% — 95% and two times in 100%) for 1 hr each. Following dehydration,
samples were gradually infiltrated with LR White resin (London Resin Company,
Reading, Berkshire) by successive changes of resin:ethanol mixes at RT (1:1 for 1 hr,
2:1 for 1 hr, 3:1 for 1 hr, 100% resin for 1 hr then 100% resin for 16 hrs and a fresh
change again for a further 8 hrs). The samples were transferred into gelatin capsules

containing fresh LR White and incubated at 60°C for 16 hrs to polymerize.

Ultra-thin sections of approximately 80 nm were cut with a glass knife using a Leica
UCT7 ultramicrotome (Leica, Milton Keynes, UK). The sections were picked up on 200
mesh copper grids coated with Formvar and carbon film (EM Resolutions, Sheftfield,
UK). Sections were stained with 2% (w/v) uranyl acetate for 1 hr and 1% (w/v) lead
citrate for 1 min and subsequently washed with distilled water and air dried. The grids

were viewed in a FEI Talos 200C transmission electron microscope (FEI UK Ltd,
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Cambridge, UK) at 200 kV and imaged using a Gatan OneView 4K x 4K digital

camera (Gatan, Cambridge, UK) to record DM4.

2.11 Antibiotic sensitivity testing

All antibiotic stocks were dissolved in MilliQ water and filter sterilised using 0.22 uM

Millipore Express® PLUS PES membrane filters (Merck, USA).

2.11.1 Rationale

Commercially available antibiotics were selected based on five main criteria (i) The
antibiotic must have previously exhibited anti-archaeal activity, (ii) The antibiotic
must have a known resistance marker, (iii) the stability of the antibiotics at the growth
temperatures of the model strains and (iv) the antibiotic must be water-soluble.
Additionally, antibiotics that are known to have no activity against the majority of

AOA were avoided. A list of antibiotics used in this work are listed in Table 2.3.

Table 2.3: List of antibiotics tested in this study.

Antibiotic Class Mode of action Reference

Puromycin Aminonucleoside  Inhibition of protein synthesis  (Vara ef al., 1985)
(Pérez-Gonzélez et al.,

1985)

Hygromycin B Aminoglycoside Inhibition of protein synthesis ~ (Borovinskaya et al.,
2008)
(Gritz and Davies, 1983)

Neomycin Aminoglycoside Inhibition of protein synthesis  (Jana and Deb, 2006)
Novobiocin Aminocoumarin Topoisomerase Il inhibitor (Vos et al., 2011)
(DNA gyrase)
Apramycin Aminoglycoside Inhibition of protein synthesis  (Tsai et al., 2013)
FormicamycinJ  Formicamycin Inhibits ourified DNA gyrase in  (Matt Hutchings,
vitro Personal
communication)
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Fasamycin E Fasamycin Inhibits fatty acid synthase I  (Feng et al., 2012)
(FASII) in vivo and purified (Matt Hutchings, Personal
DNA gyrase in vitro communication)
Fasamycin G Fasamycin Inhibits FASII in vivo and (Fengetal., 2012)
purified DNA gyrase in vitro  (Matt Hutchings, Personal
communication)
FormicamycinI ~ Formicamycin  Inhibits purified DNA gyrase (Matt Hutchings, Personal

in vitro

communication)

2.11.2 Whole cell testing

‘Ca. N. franklandus C13’ cells were harvested from 500 ml of an exponentially
growing culture (~0.7 - 1.2 mM NO>") onto a 0.2 uM PES membrane filter (Millipore)
under vacuum. The cells were washed once with sterile FWM salts and resuspended
in 10 ml of FWM salts. This cell suspension was diluted 1:10 of which 100 pl was
used to inoculate 5 ml of sterile FWM. Antibiotics were added to the desired
concentration and the cultures were incubated at 37°C in the dark under static

conditions.

N. maritimus SCM1 was grown to mid-late exponential phase (~200 - 500 uM NO")
and diluted 1:3 in 1x SCM salt solution. Of this diluted culture, a volume of 100 pl
was used to inoculate 5 ml of sterile medium. Antibiotics were added to the desired
concentration and the N. maritimus SCM1 cultures were incubated at 28°C in the dark

under static conditions.

N. viennensis EN76 cells were harvested from 400 - 500 ml of an exponentially
growing culture by centrifugation at 5000 rpm for 30 - 40 mins. The cells were

resuspended in 10 ml of sterile FWM salts and diluted 1:10 of which 80 - 100 ul was
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used to inoculate 5 ml of sterile FWM medium. Once the antibiotics had been added
to the desired concentration, N. viennensis EN76 cultures were incubated at 37°C in

the dark under static conditions.

Total nitrite production was measured to determine the sensitivity to the antibiotics.
All assays for all three strains were performed in 30 ml plastic universal vials (Bio-

GreinerOne).

2.11.3 Fasamycin and formicamycin sensitivity testing

Fasamycin and formicamycin congeners were provided in kind by Matt Hutchings
(John Innes Centre, Norwich). All fasamycin and formicamycin stocks were prepared
in 100% DMSO. Ciprofloxacin, a known DNA gyrase inhibitor, was used as a positive
control and prepared in 0.1 M HCI. These compounds were only tested against ‘Ca.
N. franklandus C13’ and N. viennensis EN76 and the assays were performed as
described in section 2.11.2 above. In addition, all antibiotic treated cultures contained
DMSO and HCI at a final concentration of 0.05% (v/v) and 0.05 mM respectively. A
list of fasamycin and formicamycin congeners tested in this study is provided in Table

2.3 above.
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2.12 Genetic manipulations

2.12.1 Extraction of genomic DNA from archaeal cells

2.12.1.1 Sample preparation

‘Ca. N. franklandus C13’ cells growing within Phytagel™ were harvested aseptically
using a sterile glass Pasteur pipette. Samples from three replicates were pooled
(approximately 100 pl) and resuspended in 100 pl of FWM basal salts. Cells growing
in liquid cultures were harvested from > 1 ml by centrifugation at 16,000 g for 10 - 30

min depending on the cell density.

2.12.1.2 DNA extraction

Cells were resuspended in 500 pl of extraction buffer containing NaCl (8.2 g), 2.5 g
(Na2.S03), 40 ml 0.5 M Tris-HCI (pH 7.5), 20 ml 0.5 M EDTA (pH 8), 20 ml 10%
(w/v) SDS and transferred to 2 ml screwcap Blue matrix Ribolyser tubes (MP
Biomedicals, UK). Following the addition of a Phenol:Chloroform:Isoamyl alcohol
(PCI, 25:24:1) mixture, samples were disrupted using the FastPrep-24™ 5G (MP
Biomedicals, UK) at 4 m/sec for 25 sec. The mixture was centrifuged at 16,000 g for
5 min and RT and the aqueous layer transferred to a fresh 1.5 ml tube to which 500 pl
of chloroform:Isoamyl alcohol (CI, 24:1) was added and thoroughly mixed. This
mixture was centrifuged at 16,000 g for 5 min and the aqueous layer transferred to a
fresh 1.5 ml tube. Two volumes of 30% (w/v) PEGeooo-1.6 M NaCl and 1.5 pl glycogen
were added and mixed thoroughly. This mixture was incubated for 2 hrs at RT or
overnight at 4°C. DNA was pelleted at 16,000 g at RT and washed once with 1 ml of
ice-cold 70% ethanol. DNA resuspended in 50 pl of TE buffer (100 mM Tris-HCI (pH

8), 0.1 mM EDTA) and stored at -20°C.
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2.12.2 Plasmid DNA extraction

E. coli DH5a cells were harvested from 2 - 5 ml of an overnight culture at 5000 rpm
for 4 min at RT. Subsequent plasmid extractions were done using the QiaPrep® Spin

Miniprep kit (Qiagen), according to the manufacturer’s instructions.

2.12.3 DNA quantification

All DNA quantifications were done using the Qubit™ 2.0 fluorometer using the
dsDNA high-sensitivity assay kit (Invitrogen, USA) according to the manufacturer’s

instructions.

2.12.4 Agarose gel electrophoresis

DNA was visualised and resolved using agarose gel electrophoresis. Agarose gels
(0.8% (w/v)) were prepared in 1x TBE buffer (Tris-base (10.8 g/1), Boric acid (5.5 g/l)
and EDTA (2 mM)) and stained with 0.6 pg/ml ethidium bromide prior to casting.

DNA to be resolved was premixed with 1x loading dye.

2.12.5 Restriction digestion analysis

All restriction endonuclease enzymes (FastDigest) used in this work were purchased
from ThermoFisher Scientific (MO, USA). Reactions were performed in a total
volume of 20 pl containing: 1x FastDigest Green buffer, 1 ul of each restriction

enzyme(s), plasmid DNA (1 pg) and nuclease-free Milli-Q® water.

2.12.6 DNase I digestion

Each DNase I reaction (New England BioLabs, UK) was carried out in a total volume

of 101 pl containing 10 pl of DNase I buffer, 1 pl of DNase I and 90 pl of the cell
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suspension. This mixture was briefly vortexed (~5 sec) and incubated at 37°C for 10
min. The DNase I enzyme was inactivated at 75°C for 10 min in the presence of 5 mM

EDTA.

2.12.7 Primer design

All primers were designed using SnapGene version 6.2.1 (www.snapgene.com) and
the NCBI PrimerBlast software (Ye et al., 2012). Primer quality was validated using

the OligoAnalyzer software (https://www.idtdna.com/SciTools). Primer stocks were

resuspended and stored in TE buffer containing 100 mM Tris-HCI (pH 8) and 0.1 mM

EDTA at -20°C.

2.12.8 Polymerase chain reaction (PCR)

All PCR reactions were performed in 25 - 50 pl reactions containing; 0.02 U/ul Q5
High-fidelity DNA polymerase (New England BioLabs, UK), 1x Q5 reaction buffer,
0.4 - 0.5 uM of the forward and reverse primer and 0.2 mM dNTP mix. Thermocycling
reactions were performed using an automated thermal cycler (DNA Engine Tetrad® 2,

BioRad).

Primers and PCR thermocycling parameters that were used to add homology arms
needed for a Gibson assembly are listed in 7able 2.4. General primers and their PCR
thermocycling parameters are listed in 7able 2.5. Where necessary, PCR generated
sequences were analysed using BioEdit sequence alignment editor v.7.2.5 (Hall, 1999)

and the NCBI BLAST tool (Altschul ez al., 1990).
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Table 2.4: Primers and PCR parameters used to add homology arms needed for a Gibson assembly.

Primer pair Sequence (5’ > 3°) Description Thermocycling parameters Reference

Primers used for plasmid pfrank-CRISPR and pfrank-CRISPR-amoB

Cas9-Pacl3- tggtgtcgacgegctgttctctegtacgct- Primers amplify the Cas9 gene and add homology Initial denaturation: 98°C for 30 sec, This study
overlap-F AGGTGTACTGCCTTCCAGACG arms to the adjacent pac gene (30 bp) and the 30 cycles of 98°C for 10 sec, 68°C for
pCRISPomyces-2 region spanning the gapdh 30 sec, 72°C for 2:30 sec and a final
Cas9-lacZ- tgtatcggtttatcagettgctttcgaggt- promoter and the apramycin resistance gene (30 extension at 72°C for 2 min. Hold at
overlap-R CCATCGCCCACGCATAAC bp). 10°C.
Product size: 4670 bp (+60 bp)
oriC13-lacZ- gatatgaaaaagcctgaactcaccgegacg- Primers amplify the ‘Ca. N. franklandus C13° Initial denaturation: 98°C for 30 sec, This study
overlap-F GGTCGGCCATTCTTTAACAC ORB-containing fragment and add homology 30 cycles of 98°C for 10 sec, 64°C for
arms to the pCRISPomyces-2 region spanning 30 sec, 72°C for 30 sec and a final
oricCl13- gtcagagcgctgtaactggaacgggttcta- gapdh promoter and the apramycin resistance extension at 72°C for 2 min. Hold at
Pacl3- GGATTTTCATAGTGGATAGATTGCC  gene (30 bp) and the pac gene (30 bp). 10°C.
overlap-R

Product size: 791 bp (+60 bp)
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Table 2.4: Continued.

Pacl13- tagaaggcaatctatccactatgaaaatcc- Primers amplify the pac gene and add a total of 60  Initial denaturation: 98°C for 30 This study

OriC13- TAGAACCCGTTCCAGTTAC bp homology arms to the ORB-containing sec, 30 cycles of 98°C for 10 sec,

overlap-F fragment and the Cas9 gene. 62°C for 15 sec, 72°C for 40 sec
ctettcgttegtetggaaggeagtacacct- and a final extension of 2 mins.

Pacl3-Casd-  AGCGTACGAGAGAACAGC Hold at 10°C.

overlap-R Product size: 1057 bp (+60 bp)

LacZApra- tatatcggttatgcgtggecgatgg- Primers amplify the region of the pCRISPomyces-2 Initial denaturation: 98°C for 30 This study

Cas9- ACCTCGAAAGCAAGCTGATAAAC  plasmid spanning the gapdh promoter to the apramycin ~ sec, 30 cycles 98°C for 10 sec,

overlap-F resistance gene and adds a total of 50 bp homology 66°C for 30 sec, 72°C for 1:30 sec
ctgttgtgttaaagaatggcecgace- arms to Cas9 and the ORB-containing fragment. and a final extension at 72°C for 2

LacZApra-  CGTCGCGGTGAGTTCAGG min. Hold at 10°C.

OriC-

overlap-R Product size: 2825 bp (+50 bp)

amoB-Cas9- tatatcggttatgcgtgggcgatgg- Primers amplify the amoB promoter from ‘Ca. N. Initial denaturation: 98°C for 30 This study

overlap-F ACGTGATATCTGAAGATTTATAATG franklandus C13° and add homology arms to the sec, 30 cycles of 98°C for 10 sec,

Cas9 gene (25 bp) and the pCRISPomyces-2 58°C for 10 sec, 72°C for 25 sec
amoB-lacZ-  (iotagcggctgagaagactigegta- region spanning the gapdh promoter and the and a final extension at 72°C for 2
overlap-R CTAGGGAATCCACTATTTACATAG  apramycin resistance gene (26 bp). mins. Hold at 10°C.

Product size: 330 bp (+51 bp)
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Table 2.4: Continued.

LacZ-amoB- tctatgtaaatagtggattccctag- Primers are used to linearize the pfrank- Initial denaturation: 98°C for 30 sec, This study
overlap-F TACGCAAGTCTTCTCAGCCGC CRISPR vector and add homology arms to the 30 cycles of 98°C for 10 sec, 68°C for

amoB promoter sequence (53 bp). 30 sec, 72°C for 4:30 sec, and a final
Cas9-amoB- gaacattataaatcttcagatatcacgt- extension at 72°C for 2 mins. Hold at
overlap-R CCATCGCCCACGCATAAC Product size: 9004 bp (+53 bp) 10°C.

Primers used for pfrank-mCherry-Cdc-orb

LacZApra- ttatgcgtgggcgatggtac- Primers amplify the pCRISPomyces-2 region Initial denaturation: 98°C for 30 sec, This study
mCherryIDT- ACCTCGAAAGCAAGCTGATAAAC  spanning gapdh promoter and the apramycin 30 cycles of 98°C for 10 sec, 66°C for
overlap-F resistance gene adding homology arms to the 30 sec, 72°C 1:30 sec, and 72°C for 2
aattgtgatcgattgttctgatcga- mCherryIDT gene (20 bp) and the Cdc gene and min. Hold at 10°C.
LacZApra- CGTCGCGGTGAGTTCAGG ORB-containing fragment (25 bp).
cdc-ori-
overlap-R Product size: 2825 bp (+45 bp)
Pac-ori-Cdc- atctttagaaggcaatctatccact- Primers amplify the pac gene and add Initial denaturation: 98°C for 30 sec, This study
overlap-F TAGAACCCGTTCCAGTTAC homology arms to the mCherryIDT gene (25 30 cycles of 98°C for 10 sec, 62°C for
bp) and Cdc gene (25 bp). 15 sec, 72°C 40 sec, and 72°C for 2
Pac- tcgtctggaaggcagtacaccettac- min. Hold at 10°C.
mCherryIDT-  AGCGTACGAGAGAACAGC
overlap-R

Product size: 1057 bp (+50 bp)
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Table 2.4: Continued.

mCherryIDT-  cgegcetgttetctcgtacget- Primers amplify the mCherryIDT gene adding Initial denaturation: 98°C for  This study
Pac-overlap-F  GTAAGGTGTACTGCCTTCCAGA homology arms to the pac gene (21 bp) and the 30 sec, 30 cycles of 98°C for
pCRISPomyces-2 region spanning the gapdh 10 sec, 67°C for 15 sec, 72°C

mCherryIDT- cggtttatcagcttgctttcgaggt- promoter and apramycin resistance gene (25 bp). 50 sec, and 72°C for 2 min.

LacZapra- GTACCATCGCCCACGCATAA Hold at 10°C.

overlap-R Product size: 1280 bp (+46 bp)

oric-Cdc- gaaaaagcctgaactcaccgegacg- Primers amplify the Cdc gene and the adjacent Initial denaturation: 98°C for  This study

LacZApra- TCGATCAGAACAATCGATCACAA ORB-containing region of ‘Ca. N. franklandus 30 sec, 30 cycles of 98°C for

overlap-F C13> adding homology arms to the 10sec, 64°C for 15 sec, 72°C
gegctgtaactggaacgggttcta- pCRISPomyces-2  region spanning gapdh 1 min and 72°C for 2 min.

oric-Cde-Pac-  AGTGGATAGATTGCCTTCTAAAGAT  promoter and the apramycin resistance gene (25 Hold at 10°C.

overlap-R bp) and pac gene (24 bp).

Product size: 1863 bp (+49 bp)
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Materials and Methods

Primers used for plasmid pfrank-mCherry-orb

LacZApra- ttatgcgtgggcgatggtac- Primers amplify the pCRISPomyces-2 region Initial denaturation: 98°C for 30 This study
mCherryIDT- ACCTCGAAAGCAAGCTGATAAAC spanning gapdh promoter and apramycin resistance  sec, 30 cycles of 98°C for 10 sec,
overlap-F gene adding homology arms to the mCherryIDT  66°C for 30 sec, 72°C 1:30 sec and

ctgttgtgttaaagaatggcecgace- gene (20 bp) and the adjacent ORB-containing a final extension of 72°C for 2 min.
LacZ-oricC13-  cGTCGCGGTGAGTTCAGG sequence (25 bp). Hold at 10°C.
overlap-R

Product size: 2825 bp (+45 bp)

OricCl3-LacZ-  gatatgaaaaagcctgaactcaccgegacg- Amplify the predicted replication origin of ‘Ca.  Initial denaturation: 98°C for 30 This study

overlap F

OricC13-
pacC13-overlap-
R

GGTCGGCCATTCTTTAACAC

gtcagagcgctgtaactggaacgggttcta-

GGATTTTCATAGTGGATAGATTGCC

N. franklandus C13’ and add homology arms to
the pCRISPomyces-2 region spanning gapdh
promoter and apramycin resistance gene (30

bp) and the pac gene (30 bp).

Product size: 791 bp (+60 bp)

sec, 30 cycles of 98°C for 10 sec,
64°C for 30 sec, 72°C 30 sec and a
final extension of 72°C for 2 min.

Hold at 10°C.
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Table 2.4: Continued.

PacC13-oricC13- tagaaggcaatctatccactatgaaaatcc- Amplify the pac gene and add homology to the Initial denaturation: 98°C for 30 sec, This study
overlap-Forward TAGAACCCGTTCCAGTTAC replication origin (30 bp) and the mCherryIDT 30 cycles of 98°C for 10 sec, 62°C for

gene (25 bp). 15 sec, 72°C 40 sec and a final
Pac- tcgtctggaaggcagtacaccttac- extension of 72°C for 2 min. Hold at
mCherryIDT- AGCGTACGAGAGAACAGC Product size: 1057 bp (+55 bp) 10°C.
overlap-R
mCherryIDT- cgegcetgttctctcgtacgct- Amplify the mCherryIDT gene adding Initial denaturation: 98°C for 30 sec, This study

Pac-overlap-F GTAAGGTGTACTGCCTTCCAGA homology to the Pac gene (21 bp) and the 30 cycles of 98°C for 10 sec, 67°C for
pCRISPomyces-2 region spanning the gapdh 15 sec, 72°C 50 sec and a final

mCherryIDT- cggtttatcagcttgctttcgaggt- promoter and apramycin resistance gene (25 extension of 72°C for 2 min. Hold at
LacZApra- GTACCATCGCCCACGCATAA bp). 10°C.
overlap-R

Product size: 1280 bp (+46)

Note: Primer sequences presented in lower case represent the sequences of the homology arms. In contrast, sequences presented in upper case represent the

sequences that are specific to the desired fragment being amplified.
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Table 2.5: General primers and PCR thermocycling parameters used in this study.

Materials and Methods

Primer pair

Sequence (5’ > 3°)

Description

Thermocycling parameters

Reference

771F ACGGTGAGGGATGAAAGCT Primers are used to amplify the 16S  95°C for 5 min, 30 cycles of 95°C for 30  (Ochsenreiter et al., 2003)
rRNA gene for ammonia-oxidising sec, 55°C for 30 sec, 72°C for 30 sec and
957R CGGCGTTGACTCCAATTG archaea (AOA). a final extension at 72°C for 10 min
Product size: 200 bp
A109F ACKGCTCAGTAACACGT Primers are used to amplify the 95°C for 5 mins, 30 cycles of 95°C for 1  (Grosskopf, ef al., 1998)
archaeal 16S rRNA gene. min, 55°C for 1 min, 72°C for 1:30 sec,
1492R GGTTACCTTGTTACGACTT 72°C for 6 min.
Product size: 1383 bp
ureC1F AAGGAGCTGGTGGAGGTCAC  Primers are used to amplify the ‘Ca.  98°C for 30 sec, 25 cycles of 98°C for 10  This study
N.  franklandus  C13’-specific sec, 56°C for 30 sec, 72°C 20 sec and a
ureC1R AATGCGACGTCCTCTGCAAC urease alpha subunit (ureC) gene. final extension 72°C 2 min.
Product size: 175 bp
27F AGAGTTTGATCCTGGCTCAG Primers are used to amplify the 95°C for 3 min, 30 cycles of 95°C for 30 (Lane, 1991)
bacterial 16S rRNA gene. sec, 55°C for 45 sec, 72°C for 1:20 sec
1492R GGTTACCTTGTTACGACTT and a final extension of 72°C 5 min.

Product size: ~1400 bp
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2.12.9 General rationale for plasmid design

All three plasmids constructed in this study were designed to replicate in E. coli. To
facilitate replication and selection in E. coli, a fragment from the plasmid
pCRISPomyces-2 (Cobb et al., 2015) containing the ColE1 origin and the apramycin
resistance gene was inserted into all plasmids used in this study (see Figure 2.3). All
three plasmids contain the puromycin resistance gene (pac) to facilitate puromycin

selection in ‘Ca. N. franklandus C13’.

With regards to propagation in the AOA host, all three plasmids were placed under the
control of the ‘Ca. N franklandus C13’ chromosomal replication origin. The location
of this replication origin was mapped using the web-based tool ‘Ori-Finder 2’ freely

available at (http://tubic.tju.edu.cn/Ori-Finder2/) (Luo et al., 2014). The following

settings were used for the analysis; motif: Common, the count of ORB motif in oriC:

3 and a FIMO P-value of 1E-04.

2.12.10 Custom gene synthesis

The Streptococcus pyogenes Cas9 gene (spCas9) and the puromycin N-
acetyltransferase gene (pac) were codon-optimised to reflect the codon-usage of ‘Ca.
N. franklandus C13’ using SnapGene software version 6.2.1. The codon-optimised
spCas9 gene fragment was placed under the control of both the 5’ and 3’ untranslated
region (UTR) of the amoA gene. In comparison, the pac gene was placed under the
control of the 5’UTR of the thermosome subunit B (¢#4sB) gene and 3’UTR of urease
alpha subunit (ureC) gene. Following in silico design, the DNA fragments were
synthesised using the IDT custom gene synthesis service (Integrated DNA
Technologies, USA). All custom genes were cloned into a pUCIDT-kanamycin vector

flanked by SnaBI restriction endonuclease sites.
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Figure 2.3: Elements of the CRISPR-Cas9-based plasmid, pCRISPomyces-2, used to construct the £. coli-Ca. N. franklandus C13 shuttle vectors. The region spanning
the gapdh promoter and the apramycin resistance gene (ApmR) circled by a red dotted line was incorporated into each shuttle vector used in this work. This region
contains the ColE1 origin of replication and the apramycin resistance gene (ApmR) necessary for propagation and selection in E. coli respectively. In addition, this

fragment contains two Bbsl restriction sites flanking the lacZ gene which are used to insert a custom spacer sequence adjacent to the gRNA scaffold via golden gate

cloning. The Xbal site facilitates insertion of a homology-repair template.
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2.12.11 Gibson assembly

Gibson assembly (Gibson et al., 2009) was used to assemble the desired DNA
fragments into circular plasmid constructs. Sequence overhangs complementary to the
adjacent fragments were added by PCR (refer to Table 2.4). The length of the
overhangs was dependent on the number of fragments being assembled (i.e. 2 - 3
fragments: 15 - 20 bp, 4 - 6 fragments: 20 - 30 bp). All fragments to be assembled were
purified prior to assembly using the High Pure PCR Template preparation Kit (Roche,

USA).

Once purified, fragments were assembled using the NEBuilder HiFi DNA assembly
kit (New England BioLabs, UK) according to the manufacturer’s instructions. Briefly,
all NEBuilder HiFi DNA assembly reactions contained: 1x NEBuilder HiFi DNA
assembly master mix, recommended pmol amounts of desired DNA fragments (see
below) and nuclease-free Milli-Q® water to a final volume of 20 pl. This reaction
mixture was incubated at 50°C for 60 min in an automated thermocycler (DNA Engine
Tetrad® 2, BioRad). A vector:insert ratio of 1:1 was used for plasmids pfrank-mCherry-
Cdc-orb and pfrank-mCherry-orb with a total of 0.2 pmol DNA. In contrast, for
plasmid pfrank-CRISPR, a vector:insert ratio of 1:9 was used with a total of 0.2 pmol
DNA. Following assembly, 1 - 2 pl of the assembly mixture was used to transform E.

coli DH5a cells (refer to section 2.12.13).

2.12.12 Preparation of electrocompetent cells

A colony of E. coli DH5a was transferred to 10 ml of LB medium and incubated
overnight at 37°C shaking at 200 rpm. From the overnight culture, 4 ml was used to
inoculate 400 ml of LB and incubated at 37°C shaking at 200 rpm. The cells were

grown to an ODgoo between 0.35 - 0.4 and immediately placed on ice for 30 - 40 mins.
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To ensure even cooling, flasks were regularly swirled. Once cooled, the cells were
washed 5 - 6 times with sterile ice-cold Milli-Q® water (7000 g, 5 min at 4°C). The
washed cells were resuspended in 40 ml of sterile ice-cold 10% (v/v) glycerol and
centrifuged at 10,000 g for 20 min at 4°C. The cells were subsequently resuspended in
2 ml ice-cold 10% (v/v) glycerol and 70 pl transferred to fresh 1.5 ml tubes (pre-

chilled). These aliquots were snap frozen in liquid nitrogen and stored at -80°C.

2.12.13 Transformation of electrocompetent cells

Electrocompetent E. coli DH5a cells (70 pl) were allowed to thaw on ice. Plasmid
DNA (£ 10 ng) in a volume of 1 - 3 pul or the Gibson reaction mix (< 2 ul) was added
just before the cells were completely thawed and gently mixed using a pipette tip. The
cells and DNA were incubated on ice for 1 min and transferred to a pre-chilled 0.1 cm
electroporation cuvette (BioRad, USA). The cells were electroporated using the Gene
Pulser Xcell™ electroporation system (BioRad, USA) using the following settings:
1.8 kV/cm, 25 pF and a resistance of 200 ohms (). The cells were immediately
transferred to 930 pl of SOC medium and incubated at 37°C for 1 hr shaking at 200
rpm. Following recovery, the cells were spread onto LB agar plates containing 50
pg/ml apramycin or 30 pg/ml kanamycin, 80 pg/ml 5-bromo-4-chloro-3-indolyl-beta-
D-galacto-pyranoside (X-gal) and 100 pM Isopropyl B-d-1-thiogalactopyranoside

(IPTG) and incubated overnight at 37°C.
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2.13 Transformation of ‘Ca. N. franklandus C13’°

2.13.1 CaCl; heat-shock treatment

Cells grown at 42°C were harvested from 500 ml of an exponential culture onto a
0.2 um pore size membrane filter (PES, Millipore) using a vacuum filtration manifold.
The cells were washed three times with ice-cold transformation buffer. The
transformation buffer was modified from (Sato et al., 2003) containing NaCl (1 g/l),
MgCl,.6H,O (0.4 g/l), CaCl.2H>O (11.8 g/l) and KCI1 (0.5 g/l). The cells were
resuspended in 6 ml of chilled transformation buffer and centrifuged at 16,500 g for
10 min at 4°C. Washed cells were pooled in a final volume of 2 ml of transformation
buffer and 50 pl aliquots were transferred to sterile 1.5 ml tubes on ice. Varying
amounts of plasmid DNA were subsequently added (250 ng, 500 ng, 2000 ng) in a
final volume of 2 - 4 pul. The cell and plasmid mixtures were incubated on ice for 1 hr
and heat-shocked for 45 sec at either 45°C, 55°C, 65°C or 80°C. Following heat shock,
cells were kept on ice for > 10 min and transferred to 10 ml of FWM and incubated at
42°C in the dark (static). Following a recovery period of 2 - 3 days, puromycin at a
final concentration of 200 pM was added. Nitrite production was continuously

monitored as previously described.

2.13.2 Polyethylene glycol-mediated transformation (PEG)

The PEG-mediated transformation protocol used in this study was adapted from the
protocols for haloarchaeal genetics© handbook version 7.2 (Dyall-Smith, 2009).
Briefly, cells grown at 42°C were harvested from 600 ml of a mid-late exponential
culture and resuspended in 6 ml of buffered spheroplasting buffer containing NaCl (17

mM), KCI (6.7 mM), Tris-HCI (50 mM, pH 8.2) and sucrose 1.4% (w/v). This cell
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suspension was centrifuged at 16,500 g for 10 min at RT. Once pelleted, the cells were
resuspended in 2.5 ml of spheroplasting buffer and 100 pl aliquoted into fresh 1.5 ml
tubes. Total cell counts in each 100 pl aliquot was ~2.3 x 107 cells. The cells were
mixed with 1 pg of pfrank-mCherry-Cdc-orb and incubated for 15 min at RT.
Following incubation, an equal volume of PEG was added and briefly vortexed for
5 - 10 sec. Note: PEGeoo and PEGeooo were used at concentrations of 35% and 60%.
PEG-treated cells were incubated at RT for 40 min. Once treated with PEG, the cells
were washed once with 500 pl of buffered spheroplasting buffer at 17,000 g for 15
mins (RT). PEG-treated cells were subsequently transferred to 10 ml FWM and
incubated statically at 37°C. Puromycin at a final concentration of 200 uM was added

after 68 hrs. Nitrite production was continuously monitored.

2.13.3 Electroporation

2.13.3.1 Pre-screening of different field strengths (exponential-decay)

‘Ca. N franklandus C13’ cells grown at 42°C, were harvested from 500 ml of an
exponentially growing culture onto a 0.2 um pore size membrane filter (PES,
Millipore) using a vacuum filtration manifold. The harvested cells were washed on the
membrane three times with chilled 75 ml of electroporation buffer (20 mM sucrose).
The cells were subsequently resuspended in 10 ml of chilled electroporation buffer and
harvested at 16,500 g for 5 min at 4°C. The cells were subsequently pooled into a single
1.5 ml tubes and washed four times with 1 ml of electroporation buffer at 16,500 g for
5 min. A volume of 50 pl of cells was transferred to a chilled 1 mm electroporation
cuvette (Bio-Rad, USA). Electroporation was done using the Gene Pulser Xcell™
system (Bio-Rad, USA) in the absence of any plasmid DNA. The cells were pulsed at

a field strength of either 20, 24 or 28 kV/cm (1000 ohms and 25 pF). Field strengths
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were calculated wusing the formular voltage/cuvette gap-width. Following
electroporation, they were transferred to 10 ml of FWM in plastic vials (Greiner Bio-
one) and incubated at 42°C (static). Nitrite production was monitored as described

previously.

2.13.3.2 Response of ‘Ca. N. franklandus C13’ to square wave pulses

‘Ca. N franklandus C13’ cells grown at 37°C, were harvested from 500 ml of an
exponentially growing culture onto a 0.2 um pore size membrane filter (PES,
Millipore) using a vacuum filtration manifold. The cells were washed on the
membrane using 35 ml of chilled electroporation buffer. The cells were resuspended
in 10 ml of chilled electroporation buffer and harvested at 16,500 g for 5 min at 4°C.
The cells were subsequently pooled into a single 1.5 ml tube and washed four times
with 1 ml of electroporation buffer (chilled) at 16,500 g for 5 min and finally
resuspended into 1 ml of electroporation buffer on ice. A volume of 50 ul of cells was
transferred to a pre-chilled 1 mm electroporation cuvette (Bio-Rad, USA). Using
square wave pulse settings, electroporation was done using the Gene Pulser Xcell™
system (Bio-Rad, USA) in the absence of any plasmid DNA. Immediately following
electroporation, the cells were transferred to 10 ml FWM in plastic vials and incubated
at 37°C (static). Nitrite production was regularly measured as previously described.

The square wave electrical parameters used are summarised in 7able 2.6.
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Table 2.6: Electrical parameters used to determine the response of ‘Ca. N. franklandus

C13’ to square wave pulses.

Parameters Parameters 1 (P1) Parameters 2 (P2) Parameters 3 (P3)
Voltage (V) 2400 2400 2400
Pulse length (ms) 1 2 5

No. of pulses 2 2 2

Pulse interval (sec) 5 5 5

2.13.4 Electroporation of ‘Ca. N. franklandus C13’ with plasmid DNA

‘Ca. N franklandus C13’ cells grown at 42°C, were harvested from 500 ml of an
exponentially growing culture onto a 0.2 um pore size membrane filter (PES,
Millipore) using a vacuum filtration manifold and washed thrice with 35 ml
electroporation buffer. The cells were resuspended in 6 ml of electroporation buffer
and harvested at 16,500 g for 10 min at 4°C and split into two 1 ml aliquots. The cells
from one of these aliquots was treated with 20 pM hexadecyltrimethylammonium
bromide (CTAB) for 30 min on ice. Cells from both treatment groups (i.e. CTAB vs
No CTAB) were washed four times with ice-cold electroporation buffer at 16,500 g
for 5 min at 4°C. To fresh 1.5 ml tubes, 50 pul of cells and plasmid DNA (10 ng or 50
ng) were added and incubated on ice for > 2 min. ‘Ca. N franklandus C13’ cells were
pulsed at 25 kV/cm, 25 pF and 1000 Q. Total cell counts ranged from 7 x 10° (CTAB
treated) to 5 x 10° (untreated) cells/50 ul. Following electroporation, the cells were
immediately transferred to 10 ml FWM and incubated at 42°C (static). After a 48-hr

recovery period, puromycin at a final concentration 200 uM was added and nitrite
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production was continuously monitored. The use of the cationic detergent CTAB to
permeabilise ‘Ca. N franklandus C13’ cells was based on the method reported by

Rajagopal and colleagues (2014).

2.13.5 PCR screening of transformed cultures

Cells from 2 ml of selected cultures were harvested by centrifugation at 17,000 g for
30 min. The cells were resuspended in 90 pl of nuclease-free Milli-Q® water and
carefully transferred to a fresh 1.5 ml tube ensuring minimal contact with the walls of
the tube. The cell suspension was subsequently treated with DNase I (refer to section
2.12.6) to degrade any extracellular plasmid DNA. The DNase I treated cells were
transferred to 2 ml lysing matrix E tubes (MP Biomedicals, USA) again ensuring
minimal contact with the walls of the tube. Total DNA was subsequently extracted

using the previously described phenol/chloroform method (see section 2.12.1.2).

PCR was performed as previously described using the primer pair mCherryIDT-Pac-
overlap-F/mCherrylDT-LacZapra-overlap-R (refer to 7Table 2.4) targeting the plasmid-

specific mCherry gene.

2.14 Prediction of restriction-modification (R-M) systems in ‘Ca. N.

franklandus C13°

Components of the R-M system in ‘Ca. N. franklandus C13’ including restriction
endonucleases and methyltransferases were predicted using the publicly available
REBASE database (Roberts ef al., 2003, 2010). A BLASTp analysis to identify
homologs and predict the possible recognition sequences was done using the ‘closest

neighbour’ option.
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Chapter 3: Cultivation of ammonia-oxidising archaea on

solid medium
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3.1 Introduction

Ammonia-oxidising archaea (AOA) are an important group of microorganisms
affiliated with the phylum Thermoproteota (NCBI phylum: Thaumarchaeota)
(Brochier-Armanet et al., 2008; Rinke et al., 2021). AOA are involved in the oxidation
of ammonia to nitrite, the first and rate-limiting step of nitrification. The role of AOA
in nitrification coupled with their ubiquitous distribution in both marine and terrestrial
ecosystems, highlights their pivotal role in biogeochemical cycling of nitrogen (de la
Torre et al., 2008; Wang et al., 2017; Alves et al., 2018; Beeckman et al., 2018). While
nitrification is vital for nitrogen cycling, it is also associated with nitrogen fertilizer
loss and leaching of nitrites and nitrates into aquatic systems leading to eutrophication
(Raun and Johnson, 1999). Thus, there is an urgent need to further explore AOA and

the molecular mechanisms underpinning their physiology.

Since the discovery and isolation of the first AOA strain Nitrosopumilus maritimus
SCMI in 2005 (Konneke et al., 2005) our understanding of AOA has steadily
expanded through culture-dependent and culture-independent approaches.
Nonetheless, large gaps in our knowledge of the biochemistry, physiology and niche

adaptation of AOA still exist due to limitations to the currently available methods.

Culture-independent methods, which mainly comprise of ‘OMICS’-based approaches,
provide valuable insights into the possible functional roles of AOA in the environment.
However, the high percentage of archaeal genes of unknown function and the lack of
comprehensive nucleic acid and protein databases, limit the ability to decipher
molecular pathways in AOA (Makarova et al., 2019). This is exemplified by current

efforts to elucidate the archaecal ammonia oxidation pathway which, based on genomic
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and biochemical studies, differs considerably from that of ammonia oxidising bacteria

(Lehtovirta-Morley, 2018).

In many microorganisms, gene function is investigated with knock-out/knock-in
genetic experiments. However, this approach is currently not feasible for AOA because
a genetic system has not yet been developed for this group of microbes. This is a major
stumbling block in exploring and validating the hypotheses generated from

metagenomics, proteomics and transcriptomics data.

A major limiting factor in the development of a genetic system for AOA is the inability
to routinely grow them on solid growth medium as single colonies (Leigh et al., 2011,
Kohler and Metcalf, 2012). These single colonies represent a clonal population of cells
and therefore enable the precise analysis of specific genotypes. Currently, AOA are
exclusively grown in liquid cultures and reports on their cultivation on solid growth
medium are limited to a single publication by Chu and colleagues (2015) who
demonstrated the growth of Nitrosopumilus sp. AR in low-melting point agarose.
However, the growth observed in that study was a continuous mass of cells and no

distinct colonies were evident.

While the reasons for the limited success in growing AOA on solid medium are
currently unclear, the role of solidifying agents on microbial growth is often
overlooked (Janssen et al., 2002; Tamaki et al., 2009). For instance, Tanaka and
colleagues (2014) demonstrated agar to be inhibitory for microbial growth due to the
production of hydrogen peroxide when agar was autoclaved together with phosphates.
The inhibition of colony formation of the chemolithoautotroph Thiobacillus
ferrooxidans on agar has also been previously reported and is attributed to the release

of free sugars (i.e., D-galactose) from agar at low pH (Tuovinen and Kelly, 1973).
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Unsurprisingly, microbiologists have explored the use of alternative solidifying agents
such as gellan gum with promising results. For example, novel and previously
uncultured microorganisms of the phylum Verrucomicrobia were isolated when using
gellan gum as the gelling agent (Tamaki ef al., 2009). Tamaki and colleagues (2005)
also found that using gellan gum as the solidifying agent increased the diversity of
bacterial isolates from lake sediments. It is therefore evident that the choice of
solidifying agents is an important consideration for successful cultivation of microbes

on solid growth medium.

It is also important to note that during ammonia oxidation, the release of two protons
results in media acidification shifting the NO2™ <> HNO; equilibrium towards nitrous
acid (HNO.) which is toxic to the AOA (Herbold et al., 2017). In addition, a decrease
in pH reduces the substrate availability due to ionization of ammonia (NH3) into
ammonium (NH4") (Picone et al., 2021). Unlike liquid cultures (e.g. fed-batch or
continuous) for whom nutrients can easily be replenished thus minimising these toxic
effects, solid growth medium may be challenging to amend. Therefore, due to the slow
growth rates of AOA, these archaea may be rapidly inhibited by these conditions when

grown on solid medium before colonies can develop.

3.2 Chapter aims

The inability to grow AOA on solid medium as single colonies is an important limiting
factor towards the establishment of a genetic toolbox. In this chapter, the main goal is
to develop a novel method for the cultivation of AOA on solid growth medium as
single colonies. It was hypothesised that the choice of gelling agent is a key factor to

consider when growing AOA on solid growth medium.
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3.3 Results

3.3.1 Effects of different solidifying agents on AOA growth

Three AOA strains were grown in the presence of different solidifying agents to
determine their effect on growth. In the presence of Phytagel™, ‘Ca. N. franklandus
C13’ grew at comparable rates to the control cultures with growth rates of 0.47 d-! and
0.40 d'! respectively (Figure 3.14). In comparison, agarose resulted in a mild decrease
in the growth rate of ‘Ca. N. franklandus C13’ cultures (0.22 d° ) (Figure 3.14). These
observations were in sharp contrast to agar, Bacto-agar and Noble-agar that all severely
inhibited nitrite accumulation in ‘Ca. N. franklandus C13’ cultures (Figure 3.1B and

Figure 3.1C).
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Figure 3.1: Effects of different solidifying agents on the growth of ‘Ca. N. franklandus C13’. (A) Phytagel™ and agarose B) agar and Bacto-agar (C) Noble-agar and
(D) Phytagel™ and Bacto-agar (50:50) mixture. The control cultures were grown in the absence of any solidifying agents. Nitrite concentrations plotted represent the

average of three replicate cultures. Error bars are standard errors of the means and may be smaller than the size of the symbol.
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To further validate the toxic effects of Bacto-agar, a blended mixture (50:50) of
Phytagel™:Bacto-agar was prepared. In this gel mixture, the growth rates of the ‘Ca.
N. franklandus C13’ cultures declined to 0.34 d! compared to 0.45d"! in pure
Phytagel™ (Figure 3.1D). This strongly suggested the presence of a toxic component

in the Bacto-agar that negatively affects growth.

The effects of Phytagel™ and Bacto-agar on growth were further tested on M.
viennensis EN76 and the acidophilic ‘Ca. N. sinensis Nd2’ (see Appendix C). The
growth rates of N. viennensis EN76 in Phytagel™ (0.56 d!) and the control (0.54 d!)
were comparable to the pattern observed in ‘Ca. N. franklandus C13’. In contrast, the
acidophilic ‘Ca. N. sinensis’ Nd2 was unable to grow in the presence of both

solidifying agents. These data are summarised in 7able 3.1.

Table 3.1: A summary of the effects of gelling agents on the growth of different AOA

strains.
Gelling agent
Strain Agar Bacto-Agar Agarose Phytagel™ Noble-Agar
‘Ca. N. franklandus
X X v vV X

C13’

N. viennensis EN76 NT X b vV NT

‘Ca. N. sinensis Nd2’ NT X NT X NT

NT: Not tested

(x): Poor/no growth

(V): Moderate growth
(VVY): No effect on growth
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3.3.2 Cultivation of AOA on solid growth medium

Phytagel™ was selected as a suitable solidifying agent for both ‘Ca. N. franklandus
C13’ and N. viennensis EN76 as it did not negatively affect their growth. The
LS-method was subsequently developed to produce single colonies. The LS-method
involves inoculating AOA cells into molten Phytagel™ and allowing this mixture to
solidify. The solidified cell:Phytagel™ layer is subsequently overlayed with liquid
medium. Nitrite accumulation in the top liquid layer of ‘Ca. N franklandus C13’
cultures is shown in (Figure 3.2A4). A similar analysis for N. viennensis EN76 is

presented in Appendix D.

Accumulation of nitrite in the top liquid layer in cultures inoculated with ‘Ca. N.
franklandus C13’ or N. viennensis EN76 indicated that the cells were actively growing
in Phytagel™. In addition, a change in colour of the liquid growth medium from pink
to yellow was observed, indicating acidification of the growth medium which is

consistent with ammonia oxidation (Figure 3.2B).
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Figure 3.2: Evidence of actively growing AOA cells embedded in Phytagel™. Nitrite (NO2") was measured in cultures containing the high-density
inoculum. (A) Total nitrite accumulation by ‘Ca. N. franklandus’ C13 cells growing within Phytagel™. Nitrite concentrations are the averages of
three replicate cultures. Error bars represent the standard error of the means (SEM) and may be smaller than the symbol (B) Evidence of media

acidification based on colour change of phenol red pH indicator. Control (left) and high-density inoculum of ‘Ca. N. franklandus’ C13 (right).
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3.3.3 Colony development

Single colonies were observed developing from ‘Ca. N. franklandus C13’ cultures
once the liquid phase had been replaced approximately twice (Figure 3.3). The
high-density inoculum resulted in a lawn of colonies that took approximately 4 - 5
weeks to appear (data not shown). In comparison, colonies from the low-density
inoculum took a longer time to appear at about 7 - 8 weeks. The colonies from both
strains were white/off-white in appearance and gradually became more distinct with
the regular replacement of the growth medium. N. viennensis EN76 colonies are shown

in Appendix E.

Liquid layer

|

Solid layer

Figure 3.3: Single colonies of ‘Ca. N. franklandus C13’ developing in Phytagel™. ‘Ca. N. franklandus
C13’ was grown on solid growth medium as single colonies using the Liquid-Solid (LS) method. The

colonies were grown and maintained in 100 ml Duran glass bottles and measured < Imm in diameter.
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3.3.4 Plating efficiency

The plating efficiency was used to determine the number of colonies arising from the
inoculum. The number of ‘Ca. N. franklandus C13’ colonies ranged between 100 -154,
which translated into a plating efficiency of > 85%. This indicated that a high
proportion of input cells formed colonies supporting the gel-toxicity tests that showed
Phytagel™ to have no toxic effect on the growth of ‘Ca. N. franklandus C13’. The

plating efficiency for N. viennensis EN76 using the LS-method was not determined.

3.3.5 Sequence analysis of colonies

PCR amplification of the 16S rRNA gene from the ‘Ca. N. franklandus C13’ colonies
using both archaeal and AOA-specific primers generated bands of the expected size
i.e. ~1383 bp and ~200 bp respectively (Figure 3.44 and Figure 3.4B respectively). A
BLASTn analysis of these amplicons revealed a 100% and 99.5% nucleotide identity
respectively (query cover:100%) to the 16S rRNA gene sequence in the published
genome of ‘Ca. N. franklandus C13’ genome with the accession number LR216287.1.
The query sequences used ranged between 1247 bp (archaeal) and 190 bp (AOA-
specific) in length. In addition, amplification of the urease alpha subunit gene (ureC)
present in the genome of ‘Ca. N. franklandus C13’ generated the expected 175 bp band
(Figure 3.4C). ABLASTx analysis using a 119 bp sequence revealed 100% amino acid
identity to the UreC from ‘Ca. N. franklandus C13’ with the accession number
WP _145988037.1. A very faint band for the bacterial primers was detected in the DNA

extracted from the colony biomass (Figure 3.4D).
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Figure 3.4: PCR verification of ‘Ca. N. franklandus C13’ colonies. The following lane descriptions apply to all four agarose gels presented: (Lane 1): 1 kb Generuler
ladder (L), (Lane 2): Positive control (P), (Lane 3): Negative control (N), (Lane 4): Genomic DNA extracted from colony biomass (E) and (C): DNA extracted
from negative control cultures (C). Panel (A): Amplification of the archaeal 16S rRNA gene (1383 bp). Panel (B): Amplification of an AOA-specific 16S rRNA
gene (200 bp). Panel (C): Amplification of the ‘Ca. N. franklandus C13’-specific urease alpha subunit gene (ureC) (175 bp). Panel (D): Amplification of the
bacterial 16S rRNA gene (~1400 bp). PCR amplicons were resolved in a 1% (w/v) TBE agarose gel.
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3.3.6 Fluorescence microscopy

Fluorescence in situ hybridisation (FISH) using archaeal-specific fluorescent probes
was used to confirm the identity of the colony-forming cells within the Phytagel™
(Figure 3.5). The counterstain DAPI (blue), indiscriminately labels all cells within the
sample and revealed irregular cocci, a characteristic cell morphology of ‘Ca. N.
franklandus C13’. A signal from the archaeal probes (violet) confirmed the presence
of archaeal cells and overlapped with the DAPI signal. The lack of signal from the
bacterial probes (green) suggests the absence of bacterial cells demonstrating that a

homogenous population of archaeal cells was present within the Phytagel™.
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Figure 3.5: Fluorescent micrographs of ‘Ca. N. franklandus C13’ cells. The left panel represents the
cells growing within Phytagel™ while the right panel are cells obtained from a pure liquid culture used
as a control. Cells from a pure culture of Nitrosomonas europaea ATCC 19178 were used as a control
for the bacterial probes (data not shown). Cells are stained with FISH probes for archaea (Arch-915,
violet), bacteria (EUB338 mix, green) and DAPI (blue). Images were viewed at 1000 X magnification.
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3.3.7 Transmission electron microscopy (TEM)

The cells growing within the Phytagel™ were further analysed using high-resolution
transmission electron microscopy (TEM). The general cell morphology was compared
to cells obtained from a pure liquid batch culture of ‘Ca. N. franklandus C13’ as a
control (Figure 3.6). At low magnification (2000 X), a homogenous population of
irregular cocci was observed, a morphology that is typical of this strain. This data

indicates that the cells growing within Phytagel™ share general morphology to those

in the reference sample.

Cells growing within Phytagel™) ‘Ca. N. franklandus C13' (control)
" ® Y vig ©

Figure 3.6: Transmission electron micrographs of ‘Ca. N. franklandus C13’ cells. High-resolution
microscopy was used to compare the cells growing within Phytagel™ to those obtained from a pure
culture. Images are presented in increasing magnification from top to bottom. Left panel: Cells
growing within Phytagel™. Right panel: Cells obtained from a pure batch grown culture of ‘Ca.
N. franklandus C13’.
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3.3.8 Subculturing from AOA colonies

To further confirm that the resulting colonies originate from ‘Ca. N. franklandus C13’,
a small sample of the gel-embedded cells were transferred to fresh liquid growth
medium, and nitrite production (an indicator of growth) monitored. The accumulation
of nitrite in all three sub-cultures indicated the presence of viable and actively growing
ammonia-oxidising cells (Figure 3.7B). The sub-cultured cells were further analysed
by FISH microscopy using archaeal-specific probes. The sole signal obtained from the
archaeal cultures originated from the archaeal probes while no bacterial-specific
fluorescence could be detected indicating a homogenous population of AOA cells in

the sub-cultures (Figure 3.7A4).
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Figure 3.7: Analysis of subcultured ‘Ca. N. franklandus
C13’ colonies. (A): Fluorescent micrographs of cells
obtained from a colony of ‘Ca. N. franklandus C13’. Cells
were stained with FISH probes for archaea (Arch-915,
violet), bacteria (EUB338 mix, green) and DAPI (blue).
Images were viewed at 1,000 X magnification. (B):
Nitrite production from the subcultured colonies. Nitrite
concentrations were measured in triplicate and error bars
are standard errors of the means (SEM) and may be

smaller than the size of the symbol.
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3.4 Discussion

The primary goal of this work was to develop a novel cultivation method for the AOA
that allows their growth on solid growth medium as distinct colonies. The ability to
grow an organism on solid medium as single colonies is an important element of a
genetic toolbox as it is conducive to rapid and cost-effective mutant screening
following transformation. It was hypothesised that the choice of gelling agent plays an
important role in the ability to grow AOA on solid growth medium. The screening of
different gelling agents revealed that all AOA strains tested in this study were inhibited
by agar-based gels. In contrast, the response to agarose and Phytagel™ varied between
strains. This was evident for ‘Ca. N. franklandus C13’ which tolerated agarose whereas

N. viennensis EN76 did not.

Inhibition of microbial growth by agar has been well documented and is attributed to
various factors including the production of hydrogen peroxide and the release of free
sugars (Tuovinen and Kelly, 1973; Tanaka et al., 2014). The production of hydrogen
peroxide is particularly important for the Thaumarchaeota as some AOA strains lack
catalases which are responsible for hydrogen peroxide detoxification (Qin et al., 2014;
Kim et al., 2016). Furthermore, Sands and Bennett (1966) discuss numerous case
studies on the variable effect that agar has on microbial growth that are associated with
the source of the agar as well as the brand. Other possible contributors to growth
inhibition by agar is the presence of sulfated polysaccharides which exhibit a range of
bioactive properties (Farias et al., 2000; Ngo and Kim, 2013). The large number of
possible reasons for the inhibition of the AOA strains by agar-based gels warrant

further investigation but are beyond the scope of the present study.
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Both ‘Ca. N. franklandus C13’ and N. viennensis EN76 tolerated Phytagel™ well,
whilst the acidophilic strain ‘Ca. N. sinensis Nd2’ did not. Phytagel™ is the trade name
for gellan gum, an exopolysaccharide produced by Sphingomonas elodea (Vartak et
al., 1995). It is a tetrasaccharide composed of repeating units of D-glucose (2), L-
rhamnose (1) and D-glucuronic acid (1) (Kang et al., 1982; Das et al., 2015). Reasons
for the inhibition of the acidophilic AOA strain by this polymer are unclear but may
be linked to the low pH and requires further testing. It is interesting to note that gellan
gum was previously used to successfully isolate an ammonia-oxidising bacterium
(AOB) from soil (Takahashi et al., 1992). Phytagel™ is an excellent alternative to agar
as it exhibits desirable physical properties such as high optical clarity and gel strength
(Jaeger et al., 2015). However, it needs to be strongly emphasized that the successful
growth of the AOA strains in this study on Phytagel™ was dependent on the batch and
brand used (data not shown). The inability to reproduce previously published data
upon changing to a new batch of Phytagel™ has recently been reported (Jacques et al.,
2020). The authors proposed that a variation in hardness between Phytagel™ batches

was a possible factor influencing reproducibility.

In addition to gelling agents, the accumulation of toxic levels of nitrite, coupled with
the slow growth rates likely contributes towards the difficulty in cultivation of AOA
on solid medium. To overcome this issue, the Liquid-Solid approach (LS) was
developed. The principle behind the LS-method, which consists of a biphasic growth
matrix, is that the nitrite excreted by the AOA cells within the gels diffuses into the
overlaying liquid phase which is subsequently aspirated off and replaced with fresh
growth medium. This overcomes or in the very least minimises the toxic accumulation

of nitrite, thus facilitating the continuous growth of the cells. Replenishing of the liquid
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medium in the top layer may also slow acidification of the solid medium preventing

substrate limitation.

In this study, it has been demonstrated that the LS-method facilitates the development
of visible distinct single with a high plating efficiency. It is also possible to pick the
single colonies produced from the low-density inoculum using a thin sterile glass
Pasteur pipette. However, due to the three-dimensional growth of the colonies within
the gel, picking single colonies is challenging as the pipette may easily come into

contact with nearby colonies.

To validate that the colonies indeed originate from AOA cells, both molecular and
microscopy-based methods were employed. Cells growing within the gel were labelled
with FISH probes targeting archaeal and bacterial 16S rRNA. A signal was detected
for the archaeal-specific probes but not for the bacterial probes indicating the presence
of only archaeal cells. Additionally, the cells exhibited a cellular morphology (irregular
cocci) identical to the cells from a pure culture of ‘Ca. N. franklandus C13’. However,
the use of the Cy3-labeled Arch-915 probe resulted in a weak fluorescent signal from
the ‘Ca. N. franklandus C13’ cells (refer to Figure 3.5). This may result from low
rRNA content and poor cell permeability (Wagner ef al., 2003). Therefore, FISH was
coupled with high-resolution TEM, PCR and sequence analysis which all indicate that
the cells are ‘Ca. N. franklandus C13’°. A very faint band was amplified with the
bacterial primers which is most likely transient DNA as no signal from the bacterial
FISH probes was detected and no bacterial cells could be discerned from the high-
resolution electron micrographs. In addition, no bacterial cells were detected by FISH

from the colonies that were subcultured.
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Aside from mutant screening, the LS-method may have applications in the isolation of
AOA which is currently restricted to time-consuming enrichment procedures. For
example, if a dilute sample of a highly enriched AOA culture is grown using the LS-
method and visible colonies are produced, then it may be possible to pick a desired
colony expediting the purification process. This approach may also be useful for the
purification of bacteria capable of the complete oxidation of ammonia to nitrate via
nitrite also known as comammox. Currently a single pure culture of a comammox
exists, which hinders their thorough physiological characterisation (Daims et al., 2015;
Sakoula et al., 2021). A main caveat associated with the LS-method is that it is
seemingly not applicable to acidophilic AOA. Further work is necessary to better
understand the inhibition of Phytagel™ and agar-based gels on ‘Ca. N. sinensis Nd2’.
Also, it is difficult to determine colony counts due to their three-dimensional
arrangement. Free-floating cells in the liquid phase presumably due to the detachment
from the gel-matrix were also observed which may affect picking of a homogenous
population of cells following transformation. Lastly, the LS-method is limited by the
slow growth rates of the AOA. Colonies from the high-density inoculum took on
average 5 - 6 weeks to be visible, whereas those from the low-density inoculum took

about two months to reach a size that can easily be picked.

Overall, the ability to grow an AOA strain as single colonies on solid growth medium

is a major advancement towards the development of a genetic system for these archaea.

3.5 Summary and outlook

In this chapter, a novel cultivation method that allows the growth of AOA on solid
growth medium as single colonies is described. The data here suggests that the growth

of AOA on solid growth medium is dependent on the gelling agent used. The relative
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simplicity and no requirement for specialised equipment makes the LS-method
accessible to any microbiology laboratory working with this group of microbes.
Unfortunately, the cause of the inhibitory effects of agar-based gelling agents has not
been explored and will be useful to investigate in the future. Furthermore, the LS-
method is currently not applicable to acid-tolerant AOA strains as they were inhibited

by all gelling agents tested.
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Chapter 4: Insights into the antibiotic sensitivity of

ammonia-oxidising archaea
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4.1 Introduction

Antibiotics are an important tool in archaeal research where they are used as selective
agents in genetic studies and aid in the selective isolation of archaea from mixed
microbial communities (Liu ef al., 2019). Furthermore, as not usually pathogenic and
therefore not historically the target of intense antibiotic research, the innate resistance
of archaea to numerous antibiotics is exploited to differentiate between the biological
activity of bacteria and archaea (Elevi Bardavid and Oren, 2008; Taylor et al., 2010;
Vajrala et al., 2014; Zhao et al., 2020). Archaea represent a unique model for testing
new drugs/antibiotics because in addition to uniquely archaeal elements, they also
contain both eukaryotic and bacterial features and may therefore reveal novel or
unexpected mechanisms and targets (Williams et al., 2013). The current knowledge on
archaeal antibiotic sensitivity patterns has primarily been gleaned from the
Crenarchaeota and Euryarchaeota. This has revealed that archaea from these phyla are
primarily sensitive to inhibitors of DNA and protein synthesis (Khelaifia and

Drancourt, 2012).

A major family of protein synthesis inhibitors known to inhibit archaea include the
aminoglycosides. These antibiotics inhibit protein synthesis by targeting the ribosome
machinery via interactions with rRNA (Kulik et al., 2015; Lin et al., 2018). This
interaction with rRNA (e.g. 16S rRNA) is facilitated by the polycationic nature of these
compounds due to the presence of several amino groups (Wang and Tor, 1997).
Structurally, aminoglycosides are large hydrophilic molecules comprised of an
aminocyclitol ring (commonly 2-deoxystreptamine, 2-DOS) bound to one or more
amino sugars by a glycosidic bond (Mingeot-Leclercq et al., 1999; Magnet and

Blanchard, 2005). Based on the functionality of the aminocyclitol ring,

115



Insights into the antibiotic sensitivity of ammonia-oxidising archaea

aminoglycosides can further be categorised into four structural sub-classes: (i)
streptidine-containing (streptomycin) (ii) mono-substituted deoxystreptamine (e.g.
hygromycin B, apramycin) (iii) 4,5 di-substituted deoxystreptamine or 4,5 2-DOS (e.g.
neomycin) and the (iv) 4,6 di-substituted deoxystreptamine or 4,6 2-DOS (e.g.
kanamycin, gentamycin) (Krause et al, 2016). This structural diversity plays an
important role in the biological activity of these antibiotics (Quirke et al., 2022).
Aminoglycosides such as hygromycin B and neomycin play an important role in
archaeal genetics where they are used as selective agents (Argyle et al., 1996; Cannio
et al., 2001). For the Thaumarchaeota, aminoglycosides such as kanamycin and
streptomycin are frequently used to prevent bacterial growth in both pure and
enrichment cultures (Stieglmeier et al., 2014; Lehtovirta-Morley et al., 2016; Abby et
al., 2018; Bayer et al., 2019). However, whether this insensitivity of the
Thaumarchaeota to aminoglycosides applies to all structural classes is currently

unclear.

In addition to aminoglycosides, another important archaeal protein synthesis inhibitor
is puromycin which is classified as an aminonucleoside. Structurally, puromycin
shares similarities with transfer RNA (tRNA) in that it is comprised of a nucleoside
linked to an amino acid. However, the bond between these two moieties in puromycin
is a peptide-bond instead of an ester-bond as seen in amino acid-tRNA (aa-tRNA)
(Aviner, 2020). Although the puromycin molecule via its amino group can be
incorporated into the nascent polypeptide chain, its peptide-bond is resistant to
cleavage by the incoming aa-tRNA causing premature termination of chain elongation
(Aviner, 2020). Puromycin is an important selective agent in both eukaryotic (Iwaki
and Umemura, 2011; Caputo ef al., 2021) and prokaryotic systems including archaea

particularly the methanogens (Tumbula ef al., 1994).
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With regards to DNA synthesis inhibitors known to target archaea, major antibiotic
families include the quinolones (e.g. ciprofloxacin) and coumarins such as novobiocin
(Khelaifia and Drancourt, 2012). These antibiotics may also be classed as
topoisomerase inhibitors as their primary targets are type II DNA topoisomerases
which includes enzymes such as DNA gyrase and topoisomerase IV (Confreres and
Maxwell, 1992; Drlica et al., 2009). Novobiocin is an important selective agent in
archaeal genetic studies particularly for halophilic systems (Holmes et al., 1994; Atomi

etal., 2012).

An emerging class of compounds that is currently of interest are the fasamycins. The
fasamycins were first discovered following the heterologous expression of a type II
polyketide synthase biosynthetic gene cluster from environmental DNA (Feng ef al.,
2012). Subsequent analysis of fasamycin-resistant mutants led to the identification of
a mutation in the fabF gene which encodes an enzyme involved in the type II fatty acid
biosynthesis pathway (Feng et al., 2012). Interestingly, in Streptomyces formicae,
isolated from the African fungus-growing plant-ant Tetraponera penzigi, the
fasamycin biosynthetic pathway has expanded such that fasamycins are the
biosynthetic precursors of the formicamycins, which represent a new structural class
of antibiotics (Qin et al., 2017). Both compounds are currently of significant interest
due to their potent activity against methicillin-resistant Staphylococcus aureus and
vancomycin-resistant Enterococcus (VRE) (Yang et al., 2020). Due to this promising
activity, ongoing research is currently looking to investigate the scope of their

biological activity.

Currently, antibiotic sensitivity testing of the Thaumarchaeota has not received nearly

as much attention as the main archaeal phyla. While a handful of reports have
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investigated antibiotic sensitivity of AOA strains, this information is limited to a very
few strains and even fewer compounds or compound families (Vajrala et al., 2014;
Zhao et al., 2020). Additionally, in some instances the antibiotic sensitivity of AOA
can only be inferred from mixed community cultures or enrichments (Schauss et al.,
2009; Liu et al., 2019). This makes it challenging to differentiate between true
antibiotic sensitivity and inhibition resulting from indirect effects (Woo et al., 2022).
Furthermore, it is also difficult to discern lineage-dependent sensitivity patterns among
AOA from mixed communities which may have some practical applications in biased
enrichments. For example, is it possible to isolate a specific group of AOA from a
mixed community of microorganisms using antibiotics? However, in the context of the
present study, this limited knowledge on the antibiotic sensitivity of AOA is an

important bottleneck in the establishment of a genetic toolbox.

4.2 Chapter aims

The primary goal of this chapter is to identify antibiotics that can be used as selective
agents for the model AOA strain ‘Ca. N. franklandus C13’. In addition, this work aims
to expand on the current insights into AOA antibiotic sensitivity by testing the
shortlisted antibiotics against two additional phylogenetically and physiologically
distinct AOA strains. Finally, in an effort to gain further understanding of the scope of
their biological activity and mechanism of action, various fasamycin and

formicamycin congeners will be tested against two AOA strains.
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4.3 Results

All antibiotic sensitivity tests were performed in liquid cultures and untreated cultures
served as the negative control. Growth curves were generated by plotting the total
nitrite concentration produced against time. The inhibition of nitrite production was
used as an indicator of antibiotic sensitivity. Candidate antibiotics to be tested (7able
2.3) were shortlisted based four main criteria listed in section 2.11.1 and are classified

as either protein or DNA inhibitors.

4.3.1 Antibiotic sensitivity of ‘Ca. N. franklandus C13’

The goal of antibiotic sensitivity testing was to identify a suitable selective agent(s)
and determine the appropriate concentrations at which it should be used. The
antibiotics puromycin, hygromycin B and neomycin were consequently identified as
potential selective agents for ‘Ca. N. franklandus C13’. Puromycin and hygromycin B
were the most promising and showed potent inhibition of nitrite production at
concentrations of > 27 ug/ml (Figure 4.14 and Figure 4.1B respectively). Long-term
monitoring of puromycin and hygromycin B treated cultures (at concentrations > 27
pg/ml) for ~65 days did not indicate development of resistant mutants (Appendix F).
In comparison, neomycin significantly inhibited nitrite production at a concentration
of > 36 ng/ml (Figure 4.1C). Novobiocin only moderately inhibited nitrite production
at concentrations > 63 pg/ml (Figure 4.1D). Nitrite production was not inhibited by

apramycin at any of the concentrations tested.

Overall, under the conditions tested, ‘Ca. N. franklandus C13’ was sensitive to all the
antibiotics tested (albeit to varying degrees) except for apramycin. Growth curves of

antibiotic treated cultures are presented in Figure 4.1.
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Figure 4.1: In vivo antibiotic sensitivity of ‘Ca. N. franklandus C13’ cells in liquid
cultures. Inhibition of nitrite (NO2") production was assumed to indicate sensitivity. All
antibiotic treated cultures were compared to untreated cultures as a control. Antibiotics
tested include (A) puromycin, (B) hygromycin B, (C) neomycin, (D) novobiocin and
(E) apramycin. The nitrite concentrations plotted represent the average of three replicate
cultures. Error bars represent the standard error of mean (SEM) and may be smaller than

the symbol.
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4.3.2 Testing for lineage-dependent antibiotic sensitivity among three AOA

strains

Reports on the antibiotic sensitivity patterns of archaea in the phylum Thaumarchaeota
are scarce. Due to the physiological diversity exhibited by these archaea, it was
interesting to determine whether a lineage-dependent sensitivity pattern was evident.
Consequently, in addition to ‘Ca. N. franklandus C13’, two additional AOA strains
from distinct genera were screened including N. viennensis EN76 (soil isolate) and M.

maritimus SCM1 (marine isolate).

Under the conditions tested, hygromycin B strongly inhibited nitrite production in N.
viennensis EN76 cultures at concentrations > 26 pg/ml (Figure 4.2B). Nitrite
production in neomycin treated cultures was negligible at the highest concentration
tested (71 pg/ml) (Figure 4.2C). In comparison, puromycin and apramycin had no
effect on the nitrite production in N. viennensis EN76 cultures (Figure 4.24 and Figure
4.2E respectively). Although N. viennensis EN76 was insensitive to novobiocin, a
concentration-dependent reduction in nitrite production was observed at the late stages

of growth (Figure 4.2D).

N. maritimus SCM1 was strongly inhibited by puromycin with nitrite production
inhibited at concentrations > 11 pg/ml (Figure 4.34). Novobiocin strongly inhibited
nitrite production at concentrations as low as 3 pg/ml (Figure 4.3D). In contrast, nitrite
concentration in N. maritimus SCM1 cultures was unaffected by hygromycin B and

apramycin (Figure 4.3B and Figure 4.3E respectively).

In summary, antibiotic sensitivity patterns differed between the three AOA strains.
Exceptions include the resistance to apramycin and the sensitivity to neomycin and

novobiocin by all three strains. Growth curves of the antibiotic treated cultures of N.
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viennensis EN76 and N. maritimus SCM1 are shown in Figure 4.2 and Figure 4.3
respectively. A summary of the antibiotic sensitivity patterns for all three AOA strains

is presented in Table 4.1.
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Figure 4.2: In vivo antibiotic sensitivity of N. viennensis EN76 in liquid cultures.
Inhibition of nitrite production (NO2") was assumed to indicate sensitivity. All antibiotic
treated cultures were compared to untreated cultures as a control. Antibiotics tested include
(A) puromycin, (B) hygromycin B, (C) neomycin, (D) novobiocin and (E) apramycin.
Nitrite concentrations plotted represent the average of three replicate cultures. Error bars

represent the standard error of mean (SEM) and may be smaller than the symbol.
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Figure 4.3: In vivo antibiotic sensitivity of N. maritimus SCM1 in liquid cultures.
Inhibition of nitrite production (NO2") was assumed to indicate sensitivity. All
antibiotic treated cultures were compared to untreated cultures as a control.
Antibiotics tested include (A) puromycin, (B) hygromycin B, (C) neomycin, (D)
novobiocin and (E) apramycin Nitrite concentrations plotted represent the
average of three replicate cultures. Error bars represent the standard error of mean

(SEM) and may be smaller than the symbol.
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Table 4.1: Summary of the antibiotic sensitivities of three AOA strains.

Antibiotic
Strain Habitat Puromycin Hygromycin Neomycin Novobiocin Apramycin
B
‘Ca. N. Soil v v v v X
franklandus
C13'
N. Soil X v vix vix X
viennensis
EN76
N. Marine v X v Vv X
maritimus
SCM1

(V) - Sensitive
(v/x) - Mildly sensitive

(x) - Resistant

4.3.3 AOA sensitivity to aminoglycosides

As discussed previously, aminoglycosides are an important class of protein synthesis
inhibitors with potent activity against archaea in the major phyla. Aminoglycoside
antibiotics are structurally diverse and can be grouped into four structural classes
described previously. Three of the antibiotics shortlisted in this work are classified as
aminoglycosides including hygromycin B, neomycin and apramycin. Structurally,
hygromycin B and apramycin are both classed as mono-substituted deoxystreptamines

whereas neomycin is a 4,5 di-substituted 2-DOS aminoglycoside.

While N. maritimus SCM1 was resistant to both mono-substituted aminoglycosides
tested, ‘Ca. N. franklandus C13’ and N. viennensis EN76 were sensitive to hygromycin
B. All three strains were resistant to apramycin but sensitive to neomycin, the only

representative of the 4,5 2-DOS tested in this study. As noted previously, AOA are
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generally resistant to the 4,6 di-substituted 2-DOS (e.g. kanamycin and gentamycin)
and the streptidine class (streptomycin) aminoglycosides and were therefore not tested
in this study (Lehtovirta-Morley et al., 2014,2016; Stieglmeier et al., 2014; Abby et
al., 2018; Bayer et al., 2019). A summary of the sensitivity of the three AOA strains to

aminoglycoside antibiotics is presented in Table 4.2.

Table 4.2: Sensitivity of the three AOA strains to aminoglycoside antibiotics.

Aminoglycoside Structural class ‘Ca. N. N. N. maritimus
franklandus viennensis SCM1
C13 EN76

Hygromycin B Mono-substituted 2- v v X
DOS

Apramycin Mono-substituted 2- X X X
DOS

Neomycin 4,5 di-substituted 2- v V/x v
DOS

Kanamycin 4,6 di-substituted 2- X X X
DOS

Streptomycin Streptidine X X X

e Aminoglycosides tested in this study are highlighted in bold.
e  Similar structural families are highlighted with the same colour.

4.3.4 AOA sensitivity to fasamycin and formicamycin congeners

The fasamycins and formicamycins exhibit potent activity against methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE)
without the formation of drug-resistant mutants which makes them attractive drug
candidates (Holmes et al., 2018). With regards to their molecular targets, recent reports
indicate that they are potent inhibitors of the bacterial type II topoisomerase, DNA
gyrase. However, these compounds have previously not been tested in an archaeal

model and may have a novel target(s) in this group of microorganisms. The
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Thaumarchaeota are an interesting archaeal model to test as they lack DNA gyrase
(Villain et al., 2022). Therefore, to better understand the scope of the biological activity
of the fasamycins and formicamycins, they were tested against the strains N. viennensis

EN76 and ‘Ca. N. franklandus C13’.

The congeners fasamycin G and fasamycin E strongly inhibited N. viennensis EN76
with an MIC of 1 and 0.5 pg/ml respectively (Figure 4.5). Similarly, ‘Ca. N.
franklandus C13’ was strongly inhibited by fasamycin E with an MIC of 0.5 pg/ml
(Figure 4.4). The congener fasamycin G was not tested against ‘Ca. N. franklandus

C13’ in this study.

With regards to the formicamycins, ‘Ca. N. franklandus C13” was sensitive to both
congeners (formicamycin I and J) with an MIC of 1 pg/ml. In contrast, N. vienniensis
EN76 was only sensitive to formicamycin J (MIC; 1 pug/ml) but was resistant to

formicamycin I (under the conditions tested).

Overall, these data show that the fasamycins and formicamycins exhibit potent
biological activity against ‘Ca. N. franklandus C13’ and N. vienniensis EN76 with
MIC values < 1 pg/ml. A summary of the sensitivity of ‘Ca. N. franklandus C13’ and
N. vienniensis EN76 to the various fasamycin and formicamycin congeners is provided

in Table 4.3.

The solvent controls for DMSO (0.05% (v/v)) and HCI (0.05 mM) in N. viennensis
EN76 cultures had no effect on growth. In contrast, while HC1 (0.05 mM) had no effect
on ‘Ca. N. franklandus C13’, 0.05% DMSO only had mild effects on growth. These
data strongly suggest that the observed activity is due to the activity of the fasamycin
and formicamycin antibiotics. Ciprofloxacin was used as a positive control for

fasamycins and formicamycins as preliminary evidence in bacterial systems indicate
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that they target DNA gyrase (Matt Hutchings, personal communication). Both AOA

strains were resistant to ciprofloxacin at the concentrations tested.
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Figure 4.4: Sensitivity of ‘Ca. N. franklandus C13’ to various fasamycin and formicamycin congeners. Experiments included 0.05 mM HCl
or 0.05% DMSO as solvent controls for ciprofloxacin and fasamycins/formicamycins respectively. Ciprofloxacin (A) was used as a positive
control. Fasamycin and formicamycin congeners tested include (B) Formicamycin J, (C) Formicamycin I, and (D) Fasamycin E. All
sensitivity tests were performed in liquid cultures. Nitrite concentrations (NO2) plotted represent the average of three replicate cultures. Error

bars represent the standard error of mean (SEM) and may be smaller than the symbol.
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(E) 2000 1 _gControl Figure 4.5: Sensitivity of N. viennensis EN76 to congeners of the fasamycin and
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Table 4.3: Sensitivity of AOA to different fasamycin and formicamycin congeners.

MIC (pg/ml)
Strain For J For 1 Fas G Fas E
‘Ca. N. franklandus C13’ 1 >1 ND 0.5
N. viennensis EN76 1 >1 1 0.5

ND- Not determined.

4.4 Discussion

4.4.1 Selective agents for ‘Ca. N. franklandus C13’

The primary aim of this study was to identify a suitable selective agent(s) for ‘Ca. N.
franklandus C13’. The choice to use an antibiotic-based selection system for the initial
development efforts was because creating an auxotrophic mutant requires an already
pre-existing genetic system (Fatma ef al., 2020). In addition, no natural or spontaneous

auxotrophic mutants of any AOA are currently known.

The potent inhibition of this strain by puromycin and hygromycin B highlights these
antibiotics as potential candidates. While not as potent as puromycin and hygromycin
B, the antibiotic neomycin may also be a suitable alternative should be considered in
future studies. The antibiotic puromycin is widely used as a selection agent in
methanogen genetic systems (Gernhardt et al., 1990; Patel et al., 1994; Argyle et al.,
1996; Nayak and Metcalf, 2017). It is typically used at concentrations ranging between
2 - 10 pg/ml which is relatively low compared to those determined for ‘Ca. N.
franklandus C13’ in this work. Similarly, in eukaryotic systems, puromycin is used at

concentrations at ranging around 10 pg/ml (De La Luna et al., 1988). In practice, it
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may be necessary to use higher concentrations (> 27 pg/ml) of puromycin as higher
cell densities are likely to be used for the transformation experiments. Therefore,
although puromycin is a strong candidate, further experimentation may be needed to
determine appropriate concentrations based on factors such as cell density. In bacterial
models such as Mycoplasma sp., the pac gene is capable of conferring resistance to
the bacterium M. capricolum up to 500 pg/ml of puromycin (Algire et al., 2009).
Therefore, if the expression of the Pac protein is sufficient, and equally important if
the protein is active, then using a higher puromycin concentration is unlikely to pose

any problems.

In contrast, hygromycin B is not as widely used in archaeal selection systems but has
been useful in the Sulfolobales (Atomi ef al., 2012). An advantage of hygromycin B
as a selection agent is the availability of a thermotolerant hygromycin
phosphotransferase (4pt) (Cannio et al., 2001). This could be useful with thermophilic
AOA strains. Typical concentrations of hygromycin B used for S. solfataricus, an
important genetic model for the Sulfolobales, are around 300 pg/ml (Cannio et al.,
2001). In bacterial models such as E. coli, hygromycin B is used at concentrations
exceeding 140 pg/ml (Kalivoda et al., 2011). These concentrations far exceed the
concentrations needed to strongly inhibit ‘Ca. N. franklandus C13’ (~11 pg/ml). More
importantly, this indicates that the /pt resistance cassette is capable of conferring
resistance to hygromycin B concentrations far exceeding those needed for ‘Ca. N.
franklandus C13°. Although it remains to be investigated experimentally, the
concentrations needed to inhibit ‘Ca. N. franklandus C13’ by hygromycin are within a

practical range.
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The potent action of puromycin and hygromycin B make these two antibiotics
attractive candidates for a selection system. However, it is still unclear at what rate (if
at all) resistant ‘Ca. N. franklandus C13’ mutants eventually develop. During
incubation of ‘Ca. N. franklandus C13’ for a prolonged period of time (~65 days), no
evidence of mutant development was observed (Appendix F). However, this was done
at lethal antibiotic concentrations and future work will need to monitor resistance
development at sublethal concentrations which are more conducive to resistance
development (Andersson and Hughes, 2014; Friman et al., 2015). In methanogen
models such as M. maripaludis and M. voltae, puromycin exhibited a low rate of
mutant development (Possot et al., 1988; Argyle et al.,1996). A low rate of
development of resistant mutants is particularly desirable for ‘Ca. N. franklandus C13’
cells as it takes approximately two months for visible colonies of ‘Ca. N. franklandus

C13’ to develop (see Chapter 3).

4.4.2 Antibiotic sensitivity patterns of three distinct AOA strains

Overall, the results in this study clearly indicate that antibiotic sensitivity patterns
differ between phylogenetically and physiologically distinct AOA strains.
Unfortunately, as only a single representative from each genus was tested, it is
premature to suggest a lineage-dependent sensitivity pattern. Similarly, a structure-
activity pattern particularly for the aminoglycosides was difficult to discern. For
example, although all three strains were resistant to apramycin, a monosubstituted
aminoglycoside, the two soil strains were sensitive to hygromycin B. Additionally, as
stated previously, the 4,6 2-DOS aminoglycosides such as kanamycin and gentamycin
are widely used to treat both AOA enrichments and pure cultures to inhibit bacterial

growth. This widespread use of the 4,6 2-DOS aminoglycosides may suggest that the
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AOA are generally resistant to this structural class. It was however recently shown that
tobramycin, also a 4,6 2-DOS aminoglycoside, significantly reduced the abundance of
AOA in an enrichment culture (Liu et al., 2019). However, caution must be taken when
interpreting this data as antibiotics may have indirect effects on AOA in mixed cultures
as previously noted. It has also been observed that all three AOA strains exhibit
sensitivity (to varying degrees) to neomycin, a member of the 4,5 2-DOS
aminoglycosides. However, since only a single representative of the 4,5 2-DOS family

was tested, a generalisation cannot conclusively be made.

Although a definitive lineage-dependent pattern could not be determined from this
work, contrasting sensitivity patterns may have some important practical applications
in the isolation of AOA. For example, during isolation efforts and maintenance of pure
cultures, it is commonplace to use a cocktail of antibiotics to retard bacterial growth.
This work has identified an additional antibiotic, apramycin, that does not inhibit any
of the three AOA strains but has previously been shown to be highly effective against
Gram-negative bacteria (Matt et al., 2012; Yang et al., 2020). Since all known bacterial
nitrifiers are Gram-negative, apramycin presents a possible selective inhibitor of AOB
which could outcompete the slow growing AOA in enrichment cultures. Furthermore,
such selective inhibitors are highly desired when studying mixed communities (Zhao
et al., 2020) and apramycin could be used to study AOA-specific activity in mixed
communities. However, this needs to be experimentally validated. Lastly, if a lineage-
dependent sensitivity pattern was eventually determined for the AOA, it could be used
to deliberately introduce bias in the isolation efforts allowing the enrichment of a

specific AOA lineage conducive to diversifying culture collections.
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It is unsurprising that the AOA strains do not share antibiotic sensitivity patterns as
they are not only phylogenetically, but also physiologically distinct. An example of a
physiological distinction that may contribute towards contrasting sensitivities is the
outer cell envelope. The outermost cell envelope is an important cellular structure that
controls the influx/efflux of different molecules and acts as a ‘molecular sieve’. While
‘Ca. N. franklandus C13” is surrounded by a yet uncharacterised outer cell membrane
(Nicol et al., 2019), both N. viennensis EN76 and N. maritimus SCM1 are enveloped
by a proteinaceous surface layer (S-layer). However, the S-layers present in these two
strains differ in their symmetry i.e. P3 and P6 symmetry respectively (Stieglmeier et
al., 2014; Qin et al, 2017). Whether contrasting S-layer symmetry influences

antibiotic sensitivity is unclear.

The P6 (or hexagonal) S-layer symmetry is common among methanogenic and
halophilic archaea (Rodrigues-Oliveira ef al., 2017). It is therefore interesting that N.
maritimus SCM1 shares similar antibiotic sensitivity patterns with several
methanogenic and halophilic strains. For example, the methanogenic strains
Methanococcus voltae, Methanosarcina acetivorans and Methanosarcina mazei all
have P6 symmetry and are all sensitive to puromycin but only mildly or completely
unaffected by hygromycin B (Possot, et al., 1988; Mondorf et al., 2012; Nayak and
Metcalf, 2017). In comparison, N. viennensis EN76 with P3 S-layer symmetry shares
antibiotic sensitivities with other archaea that contain P3 S-layer symmetry such as the

Sulfolobales (Cannio et al., 1998, 2001).

Whether S-layer symmetry influences antibiotic sensitivity could be investigated using
various methods. For example, using cell-free systems one can determine whether in

the absence of the cell wall barrier the antibiotics are able to interact with their
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molecular target(s). Such an approach has previously been used to determine the
sensitivity of archaeal ribosomes to protein synthesis inhibitors (Cammarano et al.,
1985; Londei et al., 1988). Therefore, if it is determined that whole cells are resistant
while the ribosomes (cell-free models) are susceptible to the antibiotic, then this may
suggest that the antibiotic is not able to cross the cell wall barrier. Alternatively, the
use of antibiotics conjugated to fluorophores has been an important experimental
approach for bacterial pathogens to determine the mode of action and resistance
mechanism (Miao et al, 2020). These fluorophores could be used to visualise

antibiotic uptake using fluorescent microscopy.

An additional factor to consider is the growth medium used for these strains. While
‘Ca. N. franklandus C13 and N. viennensis EN76 grow in virtually identical growth
medium, N. maritimus SCM1 requires a growth medium with a higher salt content and
ionic strength. These conditions have previously been reported to influence the activity
of aminoglycoside antibiotics (Coronado et al., 1995). The authors demonstrated in
thirteen halophilic bacterial strains that when the salt concentration in the medium was
lowered from 10% to 1%, the minimal inhibitory concentration of the aminoglycoside
antibiotics decreased. The authors similarly demonstrated this effect in E. coli. It is
therefore possible that the salt concentration of the growth medium may be a

contributing factor to the different sensitivity patterns of the AOA strains.

As noted previously, aminoglycosides inhibit protein synthesis by interacting with the
ribosome machinery such as the 16S rRNA of the small 30S subunit (Kulik ef al.,
2015). Since 16S rRNA is a phylogenetic marker, the contrasting sensitivities of the
AOA to aminoglycosides may be attributed to sequence variation in this phylogenetic

marker. Indeed, structural studies of aminoglycosides bound to their ribosomal targets
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in bacterial models have identified critical nucleotides that influence sensitivity of
microorganisms to aminoglycosides (Alangaden et al., 1998; Recht and Puglisi, 2001).
Although beyond the scope of this study, it would be interesting to explore whether
differences at these critical nucleotides plays a role in the sensitivity patterns of AOA
to aminoglycosides. In addition to mutations in the rRNA, resistance to
aminoglycosides is also mediated by aminoglycoside modifying enzymes such as
phosphotransferases, acetyl-CoA dependent aminoglycoside acetyltransferases and
aminoglycoside nucleotidyltransferases (Becker and Cooper, 2013). It is, however,
challenging to assign these functions to particular genes in the absence of relevant

genetic studies that are dependent on the availability of a genetic system.

4.4.3 Sensitivity to topoisomerase inhibitors

DNA topoisomerases can be found in all domains of life, where they are involved in
altering and regulating the topological state (e.g. supercoiling) of DNA to facilitate
essential processes such as replication, transcription, and recombination (Deweese et
al.,2009; Evans-Roberts and Maxwell, 2009). These enzymes can be classified as
either type I or type II depending on whether they create a transient single or double-
stranded break in DNA (Champoux, 2001). Type I topoisomerases function
independently of ATP hydrolysis while type II topoisomerases are dependent on
ATPase activity (Baker ef al., 2009). For reference, the general classification of

prokaryotic DNA topoisomerases is provided in Appendix G.

An important target for antibacterial compounds is DNA gyrase due to its absence in
mammalian cells (Maxwell, 1997; Khan et al., 2018). DNA gyrase is classified as a
type IIA topoisomerases and thus requires ATP to cut both strands of DNA to resolve

DNA tangle and supercoils (Vos et al., 2011; Vanden Broeck et al., 2019). The
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antibiotics novobiocin and ciprofloxacin are well-known inhibitors of DNA gyrase but
target different sites (Serizawa et al., 2010). Novobiocin targets the ATPase domain
situated within a structural region known as the Bergerat fold of DNA gyrase subunit
B (GyrB) (Maxwell and Lawson, 2003). Aside from DNA gyrase, the Bergerat fold
may also be found in other proteins such as Hsp90, Histidine Kinases, and MutL that
are collectively known as ‘GHKL’ (Gyrase, Hsp90, Histidine Kinase and MutL)
(Dutta and Inouye, 2000). In contrast, ciprofloxacin targets DNA gyrase subunit A
(GyrA) hindering its ability to repair the double-stranded break leaving the single-

strands vulnerable to exonuclease degradation (Shariati et al., 2022).

Interestingly, it has recently been established that DNA gyrase is absent from the
archaeal phylum Thaumarchaeota (Villain ef al., 2022). Therefore, while the resistance
to ciprofloxacin is to be expected, the sensitivity to novobiocin by all three AOA strains
was rather surprising and may indicate the presence of an alternative target(s) in these
archaea. A likely target for novobiocin in these strains is a type Il topoisomerase due
to the presence of a Bergerat fold in these enzymes. The only type I topoisomerase that
is ATP-dependent is the reverse gyrase, but this is enzyme is exclusively present in

hyperthermophilic prokaryotes (Schoeffler and Berger, 2008).

As summarised in Table 4.4, topoisomerase VI is the sole type II topoisomerase
annotated in the genomes of the two AOA strains. Topoisomerase VI is widely
distributed in the archaea and may co-exist with DNA gyrase (Garnier et al., 2021).
Topoisomerase VI is the only representative of the type IIB topoisomerases and forms
an AB; heterotetramer (Champoux, 2001; Corbett and Berger, 2003). Since
topoisomerase VI contains a Bergerat fold, it is tempting to propose topoisomerase VI

as the likely target for novobiocin in these archaea. Unfortunately, previous in vitro
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tests on topoisomerase VI from Sulfolobus shibatae, showed that this enzyme is
insensitive to novobiocin (Bergerats et al., 1994). While this insensitivity could be
attributed to the high temperatures at which these assays were conducted (i.e. 80°C),
the authors reported that novobiocin was stable for at least 20 minutes under these
conditions. Furthermore, the topoisomerase VI from the mesophilic archacon
Methanosarcina mazei is also insensitive to novobiocin (Dmitry Ghilarov (JIC),
personal communication). Thus, topoisomerase VI is an unlikely target for novobiocin

in the AOA.

Based on these observations, it may be necessary to consider that novobiocin may be
targeting other Bergerat fold-contain proteins such as those within the GHKL family
mentioned previously. For example, novobiocin has been reported to bind to the
bacterial histidine protein kinase EnvZ, albeit with a weaker affinity than to GyrB of
DNA gyrase (Plesniak et al., 2008). Since several histidine kinases are annotated in
the genomes of these AOA strains (data not shown), they could be potential targets for
novobiocin. Another member of the GHKL family of proteins is MutL which is part of
the mismatch repair system (Ishino et al., 2018). Novobiocin has been shown to bind
to this protein with a low affinity (Ban and Yang, 1998). It has been established that
the MutL repair system is not widespread in archaea which instead may use the
EndoMS endonuclease-based system (Pérez-Arnaiz et al., 2020). To the best of our
knowledge no literature is currently available on the interaction between novobiocin

and the EndoMS endonuclease protein.

It should also be noted that the Bergerat fold-containing proteins do not all necessarily
exhibit similar sensitivity patterns. For example, while the drug radicicol targets the

Bergerat fold of the human Hsp90 and the archaeal topoisomerase VI (Sharma et al.,

144



Insights into the antibiotic sensitivity of ammonia-oxidising archaea

1998; Gadelle et al., 2005), it has no effect on DNA gyrase (Gadelle et al., 2005).
Additionally, geldanamycin, also a Hsp90 inhibitor, has no effect on topoisomerase VI
as it is too big to interact adequately with the target site (Gadelle et al., 2005). Thus,
other factors play a role in the interaction of the Bergerat fold with different

compounds.

Interestingly, the sensitivity to novobiocin does not seem to be a general trait among
the AOA. For example, an enrichment of the thermophilic AOA strain
‘Ca. Nitrosocaldus cavascurensis’ that grows optimally at 68°C exhibited no response
to treatment with 100 pg/ml of novobiocin (Abby et al., 2018). Although it has
previously been noted that novobiocin is stable at elevated temperatures (i.e. ~80°C)
for several minutes, it may be possible that its activity gradually diminishes following
extended incubation periods under such conditions. Alternatively, novobiocin may be
degraded by other microorganisms in the enrichment or have a higher affinity for the

bacterial DNA gyrase present in the bacterial community of the enrichment.

4.4.3.1 AOA sensitivity to fasamycins and formicamycins

Recent data have revealed that both the fasamycins and formicamycins are potent
inhibitors of bacterial type II topoisomerase inhibitors (i.e. DNA gyrase), preventing
its ability to bind DNA (Matt Hutchings, Personal communication). Their ability to
target topoisomerases is particularly significant as these enzymes are essential for
cellular processes such as DNA processing and are therefore attractive targets for drug
development. Due to their potential as drug candidates, efforts are currently underway
to determine the extent of their biological activity and whether structural congeners
have alternative molecular targets or mechanisms of action. In this regard, archaea

from the phylum Thaumarchaeota are an interesting model to test as they lack DNA
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gyrase and contain a distinct topoisomerase repertoire to those found in bacteria
(Villain et al., 2022). For example, in addition to the previously described
topoisomerase VI, AOA also contain the unique topoisomerase IB which is scarcely

found in bacteria (Brochier-Armanet et al., 2008).

All the fasamycins and formicamycins congeners tested in this study exhibited potent
anti-archaeal activity against ‘Ca. N. franklandus C13” and N. viennensis EN76 with
very low MIC values. This is in contrast to all the other antibiotics to which these
strains were sensitive and could be attributed a higher affinity to their targets. It is also
possible that these compounds are taken up into the cell efficiently based on the fact
that they are dissolved in DMSO which is known to increase the permeability of the
cell membrane (Notman et al., 2006; Mi et al., 2016). Additionally, it has been
established that the activity of these compounds is generally enhanced by the
increasing number of halogen atoms (usually chlorine) at positions R1 - RS (Figure
4.6) and is likely linked to their ability to cross cell envelopes and enter the cells (Matt
Hutchings, personal communication). Interestingly however, fasamycin E has the least
number of Cl atoms (only at positions R1 and R2) but exhibits highly potent activity
with an MIC of 0.5 ng/ml against both AOA strains. When exclusively considering the
formicamycins, a methyl-side group at position RS, as seen in Formicamycin J, seems
to be associated with stronger activity when compared to the presence of a hydrogen
atom at this position (formicamycin I). Scaffolds of the fasamycins and formicamycins
are illustrated in Figure 4.6. A focus of future work will need to test the numerous
structural congeners available (with different combinations of R-side groups) to reveal

the effects of these changes on their biological activity.
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Fasamycin Formicamycin

Fasamycin E: Formicamycin I:
R1=Cl,R2=CI,R3=H,R4=H, R5 = R1=Cl, R2=Cl, R3=Cl, R4=Cl, R5
H, R6 = CH; =H

Formicamycin J:
R1=ClL,R2=CLR3=Cl, R4=Cl,R5 =
CH;3

Figure 4.6: General chemical structure of the novel fasamycin and formicamycins antibiotics. An
increasing number of halogen atoms (particularly chlorine) at positions R1-R5 have been associated
with increased activity of these compounds. For comparison, different side groups present in the
formicamycin congeners tested in this study are highlighted in red. The structure of fasamycin G is

currently unknown. Structures were obtained from (Qin et al., 2017).

More interesting is the highly potent activity against the AOA strains despite lacking
the type II topoisomerase DNA gyrase, a known target for these compounds. This may
suggest the presence of an alternative target for the fasmaycins and formicamycins in
archaea. As the sole type Il topoisomerase annotated in the genomes, topoisomerase
VI is a strong candidate target for these compounds. The low MIC may also indicate
that the unknown target is an essential component of the cell. This is supported by the
fact that topoisomerase VI is the only topoisomerase encoded in the genomes of the
two AOA strains that is capable of decatenase activity (McKie et al., 2022). Whether
topoisomerase VI is essential to the AOA can easily be determined by testing the

response of these archaea to radicicol, a known inhibitor of topoisomerase VI (Gadelle
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et al., 2005). However, to confidently identify the target of these compounds in
archaea, it will be necessary to perform in vitro assays with the purified AOA

topoisomerase VI and structure determination of the compound-enzyme complexes.
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Table 4.4: List of genes annotated as topoisomerases in the three AOA strains.

Annotated ORFs . ]
Strain Type BLASTDp hit Accession no. % Identity
(MicroScope)
‘Ca. N. franklandus DNA topoisomerase I, e DNA topoisomerase 1 (Candidatus
) ) WP _232037898.1 99.83
C13 eukaryotic type Nitrosocosmicus franklandus)
(NFRAN_v2 0095) e DNA topoisomerase I (Thermoproteota
| MDQ2684725.1 79.48
archaeon, MAG)
e DNA topoisomerase I (Candidatus
NOJ31060.1 82.08
Nitrosocosmicus sp., MAG)
DNA  topoisomerase I e DNA  topoisomerase I (topA)
) ) WP _269472330.1 100
(NFRAN V2 0625) (Candidatus Nitrosocosmicus
franklandus)
99.87
e DNA topoisomerase I (topA)
I VFJ12947.1
(Candidatus Nitrosocosmicus
franklandus)
e DNA topoisomerase I (Candidatus
MDR4492235.1 65.34
Nitrosocosmicus sp., MAG)
DNA topoisomerase VI e Hypothetical protein (region, DNA WP _134483663.1 99.73
subunit A topoisomerase IV subunit A, Candidatus
- Nitrosocosmicus franklandus)
(NFRAN_v2_1367) e Hypothetical protein region, DNA WP_148685627.1 95.63

topoisomerase IV subunit A, Candidatus

Nitrosocosmicus hydrocola)
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Hyporthetical  protein ~ MY3 04595
(MAG) Thermoproteota archaeon

MDQ2685104.1

95.63

Table 4.4: Continued.

Type 2
DNA topoisomerase 6
subunit B (modular protein)

(NFRAN_v2_ 1368

II

Type 2 DNA topoisomerase 6 subunit B
(Candidatus Nitrosocosmicus
franklandus)

DNA topoisomerase VI subunit B
(Candidatus Nitrosocosmicus
franklandus)

DNA topoisomerase VI subunit B
(Candidatus Nitrosocosmicus

Hydrocola)

VFJ13690.1

WP_172602159.1

WP_148685626.1

100

100

66.81

N. viennensis EN76

DNA topoisomerase 1B
(NVIE 015110)

DNA topoisomerase I [Nitrososphaera
viennensis]|
DNA topoisomerase 1 [Candidatus

Nitrososphaera evergladensis]

DNA topoisomerase I [uncultured

Nitrososphaera sp.].

WP _227717284.1

WP_226987022.1

WP_294804997.1

100

95.20

95.20
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Table 4.4: Continued.

DNA topoisomerase [A e DNA topoisomerase I [Nitrososphaera
WP_075055085.1 99.86
(NVIE_020340) viennensis]. (gene: topA)
e DNA topoisomerase I [Candidatus
WP _148699231.1 88.98
I Nitrososphaera evergladensis]. (gene:
topA)
e DNA  topoisomerase [,  partial
WP _294806687.1 87.95
[uncultured Nitrososphaera sp.]
Topoisomerase 1B e hypothetical protein [Nitrososphaera
] ) WP_075055726.1 100
subunitA (NVIE_028330) viennensis]
e  hypothetical protein [Candidatus
WP _148699972.1 98.64
Nitrososphaera evergladensis].
hypothetical tei Itured
* hypothetical protein funcultured ¢ g 07652.1 98.37
Nitrososphaera sp.].
Topoisomerase 1B e DNA topoisomerase VI subunit B
) ) . WP_075055727.1 99.85
subunitB (NVIE,_028340) [Nitrososphaera viennensis].
e DNA topoisomerase VI subunit B
WP _158385118.1 94.86
[Candidatus Nitrososphaera
evergladensis].
DNA topoi VI subunit B
* OPOISOMETase subum WP 294807649.1 94.39

[uncultured Nitrososphaera sp.].
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4.5 Summary and outlook

In this chapter, we have identified two main antibiotics puromycin and hygromycin B
as potential selective agents for ‘Ca. N. franklandus C13’. The inclusion of additional
AOA strains in the antibiotic sensitivity testing efforts revealed that these archaea
differ in their sensitivity patterns. However, due to insufficient data, a lineage-
dependent sensitivity pattern could not be discerned. Nevertheless, contrasting
sensitivity patterns may have some useful practical applications in AOA research.
Overall the antibiotic sensitivity testing of AOA reveals that they are sensitive to
protein and DNA synthesis inhibitors similar to archaea from the major phyla. We have
also shown for the first time, the anti-archaeal activity of the fasamycins and

formicamycins, a novel group of compounds with promising pharmaceutical potential.

A few outstanding questions are still unanswered and will be the focus of future
studies. For example, it will be necessary to determine whether spontaneous
puromycin and hygromycin B resistant mutants develop, to better gauge the long-term
use of these selective agents. Additionally, more strains will need to be tested to
determine whether a lineage-dependent sensitivity pattern is present among the AOA.
Finally, and more importantly, structural studies will need to be conducted to determine
the (presumably protein) molecular targets for the fasamycins and formicamycins

antibiotics.
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Chapter 5: Construction and validation of plasmids for

‘Ca. N. franklandus C13’
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5.1 Introduction

Plasmids are linear or circular DNA molecules that can exist and replicate
independently of the main host chromosome (Shintani et al., 2015). These molecules
play an important role in the exchange of genetic information between microorganisms
and have been discovered in all domains of life (Griffiths, 1995; Frost et al., 2005;
Wang et al., 2015). In molecular biology, plasmids are useful as ‘molecular vehicles’
that can transfer genetic information into or between cells which facilitates the
introduction of genetic modifications such as increased protein expression, deletions

and even insertions making them an indispensable element of a genetic toolbox.

Presently, all known archaeal plasmids originate either from the Euryarchaeota (e.g.
methanogens and Thermococcus sp.) or Crenarchaeaota (e.g. Sulfolobales). This is in
contrast to the Thaumarchaeota for whom plasmids are yet to be discovered. This lack
of plasmids presents as a major bottleneck for the development of genetic tools
because they provide several advantages. Firstly, native plasmids are guaranteed to
contain the necessary replication and maintenance machinery. Secondly, the presence
of native plasmids is a promising indicator that the strain has the ability to maintain
such extrachromosomal genetic material. In addition, native plasmids can be
reengineered into shuttle vectors or expression vectors that are important for genetic

studies.

In the absence of native plasmids, a plausible solution is to construct artificial
plasmids. Shuttle vectors are a particularly attractive choice, as they facilitate the
manipulation and propagation of the plasmids in a well-established model strain such
as E. coli prior to their transfer to the desired host (Scott et al., 2021). Some of the

basic components of a functional shuttle vector include a replication origin for each of
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the hosts, a selectable marker and gene expression elements such as promoters,

terminators, and ribosome-binding sites (RBS) (Yan and Fong, 2017).

Since there are no plasmids currently available for the AOA, the chromosomal
replication origin would need to be used to facilitate autonomous replication in the
host cells. Plasmids under the control of a chromosomal replication origin have
successfully been used in both bacterial and archaeal models (Zakrzewska-Czerwinska
et al., 1995; Lee et al., 2008; Farkas et al., 2011). Archaeal replication origins are AT-
rich genomic loci that are flanked by unique repeated sequence motifs known as origin
recognition boxes (ORB), to which the initiator protein Orc1/Cdc6 binds (Robinson et
al., 2004; Barry and Bell, 2006; Lestini et al., 2015). The Orc1/Cdc6 protein shares
homology to both subunit 1 of the eukaryotic origin recognition complex (Orcl) and
Cdc6 (Robinson et al., 2004; Ausiannikava and Allers, 2017). The eukaryotic Orcl
promotes recognition of the replication origin whereas Cdc6 recruits the replicative
helicases (Lestini et al., 2015). Since the archaeal Orc1/Cdc6 shares homology to both
these proteins, it is expected to be capable of performing both functions (Lestini et al.,
2015). Unlike bacteria, archaeca may contain multiple replication origins within their

genomes (Robinson et al., 2004; Norais et al., 2007; Pelve et al., 2013).

Various methods are available to map the location of replication origins and may
include marker-frequency analysis (Lundgren et al., 2004; Coker et al., 2009; Pelve et
al., 2013), 2D gel electrophoresis and chromatin immunoprecipitation (Matsunaga et
al., 2001), Z-curve analysis (Luo et al., 2014; Luo et al., 2019) and autonomously
replicating sequence activity assays (ARS) (Stinchcomb et al., 1980; Berquist and
DasSarma, 2003). The experimental approaches are technically challenging and time-

consuming (Gao, 2014) and are more suited to strains for whom genetic tools already
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exist. For example, the ARS method was previously used to characterise a
chromosomal replication origin in the haloarchacon Halobacterium strain NRC-1

(Berquist and DasSarma, 2003).

In comparison, mapping of replication origins using in silico based methods such as
the Z-curve analysis are more suited to novel strains or those for whom genetic systems
are yet to be established. Additionally, in silico methods may also be useful in instances
where experimental techniques (e.g. marker frequency analysis) fail as previously seen
with the archaecon Methanocaldococcus jannaschii (Maisnier-Patin et al., 2002). The
Z-curve method, developed in 1994, is a geometrical approach to the analysis of a
DNA sequence and produces a graphical three-dimensional representation of any given
DNA sequence (Zhang and Zhang, 1994; Zhang and Zhang, 2014). Unlike similar
methods such as GC-skew analysis, the Z-curve method takes into consideration all

four nucleotides (Gao, 2014).

A Z-curve is generated by plotting a series of nodes i.e. Po, P;, P>....Py (Whereby ‘N’
represents the length of the DNA sequence being analysed) on the coordinates x, y and
z that are determined by previously described mathematical formulas (Zhang and
Zhang, 1994; Zhang and Zhang, 2004). The resulting graphs reflect the genomic
distribution (or disparity) of different nucleotide groups within a given DNA sequence.
These nucleotide groups are based on the biochemical properties of the four
nucleotides (A, T, G and C) and include purine/pyrimidines (R/Y), amino/keto (M/K)
and weak/strong hydrogen bonds (S/W) which correspond to the x, y and z coordinates
respectively (Zhang and Zhang, 2014). These nucleotide classifications are

summarised in Table 5.1. The nucleotide disparity curves (R/Y, M/K, S/W) may also
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be plotted individually creating two-dimensional plots. Note: curves depicting the S/W

nucleotide distribution may also be plotted as individual AT and GC disparity curves.

Based on the extensive work done using the Z-curve to accurately locate the replication
origins in bacterial and archaeal genomes, replication origins can typically be found in
regions where a change in polarity of the nucleotide distribution visible (i.e. global
maximum or minimum of the Z-curve) (Zhang et al., 2003: Zhang and Zhang, 2014).
Additionally, DNA replication genes (e.g. the archaeal cdc6 or bacterial DnaA) are
frequently present in the vicinity of these regions (Zhang and Zhang, 2005). Notable
examples of model archaeal strains for which the Z-curve has successfully been used
to predict replication origin include Halobacterium NRC-1 (Zhang and Zhang, 2003),
S. acidocaldarius (Chen et al., 2005), M. jannaschii (Zhang and Zhang, 2004) and M.
mazei (Zhang and Zhang, 2002). Freely available web-based tools (e.g. Ori-Finder),
are based on the Z-curve algorithms and are currently available to assist in the
prediction and location of replication origins in bacterial and archaeal genomes (Gao

and Zhang, 2008: Luo et al., 2014: Dong et al., 2022).

Table 5.1: Nucleotide classification groups used to generate Z-curves.

Nucleotide classification

Strong Weak
Purine  Pyrimidine Amino Keto hydrogen hydrogen
bonds bonds
Letter code R Y M K S W
Nucleotide A/G C/T A/C G/T G/C A/T
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Due to the lack of pre-existing genetic tools, functional characterisation of gene
expression elements such as promoters, transcription terminators and RBS is not yet
feasible for the AOA. However, since the location of such elements can usually be
predicted (i.e. 5 UTR for promoters/RBS and 3’UTR for transcription terminators),
the corresponding genomic loci can be amplified by PCR and fused to the desired
genes on the plasmid. The core archaeal promoter elements to which transcription
factors bind include a TATA-box located ~26 - 30 bp upstream of the transcription start
site and the transcription factor B-responsive element (BRE) immediately upstream of
the TATA-box (Reiter et al., 1990; Bell and Jackson, 1998; Bell ef al., 1999; Juven-
Gershon et al., 2008). These promoter motifs can be detected using in silico
approaches (Bartossek et al., 2012; Sganzerla Martinez et al., 2023). However, a
caveat to using an in silico approach for promoter detection is that recognisable motifs

may not always be present (Sganzerla Martinez ef al., 2023).

Like bacteria, archaeal transcription termination may either be intrinsic or rely on
additional protein factors also referred to as factor-dependent termination (Thomm et
al., 1993; Santangelo et al., 2009; Walker et al., 2017). The intrinsic termination
signals in archaea consist of stretches of thymine (i.e. oligo (dT)) (Wich et al., 1986;
Brown et al., 1989). This was further supported by the work of Thomm and colleagues
(1988), who created deletion mutants of the wild-type termination signal (5°-
TTTTATTTT-3") from the tRNAY¥ gene of Methanococcus vannielii confirming the
role of oligo (dT) signals in transcription termination. Interestingly, although both
bacterial and archaeal transcription termination rely on oligo (dT) stretches, the
preceding RNA-hairpin-forming inverted repeats were dispensable in the archaeon
Thermococcus kodakarensis (Santangelo et al., 2009). However, the ability of RNA

hairpin structures that are typical in bacterial intrinsic terminators to replace oligo (dT)
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terminators in methanogenic archaea suggests that these structures may still play an
important role in archaea (Thomm et al., 1993). These studies suggest that archaeal
transcription termination mechanistically resembles that employed by RNA
polymerase III which is not factor-dependent but rather depends on intrinsic sequence

signals (Santangelo and Reeve, 2006; Berkemer et al., 2020).

CRISPR-Cas is an RNA-guided prokaryotic adaptive immune system that is highly
abundant in archaea (Makarova ef al., 2020). A detailed description of the mechanism
of the CRISPR-Cas immune system is provided in Chapter 1. CRISPR-Cas systems,
particularly class 2 systems (e.g. Cas9), have been developed into a highly efficient
genome-editing tool and are widely used in both bacterial and eukaryotic models (Mali
etal.,2013; Li et al., 2015). Unlike the class I CRISPR-Cas systems, class 2 systems
(e.g. Cas9) are particularly attractive due to their simplicity and rely on a single
effector protein. In archaea however, the use of CRISPR-Cas is not nearly as prevalent
and is limited to a handful of strains in the two major archaeal phyla. Furthermore, the
CRISPR-Cas systems used for these archaea are often endogenous class 1 CRISPR-
Cas systems (Zebec et al., 2014; Stachler et al., 2017). A major disadvantage of
endogenous CRISPR-Cas systems is that they can vary significantly between closely
related strains and therefore have limited use (Nayak and Metcalf, 2017). Furthermore,
since the endogenous CRISPR-Cas systems that have been used for archaea originate
from extremophilic strains they might require significant adaptation to function in a
mesophilic host. It is for this reason that the recent development of class 2 CRISPR-
Cas genome-editing tools for the archaea is so important (Nayak and Metcalf, 2017;
Bao et al., 2022). The mesophilic nature of many AOA strains, the low genetic load
needed for class 2 CRISPR-Cas systems, and the high-efficiency associated with this

platform, makes class 2 CRISPR-Cas systems an ideal choice for the Thaumarchaeota.
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5.2 Chapter aims

The primary goal of this study was to design and assemble artificial plasmids for ‘Ca.
N. franklandus C13’ which included a CRISPR-Cas9-based plasmid. In addition, we
describe the design of two mCherry reporter gene plasmids to aid in the

characterisation of transcriptional elements and detect DNA uptake.

5.3 Results

5.3.1 Mapping the ‘Ca. N. franklandus C13’ origin of replication

The putative chromosomal replication origin of ‘Ca. N. franklandus C13” was mapped
using the in-silico Z-curve method. The resulting (R/Y), (M/K) and (S/W) disparity
plots predicted the presence of a single replication origin at the global maximum
(Figure 5.1A). Note that S/W plots are labelled as AT and GC disparity in the Z-curve.
Adjacent to the predicted replication origin was an ORF encoding a cdc gene
(sometimes annotated as orcl/cdc6) (Zhang and Zhang, 2005; Luo et al., 2014). The
predicted replication origin encompasses a 518 bp region that spans the first 278 bp of
the adjacent cdc gene (ORF NFRAN 1687) and the entire downstream intergenic
region between the cdc gene and ORF NFRAN 1688 as illustrated in Figure 5.1B.
Three predicted ORB motifs were present in the downstream intergenic region of the

cdc gene.
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(A) Nucleotide disparity plots (Z-curve)
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(B) Location of the ‘Ca. N. franklandus C13’ origin

aatattctccattttaataaaaaaaaatcgagtgacacaccccttttcttctaatcgaggagcaataagataataccatgttaatttactctttgttatt
aacaatatttcttaaacactataatcaactaatttagacatatcaataaaaaataataatacaattttaatcttaattatttattttaac TGCATGA
GAAATTATGGGGTgaccgtttgtaacttgtattaacaataacattaacagataaatgatatttgataataagagtgattta ACCC
CTTTATTTCCAGTGGAgagacattaaattaattcacaatgataataagagtgattta ACCCCTTTATTTCCAG
TGGAacatgttaaactctttaacaataaaccaagttatcaaaagagaaaagtgaaattaaaatccaagcacaattttgttaacaaaagcetcat
catttggttatcaaaatttgttctataatgttaagttaacatacacactaatattcacagataagataga

Start (0)

5007 1000] 15001
Cdc (NFRAN_1687) | >
NFRAN_1688

Figure 5.1: Mapping of the ‘Ca. N. franklandus C13’ origin of replication using the Z-curve analysis
method. (A) Z-curve showing the nucleotide disparity of AT, GC, RY and MK in the genome of ‘Ca.
N. franklandus C13” where AT = A vs. T nucleotides, GC = G vs C nucleotides, RY = purines vs
pyrimidines and MK = amino vs keto containing nucleotides. The S/W disparity is presented as
separate AT and GC disparity plots. The red vertical lines at the top of the Z-curve indicate the location
of replication associated genes within the genome while the black arrow shows the location of the
origin (global maximum). The Z-curve was generated using the web-based tool ORI-Finder 2. (B)
Genomic context and sequence of the predicted replication origin including ORB motifs. The ORB
motifs are located in the upstream intergenic region of the cdc gene (NFRAN 1687) and are
highlighted in blue or bold (uppercase). The start codon of the cdc gene is highlighted in red.
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5.3.2 cis-DNA regulatory elements

5.3.2.1 Promoter regions

Plasmid encoded genes were placed under the control of the sequences corresponding
to the 5’ untranslated region (5° UTR) of highly expressed genes encoding ammonia
monooxygenase subunit A (amoA), ammonia monooxygenase subunit B (amoB) and
thermosome subunit B (¢4sB) in ‘Ca. N. franklandus C13°. The 5 UTR is expected to
contain the necessary promoter elements to drive transcription including the BRE and
TATA-box. The rationale behind the use of promoters from highly expressed genes is
that such genes are expected to be under the control of strong promoters. Where
possible, > 100 bp of the 5> UTR was used to increase the likelihood of capturing all
the necessary elements (Figure 5.2). Sequence alignments detected the presence of
BRE and TATA-box promoter elements in the 5’ UTR of all three sequences (i.e. amoA,
amoB and thsB) (Figure 5.3). Since the RBS are found downstream of promoters, and
the sequences immediately upstream of the start codon were included, RBS were

predicted to be present without any further analysis.
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Figure 5.2: The 5 UTR regions expected to contain promoter elements used in this study. The
upstream regions (> 100 bp) of highly expressed genes in ‘Ca. N. franklandus C13’ were selected as
promoters and are highlighted in red. Highly expressed genes include the genes for ammonia

monooxygenase subunit A and B (amoA, amoB) and thermosome subunit B (¢#4sB).
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Figure 5.3: Detection of the archaeal promoter signals BRE and TATA-box in the 5° UTR of highly

expressed genes in ‘Ca. N. franklandus C13’. Selected genes include the ammonia monooxygenase

subunit A and B (amoA and amoB) and thermosome subunit B (¢4sB). Panels A, B and C represent

multiple sequence alignments of the amoA, amoB and thsB promoter regions respectively with a

previously published dataset known to contain promoter elements. Putative BRE and TATA-box

elements are highlighted in blue and red boxes respectively. Nucleotides highlighted in colour are

shared between the sequences at a threshold of 85%. The reference dataset to which these sequences

were aligned were obtained from (Bartossek et al., 2012)

5.3.2.2 Terminator regions

The 3 UTR of the amoA and ureC genes was used as transcription terminators for

Cas9 and the pac gene respectively. These genes were selected as they have previously

been found to be highly expressed in ‘Ca. N. franklandus C13’. Visual inspection of

these sequences revealed runs of thymidine residues (oligo dT) which are reminiscent

of intrinsic transcription termination signals (see section 5.1).
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Figure 5.4: Terminator sequences used in this work. The 3’ UTR immediately downstream of the stop
codons of the highly expressed genes for ammonia monooxygenase subunit A (amoA) and urease
subunit alpha (ureC) were used as terminator signals in the shuttle vectors. The length of the terminator
regions varied between 134 bp for amoA and 88 bp for ureC. Putative intrinsic transcription termination
signals (i.e. oligo (dT)) were detected (visually) in the selected sequences. (A) The amoA 3’ UTR had
a stretch of seven thymines (T7). (B) In contrast, the ureC 3’ UTR has a stretch of six thymines (Ts).
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5.3.3 Validation of plasmids

5.3.3.1 Validation of the plasmids ‘pfrank-CRISPR’ and ‘pfrank-CRISPR-amoB’

The pCRISPomyces- vector is used for CRISPR-Cas9 genome-editing in Streptomyces
(Cobb et al., 2015). The pfrank-CRISPR plasmid constructed in this study is a circular
9.3 kb plasmid derived from the pCRISPomyces-2 plasmid. pfrank-CRISPR was
assembled from the following components: (i) A codon-optimized Streptococcus
pyogenes Cas9 gene flanked by the entire 163 bp upstream intergenic region of the
amoA gene as a putative promoter. The 3’ UTR (134 bp) downstream of the amoA gene
was used as a putative terminator; (ii) A codon-optimized puromycin N-
acetyltransferase gene (pac). The pac gene was flanked by 92 bp of the upstream
intergenic region of thsB as a putative promoter. The downstream region (88 bp) of the
urease alpha subunit gene (ureC) was used as a terminator; (iii) A 791 bp fragment
containing the predicted ‘Ca. N. franklandus C13’ replication origin spanning 278 bp
of the cdc gene (5’ - 3”) and 513 bp of the immediate upstream region of the cdc gene
with the latter containing the ORB motifs and; (iv) A fragment of the pCRISPomyces-
2 vector that spans the lacZ-alpha gene and the apramycin resistance gene (See

Chapter 2). This fragment also contains a gRNA scaffold.

A unique feature of the pCRISPomyces-2 vector is that it allows one to conveniently
fuse the spacer to the tracrRNA into a single guide RNA or sgRNA. This is due to the
presence of two Bbsl sites, one immediately upstream of the lacZ-alpha gene and the
second site immediately upstream of the gRNA scaffold (tractrRNA). The spacer can
then be inserted via Golden gate cloning. The complete sgRNA is under the control of
the gapdh promoter. Additionally, an Xbal site downstream of the gRNA scaffold

facilitates insertion of a homology repair template.
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Figure 5.5: General architecture of the plasmid pfrank-CRISPR. pfrank-CRISPR is a circular 9343 bp
long plasmid and contains the type II CRISPR-Cas9 elements from Streptococcus pyogenes Cas9
(purple) and a gRNA scaffold (black). The puromycin N-acetyltransferase gene (pac) allows selection
using the antibiotic puromycin. The ‘Ca. N. franklandus C13’ chromosomal replication origin (oriC-
C13) was used to facilitate autonomous replication of this plasmid. Regulatory elements such as

promoters and terminators are shown in grey.
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Figure 5.6: Amplification of the individual DNA fragments making up pfrank-CRISPR plasmid
containing homology arms for a Gibson assembly. Lane 1 and 6: 1 kb Generuler ladder (L), Lane 2:
pCRISPomyces-2 fragment spanning /acZ and the apramycin resistance gene (2875 bp), Lane 3:
Fragment containing the ‘Ca. N. franklandus C13’ chromosomal replication origin, oriC-C13 (851 bp),
Lane 4: pac gene (1117 bp), Lane 5: spCas9 fragment with an expected amplicon size of 4730 bp. All

PCR amplicons were resolved in a 0.8% (w/v) TBE agarose gel.

5.3.3.1.1 Agarose gel electrophoresis analysis of plasmid DNA

pfrank-CRISPR was constructed by Gibson assembly using PCR-amplified fragments
containing the necessary homology arms (refer to Chapter 2). Blue colonies were
selected as the most likely cells containing the desired constructs capable of replication
in E. coli. Plasmid yields > 200 ng/ul and bright bands on an agarose gel suggested the
presence of high copy plasmids (Figure 5.7). Of the two clones analysed, only clone 1

(C1) was closer to the expected size (~9.3 kb).
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Figure 5.7: Agarose gel resolution of plasmid DNA extracted from potential pfrank-CRISPR
transformants. Lane 1: 1 kb Generuler ladder (L), Lane 2: Clone 1 (C1), Lane 3: Clone 2 (C2) and
Lane 4: 1 kb Generuler ladder (L). Plasmid DNA was resolved in a 0.8% (w/v) TBE agarose gel.

5.3.3.2 PCR screening of a pfrank-CRISPR transformant

Using plasmid DNA from clone 1 as a template, the four individual DNA fragments
used for the assembly of pfrank-CRISPR were PCR amplified. All PCR reactions

yielded amplicons of the expected size as shown in the agarose gel in Figure 5.8.
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Figure 5.8: PCR screening of a potential pfrank-CRISPR transformant. Clone 1 (C1) was expected to
contain the correctly assembled plasmid. Using primers to each of the four individual fragments i.e.
lacZ-alpha-containing fragment (lacZ-alpha), the chromosomal replication origin of ‘Ca. N.
franklandus C13’ (oriC-C13), puromycin resistance gene (pac) and the S. pyogenes Cas9 (spCas9).
Note: Lanes labelled “N” and “P” indicate the negative and positive controls respectively. The
individual fragments used for the assembly were used as the positive controls. Lane 1 and 14: 1 kb
Generuler ladder (L). Lane 4: Amplification of lacZ-alpha with an expected amplicon size of 2875 bp.
Lane 7: Amplification of oriC-C13 with an expected amplicon size of 815 bp. Lane 10: Amplification
of the pac gene with an expected size of 1117 bp. Lane 13: Amplification of the spCas9 with an
expected amplicon size of 4730 bp. PCR amplicons were resolved in a 0.8% (w/v) TBE agarose gel.
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5.3.3.3 Restriction digestion analysis

Plasmid DNA from clone 1 was further analysed by restriction digestion. Clone 2,
which likely contains the incorrect assembly product, was included in this analysis as
anegative control. As expected, restriction digestion of clone 1 resulted in the expected
banding pattern whereas clone 2 did not. The resulting bands from the restriction

analysis are presented in Figure 5.9.
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5,000
3,000 —>
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Figure 5.9: A restriction digestion analysis of potential pfrank-CRISPR plasmids. Clone 1 was
expected to contain the correctly assembled pfrank-CRISPR plasmid. Single/double digests were done
using Kpnl and Ndel. Lane 1, 6 and 11: 1 kb Generuler ladder (L), Lane 2: Clone 1 uncut plasmid
DNA, Lane 3 and 4: Clone 1 Kpnl and Ndel single digests, Lane 5: Clone 1 Kpnl/Ndel double digest,
Lane 7: Clone 2 uncut plasmid DNA, Lane 8 and 9: Clone 2 Kpnl and Ndel single digests and Lane
10: Clone 2 Kpnl/Ndel double digest. The expected bands from the single digests were 1435 bp and
7908 bp (Ndel), 9343 bp (Kpnl) and 4887 bp, 1435 bp and 3021 bp for the Ndel/Kpnl double digest.
Plasmid DNA was resolved on a 0.8% (w/v) TBE agarose gel.
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5.3.3.4 Whole-plasmid sequencing

Based on the PCR and restriction digestion analysis, clone 1 likely contained the
correctly assembled pfrank-CRISPR plasmid and was subjected to whole-plasmid
sequencing. In addition to sequence comparison, read-length histograms were used to
further validate the presence of the correct molecular species in the samples. In a read-
length histogram, a single dominant peak located around the size of the plasmid on the
x-axis is an indicator that a single plasmid species is present in the sample. Based on
these histograms, a single dominant peak around 9 kb was evident which corresponds

to the pfrank-CRISPR plasmid (Figure 5.104).

Since the gapdh promoter downstream of the /acZ-alpha gene is of bacterial origin, it
was replaced with an endogenous promoter from ‘Ca. N. franklandus C13’ i.e. the 5’
UTR of the amoB subunit gene (330 bp) expected to contain a promoter. Replacement
of the gapdh promoter with the 5S’UTR of the amoB gene resulted in the plasmid
pfrank-CRISPR-amoB plasmid. This final construct was subsequently sequenced to
confirm the correct construct. A single dominant peak in read-length histogram for
pfrank-CRISPR-amoB around the expected size (~9 kb) strongly suggested the
presence of a single plasmid species (Figure 5.10B). A plasmid map of

pfrank-CRISPR-amoB is shown in Figure 5.11.
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Figure 5.10: Read-length histograms of the plasmids pfrank-CRISPR and pfrank-CRISPR-amoB.

These histograms are generated following whole plasmid sequencing and are used to determine whether

a single plasmid species is present in the sample. In the case of a pure plasmid sample, a single dominant

peak corresponding to the plasmid size on the x-axis is observed. A single dominant peak was evident

for (A) pfrank-CRISPR and (B) pfrank-CRISPR-amoB at around 9 kb indicating a single plasmid

species.
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Figure 5.11: General architecture of the pfrank-CRISPR-amoB. The plasmid pfrank-CRISPR-amoB
was constructed from pfrank-CRISPR by replacing the gapdh promoter with the 5’ UTR region of the
ammonia monooxygenase subunit B gene (amoB) from ‘Ca. N. franklandus C13’. All other features

are identical to the plasmid pfrank-CRISPR previously described.
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5.3.3.5 The pfrank-mCherry plasmids

To determine whether the cloned sequence was sufficient for plasmid replication, was
recognised by the cell replication machinery, and if then cdc gene encoding the initiator
protein (Orc1/Cdc6) is required in trans or cis, two distinct versions of the pfrank-
mCherry were constructed including pfrank-mCherry-Cdc-orb and pfrank-mCherry-
orb. Both constructs contain a fragment from pCRISPomyces-2 containing the /acZ-
alpha gene, the apramycin resistance gene, and the high copy number E. coli

replication origin (ColE1) (see section 2.12.10).

The plasmid pfrank-mCherry-Cdc-orb (7025 bp) contains a cis-located cdc gene
adjacent to the predicted chromosomal replication origin while pfrank-mCherry-orb
(5953 bp) lacks a cis-located cdc gene. In addition, both pfrank-mCherry constructs
contain the gene encoding the red fluorescent reporter protein, mCherry (Shaner et al.,
2004). The mCherry gene was placed under the control of the amoA4 5° UTR and 3’
UTR as the potential promoter and terminator respectively (see section 5.3.2). Both
plasmid versions contain the pac gene to confer puromycin resistance. Plasmid maps

for the pfrank-mCherry constructs are shown in Figure 5.12.
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Figure 5.12: General architecture of the pfrank-mCherry plasmids. Both plasmids contain the mCherry reporter gene under the control of the putative amoA
promoter and terminator. pfrank-mCherry-Cdc-orb contains a cis located cdc gene adjacent to the replication origin while pfrank-mCherry-orb only contained

the replication origin (oriC-C13). Both plasmids contain the pac gene to facilitate puromycin selection.
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5.3.3.5.1 Restriction digestion analysis

Both versions of the pfrank-mCherry plasmids were constructed by Gibson
assembly using PCR-amplified fragments containing the necessary homology arms.
Following transformation of E. coli cells with the assembly mixture, blue colonies
were selected as described for the plasmid pfrank-CRISPR above. Two clones
transformed with pfrank-mCherry-orb (Orbl and Orb3) and three clones
transformed with pfrank-mCherry-Cdc-orb (Cdcl.1, Cdcl.2 and Cdcl.3), were
analysed by restriction digestion using EcoRI and HindIll. With the exception of
Orb3, plasmid DNA from all other transformants resulted in the expected banding

patterns suggesting assembly of the correct plasmids (Figure 5.13).
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Figure 5.13: Restriction analysis of the pfrank-
mCherry plasmids. (A) Restriction analysis of pfrank-
mCherry-orb transformants digested with EcoRI and
HindIIl. Lane 1: 1 kb Generuler ladder (L), Lane 2:
uncut clone 2 plasmid DNA (Orb2), Lane 3:
EcoR1/HindlIll digested clone 2 plasmid DNA, Lane 4:
uncut clone 3 plasmid DNA (Orb3), Lane 5:
EcoR1/HindlIll digested clone 3 plasmid DNA. Clone 2
exhibited bands of the expected size corresponding to
611 bp, 2215 bp and 3127 bp. (B) Restriction analysis
of pfrank-mCherry-Cdc-orb transformants with EcoRI
and HindIll. Lane 1 and 8: 1 kb Generuler ladder (L),
Lanes 2, 4, 6: uncut plasmid DNA, Lanes 3:
EcoRI/HindIIl digested clone 1 (Cdcl.l), Lane 5:
EcoRI/HindIIl digested clone 1 (Cdcl.2), Lanes 7:
EcoRI/Hindlll digested clone 1 (Cdcl.3). All three
clones exhibited the expected banding patter
corresponding to 419 bp, 611 bp, 2205 bp and 3790 bp.
DNA was resolved on a 0.8% (w/v) TBE agarose gel.
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5.3.3.5.2 Whole-plasmid sequencing

Based on the restriction analysis presented in Figure 5.13 the clones Orb2 (pfrank-
mCherry-orb) and Cdc1.2 (pfrank-mCherry-Cdc-orb) were further verified by whole-
plasmid sequencing. The read-length histograms for plasmids pfrank-mCherry-Cdc-
orb (Figure 5.14A4) and pfrank-mCherry-orb (Figure 5.14B) revealed single dominant

peaks at the approximate sizes indicating the presence of a single plasmid species.
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Figure 5.14: Read-length histograms generated following whole plasmid sequencing of the pfrank-
mCherry plasmids. The x-axis represents the size of the reads while the y-axis corresponds to the
number of reads in the sample. A single dominant peak corresponding to the expected plasmid size

indicates the presence of single plasmid species. (A) pfrank-mCherry-Cdc-orb (B) pfrank-mCherry-orb.
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5.4 Discussion

The main goal of this study was to construct artificial plasmids for ‘Ca. N. franklandus
C13’ to address the lack of native AOA plasmids. In addition to being molecular
vehicles for genetic information, these plasmids will play an important role as DNA
uptake indicators to facilitate the development of transformation protocols. The two
main unifying features of the three plasmids are that they are all designed as E. coli
shuttle vectors and are all under the control of the ‘Ca. N. franklandus C13’
chromosomal replication origin. Being E. coli shuttle vectors, these plasmids can all

easily be manipulated and propagated in a well-established host.

To ensure autonomous replication of these plasmids in ‘Ca. N. franklandus C13’, it
was necessary to locate the genomic region containing the replication origin. Using
the Z-curve method, a single replication origin was identified in the genome of ‘Ca.
N. franklandus C13’ located adjacent to the Orc1/Cdc6 encoding gene, cdc. This is
consistent with the theory of a single-origin mode of DNA replication among the
Thaumarchaeota (Pelve et al., 2013). Furthermore, the co-localisation of the predicted
‘Ca. N. franklandus C13’ replication origin with a cdc gene is a characteristic feature
of previously studied archaeal replication origins (Berquist and DasSarma, 2003;
Zhang and Zhang, 2003). A single replication origin in ‘Ca. N. franklandus C13’
contrasts with other archaeal lineages such as Haloarchaea and the Sulfolobales whose
genomes contain multiple origins (Zhang and Zhang, 2003; Lundgren et al., 2004). In
the context of plasmid design, the dependence on a single replication origin had
important implications. For example, in H. hispanica, it was shown that the Orc1/Cdc6

initiation protein is specific to its co-localised replication origin (Wu et al., 2014).
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Therefore, since ‘Ca. N. franklandus C13’ relies on a single replication origin, its

Orc1/Cdc6 is likely to be specific to its adjacent origin.

An important consideration associated with the use of the chromosomal replication
origin in the plasmids is whether the Orc1/Cdc6 initiator protein is required in cis or
trans. In the Halobacterium sp. strain NRC-1, it was observed that plasmids lost the
ability to self-replicate when orcl/cdc6 (orc7) was deleted despite still containing the
replication origin (Berquis and DasSarma, 2003). In P. furiosus, however, plasmids
based on the chromosomal replication origin were still capable of self-replication in
the absence of a cis orcl/cdc6 gene (Farkas et al., 2011). Similar observations were
made in the H. hispanica (Wu et al., 2014). This formed the basis for the construction
of plasmid pfrank-mCherry-Cdc-orb which unlike pfrank-mCherry-orb, contains a cis

cdc gene.

Unfortunately, the use of a chromosomal replication origin in plasmids is associated
with a few limitations. Firstly, plasmids under the control of a chromosomal replication
origin are likely to be maintained at a low copy number (Moriya et al., 1992;
Zakrzewska-Czerwinska, et al., 1995; Farkas et al., 2011). In bacterial systems using
plasmids based on oriC (i.e. a chromosomal origin), the low copy number has been
attributed to competition of the origins for the initiator protein, DnaA (Zakrzewska-
Czerwinska, et al., 1995). Consequently, this may result in lower expression levels of
the selection marker hindering effective mutant screening. For example, kanamycin
resistant plasmids for Bacillus subtilis were found to be ineffective at low copy
numbers (Moriya et al., 1992). Furthermore, while high copy number plasmids depend
on passive diffusion for faithful partitioning during cell division, low copy number

plasmids depend on an active partitioning system (typically encoded on the plasmid)
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to ensure their maintenance following cell division (Schumacher, 2012). Since the
three plasmids constructed in this study are expected to exist as low-copy plasmids and
none contained genes encoding a partitioning-system, they may be vulnerable to
plasmid loss (i.e. plasmid instability) during replication. When using the chromosomal
replication, it may not be clear (in the absence of experimental validation) how much
sequence information surrounding the replication origin is sufficient to ensure self-
replication. In the same study discussed above (Berquist and DasSarma, 2003), only
plasmids containing greater than 500 bp of sequence upstream of the orcl/cdc6 gene
(and a cis orcl/cdc6) were able to self-replicate. In the present study, all three plasmids
contained ~513 bp of sequence upstream of the cdc gene, and it remains to be
determined whether this is sufficient for autonomous replication. Future work will
need to test the use of plasmids containing varying lengths of this region. Another
caveat associated with the use of plasmids based on the chromosomal replication origin
is that there is increased homology between the plasmid and genome. The plasmid
containing the additional cdc region (pfrank-mCherry-Cdc-orb) has an even larger
region of homology to genome. This plasmid-genome homology may increase the
chance of unwanted plasmid integration into the genome (Lee et al., 2008; Yan and

Fong, 2017).

The main rationale behind the design of plasmid pfrank-CRISPR-amoB was to
establish the first CRISPR-based genome-editing platform for an AOA. Specifically,
this plasmid contains the necessary elements for a type II CRISPR-Cas system (i.e.
Cas9 and tractrRNA). This is particularly relevant for ‘Ca. N. franklandus C13’ as it
lacks an endogenous CRISPR-Cas system. Furthermore, unlike endogenous CRISPR-
Cas systems, a non-native type II system could be used for multiple strains. This is

based on the argument by Nayak and colleagues (2017) justifying the development of
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a type II CRISPR-Cas genome-editing tool for an archaeal strain. The type II CRISPR-
Cas9 system is also attractive due to the minimal genetic components required. In the
context of the present study, it was important to keep the size of the plasmid pfrank-
CRISPR-amoB to a minimum particularly at such an early stage where it is not yet

clear how plasmid size impacts the cell or the transformation efficiency.

Aside from a replication origin, construction of shuttle vectors requires the necessary
gene expression elements such as promoters, terminators and RBS. In this work,
promoters were selected based on their expected location i.e. upstream of highly
expressed genes. Comparison of these sequences to those known to contain the
expected archaeal promoter signal (TATA-box and BRE) provided support for the
presence of putative promoter signals. However, in the absence of functional
characterisation, several challenges arise. For example, it is unclear whether the
putative promoters are constitutively active, or whether they are strong/weak
promoters. Their association with essential and highly expressed genes suggests that
the putative promoters used in this work are likely strong promoters (Riley and Guss,
2021). While it may seem advantageous to use a strong promoter, especially if the
plasmids are expected to be maintained at low copy numbers, such elements might
also result in a significant metabolic burden on the cell. An alternative approach in the
absence of functionally characterised promoters would be to utilise the promoters from
already established archaeal models. The use of exogenous promoters has been
successfully demonstrated in 7. kodakarensis whereby the strong promoter PAm¢b from

Methanothermobacter thermautotrophicus was functional (Santangelo et al., 2008a).

Additionally, it may be interesting to test whether promoters predicted from AOA

genomes function in already established archaeal genetic systems. The lack of
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functionally characterised gene expression elements for the ‘Ca. N. franklandus C13’

prompted the use of a reporter gene (mCherry) in the pfrank-mCherry plasmids.

Transcription terminators were selected using the same criteria as the promoters, and
manual inspection indicated that an intrinsic termination signal (i.e. oligo (dT)) may
be present. However, a systemic analysis of the 3° UTR of ‘Ca. N. franklandus C13’ is
essential to detect true transcription termination signals. To date, this has only been
done for a handful of archaeal strains none of which are in the phylum Thaumarchaeota
(Dar et al., 2016; Berkemer et al., 2020). An interesting approach would be to design
synthetic terminators with varying stretches of oligo dT’s which can easily be
amplified by PCR or commercially synthesised. Alternatively, as suggested for the

promoters, it may be possible to utilise characterised terminators from other archaea.

5.5 Summary and outlook

To our knowledge, this is the first report on the construction of artificial plasmids for
use in an AOA. All three plasmids contain the ‘Ca. N. franklandus C13’ chromosomal
replication origin. While we have established that these vectors replicate in E. coli, it
is yet to be determined whether they can be transferred into and maintained in ‘Ca. N.
franklandus C13’ and this will be explored in the subsequent chapter. This work also
highlights important aspects of AOA biology that have largely been ignored but will
be key to establishing a genetic toolbox. It will also be important for further work to
focus on the various mobile genetic elements that have been discovered in other AOA
strains (see Chapter 1), as these could replace the use of artificial constructs and thus

may be more effective.
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Chapter 6: Transformation of ‘Ca. N. franklandus C13’

187



Transformation of ‘Ca. N. franklandus C13’

6.1 Introduction

The final component of a genetic toolbox is the ability to introduce exogenous DNA
into the host cell via transformation. In nature, the uptake of exogenous DNA is an
important evolutionary process for the survival and adaptation of microorganisms to
fluctuating environmental conditions (Fonseca et al., 2020). In molecular biology,
however, the ability of microbes to take up exogenous DNA has been exploited as a
tool to introduce heterologous genetic material into a desired host strain(s) for the

purpose of increased protein expression or other genetic manipulations.

Some bacteria and archaea are naturally capable of directly taking up DNA from their
environment through natural transformation, a process that relies on specialised
endogenous machinery (Peabody et al., 2003; Panja et al., 2008; Muschiol et al., 2015;
Van Wolferen et al., 2016; Fonseca et al., 2020). Alternative methods for DNA uptake
and exchange among microorganisms include (i) transduction which is mediated by
viruses and (ii) conjugation that requires physical contact between cells (Schleper et

al., 1995; Fonseca et al., 2020).

Transformation may also be artificially induced using physical or chemical methods
such as electroporation (Dower and Ragsdale, 1988; Potter and Heller, 2010), calcium
chloride heat-shock treatment (CaClz heat-shock), polyethylene glycol (PEG) method
(Klebe et al., 1983) and liposome-mediated transformation (Dickson, 1995) to name a
few. However, these transformation methods are not all equally effective, and their
efficacy may vary depending on the strain being used. For this reason, when working

with new strains or non-model organisms, it is necessary to explore different methods.
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The CaCl, heat-shock method is a popular choice for both bacterial and archaeal
models and is often seen to yield high transformation efficiencies (Hanahan, 1983).
This method involves the treatment of cells with a high concentration of Ca?" ions at
low temperatures which helps to neutralise the negative charge of DNA facilitating its
interaction with the cell (Asif et al, 2017). The subsequent heat-shock step is
important for creating conditions conducive for DNA uptake. For example,
mechanistic studies on the effects of the heat-shock step in E. coli revealed a decrease
in the membrane potential which is needed for the entry of extracellular DNA (Panja
et al., 2006). Furthermore, heat-shock treatment was found to contribute to lipid loss
(and consequent membrane rigidification) which is conducive for pore formation,

therefore enabling crossing of DNA into the cell (Panja ef al., 2008).

Another widely used transformation method is electroporation which is applicable to
a range of cell types including archaea (Schleper ef al., 1992), fungi (Rehman et al.,
2016), plants (Furuhata et al., 2019), mammalian cells (Chicaybam et al., 2017), and
bacteria (Dower et al., 1988). The general mechanism of electroporation involves the
exposure of cells to a strong electrical field that results in an increase of the
transmembrane potential. If this transmembrane potential is sufficiently high,
structural changes to the lipid membrane occur, resulting in pore formation which is
conducive to DNA entry (Kotnik et al., 2019; Vizintin and Miklav¢ic, 2022). Two main
electroporation wave forms or pulse types are typically used during transformation
experiments and include exponential-decay and square wave pulses (Young and Dean,
2015). When using square wave pulses, a constant voltage is applied for a user-
specified duration (Jordan et al., 2008). The advantage of using square wave pulses is
that it allows one to control the number of pulses as well the duration between each of

these pulses. In contrast, when using exponential-decay pulses, the duration of the
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pulse (time constant) is dependent on the stored charged (capacitance) and the
resistance of the sample (Jordan et al., 2008). Although electroporation has proven to
be a highly efficient transformation method, its success is dependent on numerous
factors including the pulse type used, field strength, duration of the pulses, DNA
concentration and even sample buffer used among others (Dower et al., 1988; Sherba
et al., 2020). In addition to these physical parameters, the efficacy of transformation
by electroporation may also be influenced by the physiological state of the cell
(exponentially growing vs stationary) (Yi and Kuipers, 2017) as well as the presence
or absence of a cell wall (Azencott et al., 2007). It is therefore essential that a wide
range of parameters are considered and tested when establishing an electroporation

protocol for novel or non-model strains.

PEG-mediated transformation is an inexpensive and easy to use transformation
method that has proven to be successful for a range of organisms including yeast,
bacteria, and archaea (Klebe et al., 1983; Cline et al., 1989a; Tumbula, et al., 1994;
Stachler et al., 2017). It involves the incubation of cells and DNA in a PEG solution
and may be used to transform either whole cells (i.e. cells with an intact cell wall) or
cells whose cell wall/outer membrane has been removed (i.e. spheroplasts). The exact
mechanism of PEG-mediated transformation is not well described in the available
literature, but it has been reported to increase adsorption of the DNA to the cell surface
and cell permeability (Gietz et al., 1995; Zheng et al., 2005). The efficiency of PEG-
mediated transformation is influenced by a plethora of factors including the molecular
weight and concentration of the PEG which must be considered when working with a

new strain(s) (Klebe et al., 1983).
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Successful transformation involves the entry of DNA into the cell, evasion of host-
defences and its continuous maintenance within the cell either autonomously or via
genome integration (Riley and Guss, 2021). Each of these steps face their own set of
challenges. For example, successful DNA entry into a cell requires the genetic material
to travel across two cell barriers i.e. the cell wall and cell membrane. For this reason,
it is often desirable to disrupt the cell wall using methods such as chemical or
enzymatic treatment to form protoplasts (or spheroplasts) prior to transformation
(Brzobohaty and Kovac, 1986; Dyall-Smith, 2009; Kawai et al., 2010; Wang et al.,
2019). The evasion of host-defences, particularly the restriction-modification system
(R-M), is considered as a major limiting factor of transformation (Vasu and Nagaraja,
2013; Johnston et al., 2019). The R-M defence system consists of two components, a
restriction endonuclease and a methyltransferase (Johnston et al, 2019).
Methyltransferases are responsible for the modification of host DNA via methylation
which provides protection against degradation by the restriction endonuclease.
Therefore, the heterologous DNA being introduced into a cell needs to be appropriately
modified (methylated) prior to transformation. Other host immune mechanisms such
as CRISPR-Cas systems are not expected to pose a significant challenge to
transformation because the specific sequences captured by the endogenous CRISPR-
Cas system (e.g. spacers) are unlikely to be present in the heterologous DNA being
introduced (Riley and Guss, 2021). In some instances, inactivation of the host DNases
has also been shown to improve the efficiency of transformation. This is exemplified
by the inactivation of the DNA repair system RecBCD (which also degrades linear
double-stranded DNA) in E. coli to facilitate transformation with linear dsDNA (Datta
et al., 2006). Similarly, in the strain Vibrio alginolyticus, removal of DNases had a

significant increase in the transformation efficiency (Kawagishi et al., 1994).
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Lastly, following entry and successful evasion of the host-defence systems, the DNA
needs to be maintained either as an extrachromosomal self-replicating plasmid or its
subsequent integration into the genome (Riley and Guss, 2021). Self-replicating
plasmids are dependent on the presence of a replication origin while in the case of
integrative plasmids appropriate homology needs to be present. Furthermore, in order
for cells to retain plasmids, they need to be maintained under selective conditions to

prevent plasmid loss (Schmidt et al., 2012).

6.2 Chapter aims

The successful transformation of an archaeon in the phylum Thaumarchaeota is yet to
be reported. Therefore, in this chapter, transformation of ‘Ca. N. franklandus C13’ was
attempted using the plasmids described in Chapter 5. Three main transformation
methods were tested including CaCl, heat-shock, electroporation and PEG-mediated
transformation. Furthermore, an aim was to determine whether the chromosomal
replication origin placed into these plasmids is sufficient for autonomous maintenance.
Lastly, it was also desirable to determine whether the puromycin N-acetyltransferase
(pac) is capable of sufficiently conferring puromycin resistance to ‘Ca. N. franklandus

C13’ transformants.
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6.3 Results

Following transformation of ‘Ca. N. franklandus C13”, cells were maintained in liquid
cultures and nitrite production monitored (as described in Chapter 2) to determine their
growth response following the different treatments. Some variation in the initial nitrite
concentrations (i.e. those measured immediately following the addition of puromycin)
was observed. These are expected to result from biological differences between the

cultures or unequal distribution of biomass between replicates.

In theory, cultures successfully transformed with plasmid DNA were expected to
exhibit exponential nitrite production while no nitrite accumulation was expected in
the control cultures. However, following transformation (with all three methods) and
the addition of puromycin the selective agent, nitrite production did not cease
(including in the control cultures). This was despite using a significantly higher
concentration of puromycin (i.e. 200 uM) than that used in the antibiotic screening
tests (refer to Chapter 4). Nevertheless, this ‘post-selection’ nitrite production occurred

at a very low rate evidenced by the plateau of the grow curves.

6.4 CaCl; heat-shock transformation of ‘Ca. N. franklandus C13’°

Transformation of ‘Ca. N. franklandus C13’ cells using the CaCl, heat-shock method
was done using either 250 ng, 500 ng or 2000 ng of plasmid DNA (pfrank-mCherry-
Cdc-orb and pfrank-mCherry-orb). In addition, the heat-shock temperatures used
included 45°C, 55°C, 65°C and 80°C. In all treatments, regardless of the heat-shock
temperature and plasmid concentration used, cultures did not exhibit exponential

nitrite production (Figure 6.1 and Figure 6.2). It was therefore concluded that the
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attempts to transform ‘Ca. N. franklandus C13’ using the CaCl: heat-shock method

were unsuccessful.

Although it has been noted that nitrite accumulation did not cease following the
addition of puromycin, cultures heat-shocked at 80°C exhibited a rapid plateau

following the addition of the antibiotic when compared to the lower temperatures.
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Figure 6.1: Nitrite production of ‘Ca. N. franklandus C13’ cells transformed with pfrank-mCherry-orb using the CaClz heat-shock method. A heat-shock

temperature of either (A) 45°C (B) 55°C (C) 65°C or (D) 80°C was used. Control cultures were transformed in the absence of plasmid DNA. Growth curves

were plotted using nitrite concentrations obtained from the average of two replicate cultures on a logarithmic scale. Error bars are standard error of the

mean (SEM) and may be smaller than the size of the symbol. Initial nitrite measurements were taken following the addition of puromycin. Red arrows

indicate time points when puromycin was added.
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Figure 6.2: Nitrite production of ‘Ca. N. franklandus C13’ cells transformed with the plasmid pfrank-mCherry-Cdc-orb using the CaCl» heat-shock

method. A heat-shock temperature of either (A) 45°C (B) 55°C (C) 65°C or (D) 80°C was used. Control cultures were transformed in the absence of

plasmid DNA. Growth curves were generated by plotting nitrite concentrations obtained from the average of two replicate cultures against time on a

logarithmic scale. Error bars represent standard error of the mean (SEM) and may be smaller than the size of the symbol. Red arrows indicate time

points when puromycin was added.
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6.4.1 PCR screening of CaCl; heat-shock treated cells

Despite no evidence of successful transformation, total DNA was extracted from
transformed cultures at the end of the incubation period and screened by PCR using
primers targeting the plasmid-specific mCherry gene. Prior to the extraction of total
DNA, the cells were treated with DNase I to degrade any extracellular DNA to
minimise false positives (as described in section 2.12.6). Total DNA as opposed to
plasmid DNA was extracted as the alkaline lysis method is yet to be tested on these
archaea. Additionally, since the plasmids were expected to be maintained at low copy

numbers, alkaline lysis would likely result in low yields (refer to Chapter 5).

Amplicons of the expected size were obtained for cultures transformed with 250 ng
(both replicates) and 2000 ng (one replicate) of pfrank-mCherry-Cdc-orb using a heat-
shock temperature of 45°C. The expected amplicons were also detected in cultures
transformed using 500 ng (one replicate) of pfrank-mCherry-Cdc-orb using a heat-

shock temperature of 65°C. These PCR screening results are presented in Figure 6.3.

PCR screening also detected the expected amplicons in cultures transformed with
2000 ng of the plasmid pfrank-mCherry-orb and heat-shocked at 45°C (Figure 6.4).
No amplicons were amplified in any of the control cultures i.e. cells transformed in the

absence of plasmid DNA.
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Figure 6.3: PCR screening of ‘Ca. N. franklandus C13” cells transformed with pfrank-mCherry-Cdc-
orb using the CaCl heat-shock method. Total DNA was used as a PCR template to detect the presence
of the plasmid-contained mCherry gene with an expected amplicon size of 1326 bp. Both replicates of
each culture were screened (e.g. 0 ng (a) and (b)). (A) Cells transformed with 250 ng or 2000 ng of
plasmid DNA and heat-shocked at 45°C. (B) Cells transformed with 500 ng of plasmid DNA and heat-
shocked at 65°C. Lane 1 and 16: 1kb Generuler ladder (L). Lane 2: Positive control (P), Lane 3 and
5: Blank wells (-) Lane 4: no template control (N), Lane 6 and 7: Cells transformed with 0 ng of
plasmid DNA. Lane 8 and 9: Cells transformed with 250 ng plasmid DNA. Lane 10 and 11: Cells
transformed with 2000 ng plasmid DNA. Lane 12 and 13: Cells transformed with 0 ng of plasmid
DNA. Lane 14 and 15: Cells transformed with 500 ng plasmid DNA. Cultures for which an amplicon
was detected are highlighted in red. PCR amplicons were resolved on a 0.8% (w/v) TBE agarose gel.
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Heat-shock at 45°C

(bp)

Figure 6.4: PCR screening of ‘Ca. N. franklandus cells’ transformed with plasmid pfrank-mCherry-orb
using the CaClz heat-shock method (heat-shock 45°C). Total DNA was used as the PCR template to
detect the presence of the plasmid-borne mCherry gene with an expected amplicon size of 1326 bp.
Both replicates for each culture were screened (e.g. 0 ng (a) and (b)). Lane 1 and 10: 1kb Generuler
ladder (L). Lane 2: Positive control (P), Lane 3 and 5: Blank wells (B), Lane 4: no template control
(N), Lane 6 and 7: Cells transformed with 0 ng of plasmid DNA. Lane 8 and 9: Cells transformed
with 2000 ng plasmid DNA. Cultures for which an amplicon was visible are highlighted in red.

Amplicons were resolved on a 0.8% (w/v) TBE agarose gel.
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6.5 Electroporation of ‘Ca. N. franklandus C13’

Prior to the transformation of ‘Ca. N. franklandus C13” with plasmid DNA using
electroporation, the response of this strain to different electric field strengths (FS) and
varying numbers of pulses was investigated. The effect of FS on ‘Ca. N. franklandus
C13’ cells was investigated using exponential-decay pulses whereas number of pulses

were manipulated using the square wave pulses.

The overall aim of these initial tests was to determine whether any of the electrical
parameters used resulted in a significant decrease in cell viability following
electroporation using nitrite production as an indicator. In addition, the use of chemical
pre-treatments (i.e. CTAB) as a means to weaken the outer cell wall prior to

electroporation and facilitate DNA entry into the cell was also investigated.

6.5.1 Effect of field strength on ‘Ca. N. franklandus C13’

Using the exponential-decay pulse, ‘Ca. N franklandus C13’ cells were exposed to a
FS of either 20, 25 or 28 kV/cm. The effect of the FS was tested in the absence of both
plasmid DNA and antibiotics. Following electroporation, total nitrite production was
monitored to determine whether any of the FS had any effect on the growth of this
strain. No differences in nitrite production were evident between the pulsed and
unpulsed control cultures suggesting that the FS used had no effect on cell viability

(Figure 6.5).
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Figure 6.5: Effect of field strength on nitrite production. ‘Ca. N. franklandus C13’ cells were
electroporated using exponential-decay wave forms using a field strength of either 20, 25 or 28 kV/cm.
No plasmid DNA or selective agent was used for these experiments. The control cultures were not
electroporated. The nitrite (NO2") concentrations plotted represent the average of three replicates. Error

bars represent the standard error of the mean (SEM) and may be smaller than the symbols.

6.5.2 Response of ‘Ca. N. franklandus C13’ cells to square-wave pulses

The use of a square wave protocol allows one to manipulate parameters such as the
number and duration of the pulses used. In addition, when multiple pulses are to be
discharged, one can also manipulate the time between each pulse (i.e. pulse interval).
We proceeded to determine the effect of discharging two pulses at 2400 volts
(equivalent to a FS of 24 kV/cm) for a duration of either 1, 2 or 5 ms on the growth of
‘Ca. N. franklandus C13’. Under these electrical parameters, doubling the number of
pulses had no effect on nitrite production regardless of the duration of the pulse.

(Figure 6.6). Note: The pulse interval was constant at 5 sec.
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Figure 6.6: Response of ‘Ca. N. franklandus C13’ to square wave pulses. ‘Ca. N. franklandus C13’ was pulsed (in the absence of plasmid DNA and antibiotics) using
three different sets of parameters including P1, P2 and P3. (P1) Two pulses of 2400 volts for a duration of 1 ms. (P2) Two pulses of 2400 volts for a duration of 2 ms
and (P3) Two pulses of 2400 volts for a duration of 5 ms. The pulse interval was maintained at 5 sec for all experiments. The unpulsed cells i.e. those not exposed to
any electrical conditions served as a control. The total Nitrite (NO2) concentrations plotted represent the average of three cultures. Error bars represent the standard

error of the mean (SEM) and may be smaller than the symbol.

204



Transformation of ‘Ca. N. franklandus C13’

6.5.3 Electroporation of ‘Ca. N. franklandus C13’ with plasmid DNA

Despite no response of ‘Ca. N. franklandus C13’ to any of the field strengths tested
(based on total nitrite production), transformation with the plasmids pfrank-CRISPR-
amoB (Figure 6.7) and pfrank-mCherry-Cdc-orb (Figure 6.8) was attempted using

electroporation with exponential-decay wave form.

Additionally, in an attempt to disrupt the outer cell membrane, ‘Ca. N. franklandus
C13’ was treated with the cationic detergent CTAB at a concentration of 20 uM. This
was based on the protocol reported by Rajagopal and colleagues (2014) in which
CTAB was used as a permeabilization agent for various bacterial species. Following
CTAB treatment, a significant number of cells were lost in subsequent wash steps
compared to the untreated cells. This was based on visualisation of the resulting cell
pellet. Note: The untreated cells underwent similar wash steps so that the only
difference was the CTAB treatment step. Therefore, it is possible that CTAB affected
the ability of the cells to pellet at the bottom of the tubes and were subsequently lost

in between wash steps.

Following transformation, it became evident that CTAB was toxic to ‘Ca. N.
franklandus C13” at the concentration used. Additionally, the lack of exponential nitrite
production and no difference in the growth pattern between the transformed and
control cultures indicated that the transformation was unsuccessful. This was true for
cells transformed with either pfrank-CRISPR-amoB and pfrank-mCherry-Cdc-orb

(Figure 6.7 and Figure 6.8 respectively).
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Figure 6.7: Nitrite production of ‘Ca. N. franklandus C13’ cells transformed with the plasmid pfrank-
CRISPR-amoB using electroporation (exponential-decay wave form). Electroporation of ‘Ca. N.
franklandus C13’ was performed on both CTAB treated and untreated cells. For the CTAB treated cells,
a concentration of 20 uM was used. The total nitrite (NO2") concentrations plotted are the averages of
two replicates on a logarithmic scale. Error bars represent the standard error of the mean (SEM) and

may be smaller than the symbol.
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Figure 6.8: Nitrite production of ‘Ca. N. franklandus C13’ cells transformed with plasmid pfrank-
mCherry-Cdc-orb using electroporation (exponential-decay wave form). Electroporation of ‘Ca. N.
franklandus C13’ was performed on both CTAB treated and untreated cells. For the CTAB treated cells,
a concentration of 20 uM was used. The total nitrite (NO2") concentrations plotted represent the average
of two replicates on a logarithmic scale. Error bars represent the standard error of the mean (SEM) and

may be smaller than the symbol.
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6.6 PEG-mediated transformation of ‘Ca. N. franklandus C13°

The transformation of ‘Ca. N. franklandus C13’ with plasmid pfrank-mCherry-Cdc-
orb using the PEG method involved the manipulation of two main factors including (i)
the PEG concentration (35% or 60%) and (ii) the PEG molecular weight (PEGeoo or
PEGe000). A total of 1000 ng of plasmid DNA was used for each transformation
experiment. The control cultures were incubated in the presence of PEG but in the

absence of plasmid DNA. No prior PEG toxicity tests were performed.

Exponential nitrite production was not evident for any of the PEG transformed
cultures. In addition, no differences in nitrite production between the transformed and
control cultures could be discerned indicating that the transformations were
unsuccessful (Figure 6.9 and Figure 6.10). As seen with previous transformation

attempts, nitrite production did not cease following the addition of puromycin.
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Figure 6.9: Nitrite production of ‘Ca. N. franklandus C13’ cells transformed with the plasmid pfrank-
mCherry-Cdc-orb using PEGeoo. PEG was used at a concentration of either 35% or 60% and the total
plasmid mass used for all experiments was 1000 ng. The control cultures were treated with PEG but in
the absence of plasmid DNA. The total nitrite (NO2) concentrations plotted are the mean of two
replicates on a logarithmic scale. Error bars represent the standard error of mean (SEM) and may be

smaller than the symbols.
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Figure 6.10: Nitrite production of Ca. N. franklandus C13’ cells transformed with the plasmid
pfrank-mCherry-Cdc-orb using PEGeooo. PEG was used at a concentration of either 35% or 60% and
the total plasmid mass used for all experiments was 1000 ng. The control cultures were treated with
PEG in the absence of plasmid DNA. The total nitrite (NOz2") concentrations plotted are the mean of
two replicates on a logarithmic scale. Error bars represent the standard error of mean (SEM) and may

be smaller than the symbols.
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6.6.1 PCR screening of PEG transformed cells

All PEG-transformed ‘Ca. N. franklandus C13’ cultures were screened by PCR
targeting the plasmid-contained mCherry gene. As described previously, extracellular
DNA was degraded using a DNase I treatment prior to total DNA extraction. No
amplicons could be detected in any of the cultures except for those transformed with
PEGs00 (35%) 1000 ng (a) and PEGeoo (60%) 1000 ng (b) (highlighted in red in Figure

6.114).
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Figure 6.11: PCR screening of ‘Ca. N. franklandus C13” cells transformed using polyethylene glycol (PEG). Total genomic DNA was extracted from the liquid
cultures and screened by PCR using primers targeting the mCherry gene with an expected product size of 1326 bp. (A) Cells transformed with 1000 ng of
plasmid pfrank-mCherry-Cdc-orb using PEGeoo at a concentration of either 35% or 60%. Lanes 1 and 13: 1kb generuler ladder (L). Lane 2: Positive control
(P). Lane 3: Blank well (B). Lane 4: No template control (N). Lanes 5/6 and 9/10: No DNA transformants. Lanes 7/8 and 11/12: pfrank-mCherry-Cdc-orb
transformants. (B) Cells transformed with 1000 ng of plasmid pfrank-mCherry-Cdc-orb using PEGsooo at a concentration of either 35% or 60% (v/v). Lane
1/13: 1kb generuler ladder (L). Lane 1: Positive control (P). Lane 3/5: Blank wells (B). Lane 4: No template control (N). Lane 6/7 and 11/12: No DNA
transformants. Lane 8/9 and 13/14: pfrank-mCherry-Cdc-orb transformants. Lane 10: Blank well (B). PCR amplicons were resolved on a 0.8% (w/v) TBE

agarose gel.
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6.7 The ‘Ca. N. franklandus C13’ restriction-modification system

R-M systems are important determinants of the transformation efficiency of an
organism as they are responsible for the degradation of foreign DNA lacking the
appropriate modification (i.e. methylation). The R-M systems of ‘Ca. N. franklandus
C13’ are yet to be characterised. Nevertheless, an in silico approach using the
‘REBASE’ database detected three methyltransferase genes in this strain (7able 6.1).

Note: The cognate restriction endonucleases could not be detected in the database.

The methyltransferase encoded by the ORF NFRAN 1366 (Mjalll), was predicted to
methylate the sequence motif ‘GATC’. Interestingly, this recognition sequence is
identical to that of the Dam methyltransferase. The remaining two methyltransferases
encoded by ORF NFRAN 0126 and NFRAN 0696 are predicted to target ‘AGCT’

and ‘GTAC’ respectively and are not present in E. coli DH5a.
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Table 6.1: Predicted methyltransferases in the genome of ‘Ca. N franklandus C13’.

ORF R-M type  Closes relative and percent identity  Recognition sequence
Modification )
A putative Type 11 N4-cytosine or N6-
methylase
I adenine DNA methyltransferase from AGCT
(NFRAN 0126,
Nitrosocosmicus hydrocola G61 (93%)
yhdJ)
Modification )
A putative Type 11 N4-cytosine or N6-
methylase
II adenine DNA methyltransferase from GTAC
(NFRAN_ 0696,
Nitrosocosmicus hydrocola G61 (72%)
MjaV)
Modification )
A putative Type II N4-cytosine or N6-
methylase GATC
II adenine DNA methyltransferase from
(NFRAN 1366, (same as Dam)
Nitrosocosmicus hydrocola G61 (72%)
Mjalll)
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6.8 Discussion

The main goal of this study was to identify a suitable transformation method that can
be used to induce DNA uptake in the AOA strain ‘Ca. N. franklandus C13’. Three
methods were tested including CaCl, heat-shock, electroporation, and PEG-mediated
transformation. Following transformation, rather than plating the cells on solid growth
medium, ‘Ca. N. franklandus C13’ was maintained in liquid cultures. The purpose of
this will be discussed in detail later on. In theory, exponential nitrite production was
expected in successfully transformed cultures, since the cells would have gained
resistance to puromycin and therefore continue to replicate and increase in biomass.
Unfortunately, due to the absence of exponential nitrite production in all of the cultures
and no discernible differences between the control and transformed cultures, it was
concluded that the transformation efforts in ‘Ca. N. franklandus C13’ were

unsuccessful for all three methods.

Interestingly, despite unsuccessful transformation efforts, PCR screening for the
plasmid-contained mCherry gene yielded the correct amplicons for a handful of the
transformed cultures. Whether this suggests that the plasmids gained entry into the
cells but were not expressed or replicated is unclear. The PCR products could also
result from the incomplete digestion of extracellular DNA by DNase I prior to total
DNA extraction. The inconsistent amplification of the mCherry gene between
replicates could be due to poor quality DNA as no quality controls were performed on

the total DNA that was extracted.

Nitrite production is an experimentally validated indicator of growth of AOA cells
(Tourna et al., 2011; Lehtovirta-Morley et al., 2016). It was reported that for all ‘Ca.

N. franklandus C13’ cultures (i.e. transformed and controls) maintained under
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selective conditions, did not cease to produce nitrite (albeit at a significantly lower
rate). It is unclear whether this leaky nitrite production in the presence of a selection
agent would make it difficult to detect successfully transformed cultures. For example,
if the pac resistance gene is expressed at low levels, it may not confer high level
resistance and may not be discernible from the control. The leaky nitrite accumulation

also raises the question whether puromycin is indeed a suitable selection agent.

Perhaps the expectation that successful transformation would only be evident as
exponential nitrite production is too idealistic or simplistic. It is also plausible that
plasmid uptake slows the growth rate due to the metabolic burden of maintaining a
plasmid. Furthermore, the expression of the selective marker (pac) may be suboptimal
thus offering the cells limited resistance. Additionally, puromycin may have a so-called
‘archaeal-static’ effect (akin to bacteriostatic) whereby the cells are not killed but
instead have significantly reduced growth rate. Based on bacterial studies, protein
synthesis inhibitors can act as bacteriostatic antibiotics which are those that result in
growth inhibition rather than cell death (Bernatova et al., 2013). This would provide a
logical explanation for the very slow growth rates of ‘Ca. N. franklandus C13’ despite

nitrite still being produced.

Alternatively, perhaps puromycin, an inhibitor of de novo protein synthesis causes
decoupling of ammonia-oxidation and growth. In such a scenario, the AMO present in
the cells prior to the addition of puromycin would be responsible for the observed
nitrite production. Since no new protein synthesis would be expected to occur
following the addition of puromycin, the rate of accumulation of nitrite would remain
constant. However, if new protein were to be synthesised, then the nitrite would be

expected to increase exponentially due to an increase in cellular and protein biomass.
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Unfortunately, whether the AMO remains active for an extended period time in the
absence of de novo protein synthesis has not been experimentally proven. It would
have been informative to determine the cell counts to provide an indication of whether
the nitrite produced post puromycin treatment, corresponded to an increase in biomass
or was merely due to independent enzyme activity. Although puromycin proved to be
a useful selection agent, further work is needed to understand this leaky nitrite
production. It will also be necessary to test hygromycin B as an alternative selective

agent to determine whether any differences exist between these two antibiotics.

In addition to qRT-PCR and cell counting, an interesting experiment that could provide
some insight into whether puromycin decouples ammonia oxidation from growth,
would be to grow ‘Ca. N. franklandus C13’ on solid growth medium in the presence
of puromycin. If colonies eventually develop, that means there was an increase in
biomass and thus the nitrite produced post-selection is still coupled to growth. In
contrast, if nitrite is accumulation occurs but no colonies develop then the decoupling

hypothesis could hold true.

As mentioned previously, ‘Ca. N. franklandus C13’ cells were maintained in liquid
cultures and not plated on solid medium following transformation. The decision to
maintain the transformants in liquid cultures as opposed to plating on gel plates, at first
glance seems counterintuitive since we have previously developed a method to grow
‘Ca. N. franklandus C13’ on solid growth medium (refer to Chapter 3). However, the
enrichment of potential positive transformants in liquid growth medium as opposed to
plating on gel plates offers several advantages. Firstly, although Phytagel™ was
identified to be the only known gelling agent that is suitable for AOA, its use is

dependent on the brand and batch. This makes the gellan gum batches that are known
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to be suitable rather precious. Therefore, it was a safer option to initially maintain the
transformants in liquid cultures to enrich for positive mutants. An added advantage of
using liquid cultures is that the transformed cultures can be maintained in smaller
volumes. The use of smaller volumes permits the testing of a wider range of physical
parameters for each of the transformation methods. In addition, it is much faster to
screen smaller volumes of liquid cultures to identify the suitable conditions before
moving onto solid medium which is much more technically challenging to handle and
more time-consuming. The use of liquid cultures also allows for the measurement of
nitrite production in the cultures and visualisation of the growth patterns that could
reveal subtle differences between the transformation parameters. Although nitrite can
also be measured from cultures grown using the Liquid-Solid (LS) method, the larger
volumes needed for this method could hinder the detection of subtle difference in
nitrite due to the diluting effect of the large volumes. Secondly, it is less technically
challenging to extract DNA from cells in liquid cultures as opposed to those growing
within a gel matrix. Lastly, cells transformed with the pfrank-mCherry series of
plasmids were to be screened by fluorescent microscopy. This would require
harvesting of the cells and subsequent preparation for visualisation. If the cells had
been plated in solid growth medium, it would be very difficult to minimise the carry-
over of the gel debris which can interfere with the preparation of the microscopy
samples. Despite these advantages of using liquid cultures for these initial
transformation studies, the LS-method will be invaluable once successful

transformation has been achieved.

Numerous factors could contribute to the failed transformation of ‘Ca. N.
franklandus C13’. One such factor specific to this work is related to the plasmids used.

As discussed in Chapter 5, the homology between the plasmid and the genome created
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by the presence of the chromosomal replication origin and/or the cdc gene may result
in unwanted plasmid integration. This potential integration would likely be detrimental
to the cell because the sequence used as the putative replication origin in this work
also spans a portion of the coding sequence of the cdc gene. The integration of the
plasmids into the genome may provide an additional explanation (albeit speculative)
as to why mCherry amplicons were obtained following PCR screening despite no
evidence of a successful transformation (i.e. exponential nitrite production). A further
drawback associated with the plasmids used is the potential competition for the
initiator protein (Orc1/Cdc6) by the two identical origins (Zakrzewska-Czerwinska, et
al., 1995) which could negatively impact the transformation efficiency. In hindsight, a
suitable control experiment would have been to perhaps use an integrative plasmid that

lacks the chromosomal replication origin.

As discussed previously, various mobile genetic elements (MGE) such as viruses and
even integrative conjugative elements have been discovered in certain AOA strains
(Abby et al., 2018; Kim et al., 2019). MGE elements have been highly valuable in
archaeal genetics particularly the Sulfolobales (Jonuscheit et al., 2003; Schleper et al.,
1992). Such genetic elements could be a source of exogenous replication origins and
would avoid dependence on the chromosomal replication origin. For example, the
shuttle vector pEXSs used in S. solfataricus was constructed using the replication
origin of the SSV1 virus which can also exist as an extrachromosomal element (Cannio
et al., 1998). The mesophilic growth conditions of ‘Ca. N. franklandus C13’ are
conducive to investigating conjugation as a potential transformation method with
commonly used donor strains such as E. coli. Alternatively, it may also be possible to
utilise broad range conjugative plasmids such as the IncPa plasmid RP4 that have

already been characterised and extensively used (Grahn et al., 2000). Interestingly, the
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broad range conjugative plasmid RP4 was successfully used to mediate successful
conjugative DNA transfer from E. coli to the methanogen Methanococcus maripaludis

(Dodsworth et al., 2010).

The constructs used in the current study were all circular DNA molecules. In certain
archaeal organisms, it has been demonstrated that the topology of the constructs (linear
vs circular) plays a major role in the determining the transformation efficiency. For
example, in the methanogen M. voltae, transformation with linearized DNA resulted
in a 19-fold improvement when compared to circular DNA (Patel et al., 1994). A
similar observation was made in S. solfataricus, where a drastic difference in
transformation efficiency was obtained when using linear DNA of plasmid pKL (Deng
et al., 2009). In this work, the use of linearized plasmids was not tested but will need
to be considered for any future attempts to transform this strain. More recently, a
method to transform archaea using multimeric DNA generated by prolonged overlap
enhanced PCR (POE-PCR) was developed and showed a drastic increase in the
transformation of 7. kodakarensis KOD1 and P. yayanosii A1 (Song et al., 2021).
Future work on the transformation of ‘Ca. N. franklandus C13’ and perhaps other
strains may need to consider the DNA topology of the constructs when designing

transformation experiments.

‘Ca. N. franklandus C13’ is an unusual AOA strain with regards to its cell envelope
architecture. Unlike most AOA strains available in culture, ‘Ca. N. franklandus C13’
lacks genes encoding S-layer proteins (Nicol et al., 2019) Based on high-resolution
electron microscopy imaging (refer to Chapter 3), ‘Ca. N. franklandus C13’ seems to
be enveloped in two membranes i.e. an inner and an outer cell membrane with a large

periplasmic space. This structure is reminiscent of the hyperthermophilic archaeon
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Ignicoccus hospitalis (Heimerl et al., 2017). In addition, ‘Ca. N. franklandus C13’ also
exhibits similar vesicular protrusions from its cytoplasm. This double-membrane cell
structure may provide an explanation for the recalcitrant nature of this AOA strain to
transformation. In fact, ‘Ca. N. franklandus C13’ is a very difficult strain to lyse and
requires both chemical and physical disruption methods to ensure sufficient lysis
(Laura Lehtovirta-Morley, personal communication). In yeast and fungi, the cell wall
is often removed or disrupted using enzymatic digestion or chemical treatments prior
to transformation (Schiestl et al., 1993; Kawai et al., 2010; Li et al., 2017). Similarly,
the S-layer in some archaea is often removed using chemical treatment with EDTA
prior to transformation (Dyall-Smith, 2009; Haque et al., 2020). Unfortunately,
removal of the outer cell membrane in ‘Ca. N. franklandus C13’ is currently not
possible as no suitable method has been identified yet. This is further compounded by

the unknown composition of the outer cell membrane.

Efforts to increase the cell permeability of ‘Ca. N. franklandus C13’ using CTAB were
evidently not successful. More importantly, this detergent exhibited toxic effects on
the cells (at the concentrations used) and is unlikely to be a suitable approach for future
experiments. However, the use of physical methods such as sonication could negate
the need for enzymes or toxic chemicals (as seen with CTAB) to disrupt the outer cell
membrane. Sonication method relies on the use of ultra-sound to increase cell
permeability (Wyber ef al., 1997). Interestingly, unlike electroporation whose primary
target is the cell membrane, sonication is non-specific and targets both cell barriers
(Azencott et al., 2007). Since electroporation does not affect the cell wall, the failed
attempts to transform ‘Ca. N. franklandus C13’ using this method could suggest that
the cell wall or outer cell membrane does not readily permit transit of DNA. In archaeal

strains such as Sulfolobus, the S-layer is not removed prior to transformation with
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electroporation (Schleper et al., 1992; Kurosawa and Grogan, 2005). This could
suggest that while S-layers have large enough pores that facilitate DNA entry in other

archaea, the unknown outer cell membrane of ‘Ca. N. franklandus C13’ does not.

An important factor that affects the transformation efficiency is the R-M system which
targets foreign DNA. In fact, in some organisms, the R-M system is the sole barrier to
transformation (Chung et al., 2013). To our knowledge no R-M system has yet been
studied or characterised in any AOA strain. A bioinformatics-based search of the ‘Ca.
N. franklandus CI13° genome predicted the presence of three standalone
methyltransferases belonging to the type II R-M system. The cognate restriction
endonucleases to these methyltransferases (if any) were not detected in the genome. In
type II R-M systems, the methylation and restriction endonucleases are encoded in
separate genes and may even be found in different genomic loci (Vasu and Nagaraja,
2013; Phillips et al., 2019). The absence of cognate restriction endonucleases could
also suggest that these are orphan methyltransferases (e.g. Dam methylase) which are
not associated with an R-M system (Broadbent et al, 2007). Out of the three
methyltransferases detected in ‘Ca. N. franklandus C13’, only one shares a recognition
sequence with a methyltransferase from E. coli DH5a (i.e. Dam methylase). This
means that the plasmids used in this work lacked the necessary methylation
modification provided by the remaining two methyltransferases. Therefore, assuming
these are not orphan methyltransferases, the plasmids would still be sensitive to the
cognate restriction endonucleases of these two methyltransferases which could have a
significant impact on the transformation efficiency. This may provide an additional
explanation for the lack of transformants. Future work will require the characterisation
of the ‘Ca. N. franklandus C13’ methylation which is typically done using long-read

sequencing data such as that generated by Pacific Biosciences (PacBio) sequencing
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(Rhoads and Au, 2015). However, an interesting experiment to conduct in the absence
of such sequencing data would be to test whether cell-free extracts of ‘Ca. N.
franklandus C13’ are able to cleave or fragment the plasmid DNA. A similar approach
was previously used in Halobacterium salinarium (formerly known as Halobacterium
halobium) to detect the presence of a restriction endonuclease in cell-free extracts of

this strain (Schinzel and Burger, 1986).

Lastly, although highlighted in Chapter 5, it is necessary to acknowledge that the
functionality of the gene expression elements (e.g. promoters, terminators and RBS)
needs to be considered. This is because even if DNA uptake was successfully
introduced, the inadequate expression of the pac selection marker would result in cell

death or reduced growth and thus low transformation efficiency.

6.9 Summary and outlook

It can be concluded from the data, that the efforts to transform ‘Ca. N. franklandus
C13’ using methods such as electroporation, PEG, and CaCl, heat-shock and their
corresponding parameters were unsuccessful. Consequently, it is not possible to
determine whether the chromosomal replication origin facilitated autonomous
replication of the three plasmids or whether pac is a suitable selection marker for this

strain.

While we have explored various factors that could contribute to the overall failure of
the transformation in ‘Ca. N. franklandus C13”, it is challenging to pinpoint specific
factors at such an early stage. Nonetheless, this work has highlighted key aspects that
need to be considered and prioritised for future transformation efforts of ‘Ca. N.

franklandus C13’ and perhaps alternative strains. Firstly, it is paramount that focus is
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placed on characterising the outer cell membrane of ‘Ca. N. franklandus C13°. This
will be important in developing methods to disrupt this barrier and enable DNA uptake
as seen in other cell wall-containing models. Secondly, efforts to functionally
characterise the R-M system will need to be prioritised to ensure the plasmids are not
being degraded upon entry. It is also essential that characterisation of the various MGE
discovered in other AOA strains are studied and characterised. Lastly, it may also be
worthwhile to test these transformation methods on alternative AOA strains

particularly those enveloped in an S-layer.
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Chapter 7: General discussion and conclusion
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7.1 General summary and project aims

Ammonia-oxidising archaea (AOA) catalyse the oxidation of ammonia to nitrite, the
first and rate-limiting step of nitrification. These archaea are widely distributed in the
environment and as such are considered to be key microorganisms in the nitrogen
cycle. Although nitrification is integral to the nitrogen cycle, it can also be detrimental
to the environment as well as agricultural output (Wrage et al., 2001; Lehtovirta-
Morley, 2018). For example, nitrification is associated with nitrous oxide emissions
which is a potent greenhouse gas. With regards to agriculture, the oxidation of
ammonia-based nitrogen fertilisers has a significant impact on crop yields due to
reduced fertiliser use efficiency (Norton and Ouyang, 2019). Additionally, the
oxidation of the ammonia in nitrogen-based fertiliser increases the presence of highly
mobile nitrates that leach into aquatic systems and contribute towards eutrophication
(Lehtovirta-Morley, 2018). Therefore, a better understanding of AOA biology could
contribute towards the development of innovative mitigation strategies that improve
nitrogen fertiliser use and minimise greenhouse gas emissions (Norton and Ouyang,

2019).

Among the various gaps in our knowledge regarding AOA biology are those pertaining
to the archaeal ammonia oxidation pathway and the physiological adaptations to
different ecological niches. Notable examples include the identity of the missing
enzymes of the archaeal ammonia oxidation pathway and the specific mechanisms by
which these archaea successfully adapt to different ecological niches such as acidic
pH. Unfortunately, due to the lack of a genetic system, it is challenging to investigate

these knowledge gaps and paint a complete picture of these processes. To our
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knowledge, nobody has reported a genetic system for the Thaumarchaeota, and this

highlights a major research bottleneck.

The overarching aim of this study was to lay the foundation for the establishment of a
genetic toolbox for AOA. The specific objectives addressed in this work are: (i) the
development of a novel cultivation method that allows AOA to be grown on a solid
growth medium as single colonies (ii) to identify antibiotics that can be used as
selective agents (iii) construct an artificial plasmid(s) and (iv) develop a transformation
protocol to induce DNA uptake in AOA. Each of the empirical chapters (i.e. Chapters
3,4, 5 and 6) address these specific objectives. These objectives represent the four

main components of a genetic toolbox that together form a functional genetic system.

This chapter aims to provide a summary of the key findings of the empirical chapters
and emphasize the contributions this work has made to field of AOA research.
Furthermore, this chapter aims to acknowledge some of the limitations and caveats
associated with the methodological approach and discuss various recommendations

for the future of this project.

7.2 Cultivation of AOA on solid growth medium as single colonies

The main objective addressed in Chapter 3 was to develop a method to grow AOA on
solid growth medium as distinct single colonies. The ability of archaea for whom
genetic tools have been developed to readily form single colonies on solid growth
medium has been instrumental in the establishment of a genetic system. This is because
growth on solid medium allows efficient and low-cost mutant screening and isolation
(see section 1.5). The approach used in this study was to first identify factors that

preclude the growth of these archaea on solid growth medium. It was subsequently
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determined that the growth of AOA on solid medium is dependent on the gelling agent
used. To our knowledge, this phenomenon has only been previously reported in
bacteria (Janssen et al., 2002; Tamaki et al., 2009). Among the archaeal strains that
readily form colonies on solid growth medium, the choice of gelling agent is usually
dictated by the growth conditions (e.g. temperature) of the particular strain. For
example, gellan gum is almost exclusively used for hyperthermophilic strains as it is
suited to elevated temperatures (> 60°C). In comparison, mesophilic methanogens and
haloarchaea are typically grown on agar. Thus, the findings that the growth of archaea
is affected by gelling agents could better inform future efforts to grow not only AOA

but also archaea from newly discovered or under studied phyla.

It still remains unclear whether the gel inhibition observed in this study is due to the
gelling agent itself, or perhaps interactions of the gel with the media components
during media preparation as has been reported by Tanaka and colleagues (2014). An
interesting experiment would be to supplement the growth medium with the individual
sugar components of the gels to determine how they impact growth. This approach
was used by Tuovinen and Kelly (1973) who determined that galactose, one of the
sugar components of agar, was inhibitory to Thiobacillus ferrooxidans. The individual
sugar components of agar were released due to acid hydrolysis at low pH. This would
be particularly interesting to test for the acidophilic AOA strain ‘Ca. N. sinensis Nd2’

as it was inhibited by both agar and gellan gum.

Chapter 3 also describes a novel cultivation method, the Liquid-Solid (LS) method that
enables the growth of AOA on solid growth medium as single colonies. The general
principle of the LS-method involves the immobilisation of the cells in Phytagel™ (akin

to the pour plate method) and overlaying this with liquid growth medium. The liquid
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layer can be decanted off and replaced with fresh medium thus minimising the decrease
of pH and the accumulation of nitrite to toxic levels. However, the LS-method is
currently only amenable to two AOA strains including ‘Ca. N. franklandus C13’ and
N. viennensis EN76. It will be interesting to test whether this method is applicable to

other AOA isolates.

A further limitation of the LS-method is the lack of a consistent and reliable brand (or
batch) of gellan gum. Therefore, further tests are needed to identify suitable and
reliable suppliers of gellan gum. It will also be interesting to expand the gel screening
efforts to other strains which could perhaps reveal additional precluding factors to the

growth of these archaea of solid medium.

Overall, Chapter 3 has successfully addressed one of the main objectives of this work,
which is to identify the factors affecting the growth of AOA on solid growth medium
and develop a novel cultivation method that allows AOA to be grown on solid growth

medium as single colonies.

7.3 Identification of suitable selection agents

A selection system for mutants is an essential component of a genetic toolbox.
Selection among archaea is primarily done using either antibiotics or auxotrophy (refer
to Table 1.1). In the absence of a pre-existing genetic system and a lack of spontaneous
auxotrophic mutants for the model AOA strain used in this study, it was decided that
an antibiotic-based selection system was the most appropriate and more importantly
the simplest option. However, reports on the sensitivity of the Thaumarchaeota to
antibiotics are scarce and the few available reports are limited to a handful of strains

and a narrow range of antibiotic families (Vajrala et al., 2014; Zhao et al., 2020).

229



General discussion and conclusion

Therefore, if an antibiotic-based selection system was to be developed, it was
necessary to gain some insight into the sensitivity of the AOA to antibiotics. The
primary objective of Chapter 4 was to identify suitable antibiotic that can be used as a

selective agent for ‘Ca. N. franklandus C13’.

Two protein synthesis inhibitors, puromycin and hygromycin B were identified as
potent inhibitors of ‘Ca. N. franklandus C13’. However, key questions still need to be
answered regarding these antibiotics. For example, it remains to be determined
whether spontaneously resistant mutants of ‘Ca. N franklandus C13’ eventually
develop. Extended monitoring of puromycin and hygromycin B treated cultures did
not exhibit any evidence of resistance. This information is particularly important for
the AOA as they are relatively slow growing microorganisms, and the selection agent
needs to be highly effective to prevent a high background of untransformed cells. It
will also be important to explore how cell density affects the observed sensitivity to
puromycin and hygromycin B. This is because higher cell densities are usually

favourable for transformation experiments.

Archaea represent a unique model for testing novel compounds because in addition to
uniquely archaeal features, they are also known to harbour bacterial and eukaryotic
elements. As a result, archaea could harbour novel targets, and even represent
simplified models for complex eukaryotic processes (Barry and Bell, 2006). Through
a collaborative effort with Matt Hutchings’ research group (John Innes Centre,
Norwich), two novel compound classes i.e. the fasamycins and formicamycins, were
tested against ‘Ca. N. franklandus C13’ and N. viennensis EN76. These compounds
are rapidly emerging as important drug candidates and testing them in an archaeal

model not only expands our knowledge of the scope of their biological activity but
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may also reveal novel molecular targets. Both the fasamycins and formicamycins are
known to target the type II topoisomerase enzyme DNA gyrase in bacteria. However,
DNA gyrase is absent in the phylum Thaumarchaeota (Villain et al., 2022). Therefore,
the potent activity of these compounds against the two AOA strains strongly suggests
the presence of a novel target. The sole type II topoisomerase present in the AOA,
topoisomerase VI, was proposed as a likely target, but since no in vitro assays have
been performed this is still too speculative. It will therefore be necessary to conduct in
vitro assays with purified topoisomerase VI to determine if it is the true target of these
compounds. This work highlights the importance of including archaeal models in the

efforts to characterise novel compounds.

In addition to being abundant in archaea, topoisomerase VI is also present in plants
(McKie et al., 2022). Interestingly, this topoisomerase is currently being studied as a
possible target for herbicides (Allen, 2023). This raises the question whether the
topoisomerase VI in AOA could present as a target for developing inhibitors of the

nitrification reaction to mitigate the loss of nitrogen-based fertilisers?

Overall, puromycin and hygromycin B have been identified as potential selective
agents for ‘Ca. N. franklandus C13” which successfully addresses the second objective

of this work.

7.4 Artificial plasmids for ‘Ca. N. franklandus C13’°

The availability of native plasmids in various archaea from the major phyla has been
instrumental in the establishment of genetic tools (see section 1.5). This is because
these native plasmids have been repurposed into molecular vehicles to transfer

heterologous DNA into desired host strains. However, the availability of plasmids also
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plays an important role during the development of transformation methods as they can
reveal successful DNA uptake. It was therefore necessary to construct artificial
plasmids for use in ‘Ca. N. franklandus C13’ as no naturally occurring plasmids are

currently available for the Thaumarchaeota.

In chapter 5, the rationale behind the design of three artificial vectors for ‘Ca. N
franklandus C13’ is described. To our knowledge, this is the first report on the
assembly of plasmids for use in an AOA strain. All three plasmids were designed to
self-replicate under the control of the ‘Ca. N franklandus C13’ chromosomal
replication origin. Unfortunately the use of a chromosomal replication origin for
plasmid replication is associated with various limitations which have been extensively
discussed. Future work will need to explore the use of integrative vectors. The use of
integrative vectors has the added advantage of possibly being used across different
AOA strains as it is unclear whether the plasmids designed in this work, under the
control of ‘Ca. N. franklandus C13’ chromosomal replication origin, could replicate in

other AOA strains.

As discussed previously, native plasmids (specifically extrachromosomal plasmids)
have not been identified in any of the AOA strains currently available in culture. This
is in contrast to archaeal groups such as the methanogens, Sulfolobales, halophiles and
even certain hypethermophilic Euryarchaeota, all for whom several naturally
occurring plasmids have been discovered. It may be that the Thaumarchaeota primarily
rely on other mobile genetic elements such as viruses or transposons to mediate genetic
exchange. This may be supported by two recent studies that have reported the
discovery of Thaumarchaeota viruses in metagenomic sequence data as well as in

culture (Ahlgren et al., 2019; Kim et al., 2019). In addition, integrative mobile genetic

232



General discussion and conclusion

elements such as proviruses and integrated-conjugative elements have been discovered
in the genomes of certain AOA (Krupovic ef al., 2011, 2019). Conjugative plasmids
and viruses have played an instrumental role in establishing genetic tools in the
Sulfolobales (see section 1.5.2.1). It will therefore be worthwhile to focus on efforts
characterising these elements as they could be developed into robust DNA transfer and
transformation tools. The use of conjugation also has an added advantage as it has been
used to evade R-M systems. This is because conjugative transfer initially introduces
single stranded DNA into the recipient host which can evade degradation by the
endonuclease allowing its methylation at a later stage (Riley and Guss, 2021). This has
successfully been reported for Clostridium difficile (Purdy et al., 2002). This is

particularly relevant for the AOA as their R-M systems are yet to be characterised.

CRISPR-Cas systems have rapidly become the preferred tool for introducing genetic
manipulations in eukaryotic and bacterial systems. Unlike its predecessors such as the
zinc-finger nucleases (ZFN) and the transcription-activator like effector nucleases
(TALEN), CRISPR-Cas is relatively easy to use and highly specific. While
homologous recombination is still widely used for archaeal genetic studies, CRISPR-
Cas is rapidly becoming a tool of choice. This is because unlike homologous
recombination, CRISPR-Cas systems are not only efficient but also versatile. For
example, in addition to genome-editing, CRISPR-Cas can be used to regulate the
transcription of genes within a cell (Zebec et al., 2014; Larson et al., 2013). However,
the majority of the CRISPR-Cas platforms currently in use are endogenous to the
strains being studied (Zebec ef al., 2014; Peng et al., 2015). A major disadvantage of
relying on such endogenous systems is that due to the variation of CRISPR-Cas

systems between strains, they may have limited use in alternative strains (Nayak and
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Metcalf, 2017). In addition, CRISPR-Cas system endogenous to an extremophilic

strain may require extensive adaptation to function in mesophilic strains.

For this reason, the development of class 2 CRISPR-Cas systems for the archaea has
been a major breakthrough for archaeal genetic studies (Bao et al., 2022; Nayak and
Metcalf, 2017). Class 2 CRISPR-Cas systems are easy to use as they rely on a single
effector protein and may be used across different strains as they are not present in
archaea (Makarova et al., 2020; Nayak and Metcalf, 2017). These factors played a role

in the decision to construct a CRISPR-Cas9-based plasmid in this study.

Overall, this work has contributed towards the efforts aiming to establish a genetic
toolbox by making available three distinct plasmids including a CRISPR-Cas9-based

plasmid and two reporter gene-based plasmids.

7.5 Transformation of ‘Ca. N. franklandus C13

In Chapter 6, the transformation of ‘Ca. N. franklandus C13’ using three artificial
plasmids designed in this work was attempted. This formed part of the final objective
of this study which was to explore different transformation methods to induce DNA
uptake. Due to the lack of any reports on the transformation of the AOA, it was
necessary to cast a ‘wide net’ and test different methods and conditions simultaneously.
Based on the available literature on archaea of the major phyla, the three most
commonly used methods are electroporation, CaCl, heat-shock and PEG-mediated

transformation (refer to 7able 1.1). These methods were consequently tested against

‘Ca. N. franklandus C13’ in this study.
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It was concluded from the data presented in chapter 6, that none of the three
transformation methods yielded any successful transformants. The main basis for this
conclusion was (i) the absence of exponential nitrite production in the cultures
transformed with plasmid DNA and (ii) no difference in growth patterns between the

control and transformed cultures.

An interesting observation was that puromycin, used as the selective agent, did not
fully inhibit nitrite production. Although nitrite was expected to accumulate during the
recovery period prior to the addition of puromycin, no significant nitrite production
was expected following the addition of the antibiotic. This seems to be contrary to the
results in Chapter 4, where the puromycin concentration that was highly inhibitory was
lower (100 uM) than that used in the transformation experiments (200 uM) (Chapter
6). However, although cell counts were not performed in these experiments, it is likely
that the cell density was higher in the transformation experiments and could explain
this residual nitrite production. Furthermore, if the effect of puromycin is
bacteriostatic, rather than bacteriocidal, a higher cell density and residual enzymatic
activity may also explain why nitrite accumulation was only detectable in the
transformation experiments. It is yet to be determined whether this ‘post-selection’
nitrite production is associated with cellular growth or merely the enzyme activity of
the ammonia monooxygenase. Two main explanations have been proposed for nitrite
production in the presence of the selective agent (i) puromycin only inhibits growth
but does not kill the cells (akin to bacterial-static antibiotics) and/or (ii) puromycin
decouples ammonia oxidation from growth. These can easily be investigated using
methods such as quantitative real-time PCR and cell counts to determine whether the

puromycin also inhibits an increase in cellular biomass.
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Unfortunately, it was challenging if not impossible to pinpoint the exact cause of the
inability to induce DNA uptake in ‘Ca. N. franklandus C13’ with these methods at this
stage. While nitrite production is a useful indicator of growth, it does not provide any
information on for example the effects that the different treatments have on the
permeability of the cell. A more informative approach to determining the ability of the
different treatments to induce DNA uptake would be to use fluorescent molecules. For
example, while comparing the effects of electroporation and sonication on cell
permeability, Azencott and colleagues (2007) utilised the fluorescent molecules
calcein and FITC-bovine serum albumin to determine their uptake following
electroporation or sonication. Other commercial kits such as the LIVE/DEAD®
BacLight™ (Invitrogen™, USA) work on a similar principle whereby the dye
SYTO® 9 indiscriminately stains all cells regardless of viability or state of the cell
membrane whereas the second dye (propidium iodide) selectively stains cells with a
compromised cell membrane. This kit could be useful in determining the ability of the
transformation conditions to increase cell permeability. Another DNA-binding dye,
YOYO-1 has been successfully used to visualise interaction of plasmid DNA with the
yeast cell wall as well as its uptake into the cell following treatments with PEG, heat-
shock and lithium (Zheng et al., 2005). Such methods may be much more informative
with regards to the effects or response of ‘Ca. N. franklandus C13’ (or an alternative
strain) to the different transformation methods and their parameters than nitrite
production alone. Furthermore, the use of such fluorescent methods has an added
advantage over the use of reporter genes as they do not depend on gene expression

elements such as promoters and terminators that are yet to be characterised in the AOA.

The cell wall in organisms such as unicellular algae has been shown to be a major

barrier to the uptake of various molecules (Azencott et al., 2007). Similarly, in yeast
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and fungi, protocols exist that rely on the disruption of the cell wall (e.g. via enzymatic
digestion) (Schiestl et al., 1993) while in archaea, disruption of the S-layer forms the
basis of various transformation protocols (e.g. methanogens and haloarchaea) (Dyall-
Smith, 2009). High-resolution images of ‘Ca. N. franklandus C13’ have revealed the
presence of an unusual double-membrane (refer to Chapter 3). This means that for
exogenous DNA to enter the cell, it must cross both these barriers. It may be
worthwhile exploring the use of physical disruption methods such as sonication which
have been shown to non-specifically disrupt cell barriers unlike electroporation which
is specific to the cell membrane (Azencott et al., 2007). The use of non-selective
permeabilization methods such as sonication is particularly relevant for this strain

because it lacks an S-layer and its composition is currently unknown.

To our knowledge, this is the first publicly available literature on the transformation
of an AOA. It is therefore premature to disregard the transformation methods used for
future attempts. Furthermore, the different transformation parameters investigated in
this work were far from exhaustive and consequently, there is still room for further
investigation in future experiments. Lastly, regardless of the unsuccessful
transformation efforts of an AOA in this study, this work will serve as a much needed
point of reference for future transformation attempts of this strain and perhaps even

other AOA.

7.6 ‘Ca. N. franklandus C13’ as a model strain for an AOA genetic

system

‘Ca. N. franklandus C13’ was selected as the model strain for the establishment of an
AOA genetic system in this work. The decision to use this strain was attributed to its
physiological properties which include a relatively fast growth rate and its mesophilic
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nature. For example, the neutral pH and mesophilic temperature range (37°C - 42°C)
are conducive to the use of antibiotics as selective agents. More importantly however,
strains in the genus °‘Nitrosocosmicus’ are known to tolerate higher ammonia
concentrations which is typical of agricultural soils receiving high input of nitrogen-
based fertilisers making this genus a relevant model to study in the context of

agricultural management (Lehtovirta-Morley et al., 2016; Liu et al., 2021).

Over the course of this study, further technical advantages of ‘Ca. N. franklandus C13’
as a model strain became evident. Firstly, we demonstrate that this strain is one of two
AOA strains that were amenable to growth on solid growth medium using the LS-
method. In addition, the cells of ‘Ca. N. franklandus C13’ are relatively easy to harvest
on membrane filters which is often desirable when using large volumes and it also
yields visible cell pellets. This is in comparison to other strains such as N. viennensis
EN76 that are preferably harvested by centrifugation which can be rather time-
consuming particularly when working with larger volumes. It was also determined in
this work that ‘Ca. N. franklandus C13’ is sensitive to multiple selective agents in
comparison to N. viennensis EN76 that was only significantly sensitive to hygromycin

B. Consequently, a larger pool of selection markers is currently available for ‘Ca. N.

franklandus C13°.

In conclusion, ‘Ca. N. franklandus C13’ and related strains may be considered to be

suitable models for a genetic system in the phylum Thaumarchaeota.

7.7 Conclusion

Overall, while not successful in establishing a functional genetic system for an AOA,

this work has made a significant contribution towards this goal by developing a novel

238



General discussion and conclusion

cultivation method for two AOA strains, identified promising antibiotic-based
selective agents and the construction of a CRISPR-Cas9 and reporter gene plasmids.
Lastly, although unsuccessful in the transformation of ‘Ca. N. franklandus C13’, this
work serves a reference point for future efforts into the developing transformation

protocols.
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Appendix A: Modified non-chelated trace element solution

Component Mass/volume (per litre) Concentration
dH20 987 ml -
HCI (~12.5 M) 8 ml 100 mM
H3BOs 30 mg 0.5 mM
MnClz.4H>0 100 mg 0.5 mM
CoClL..6H20 190 mg 0.8 mM
NiCl2.6H20 24 mg 0.1 mM
CuCl2.2H20 2 mg 0.01 mM
ZnS04.7H20 144m mg 0.5 mM
Na:Mo0Os4.2H.0 36 mg 0.15 mM

Note: The trace element solution is autoclaved as described previously and stored in the dark at 4°C.
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Appendix B: AOA vitamin solution

Component Mass (g/L)
Biotin 0.02
Folic acid 0.02
Pyridoxine HCI 0.10
Thiamine HCI 0.05
Riboflavin 0.05
Nicotinic acid 0.05
DL Pantothenic acid 0.05
P Aminobenzoic acid 0.05

Choline Chloride 2

Vitamin B12 0.01

Note: Using KOH, adjust the pH to 7 and filter sterilise using a 0.22 pM pore size filter. Store in
the dark at 4°C.
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Appendix C: Effects of gelling agents on the growth of ‘Ca. N. sinensis Nd2’ and . viennensis EN76
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Appendix D: Nitrite accumulation of V. viennensis EN76 cells

growing in Phytagel™
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Figure D-1: Nitrite accumulation by N. viennensis EN76 cells embedded in Phytagel™.
The detection of nitrite accumulation in all three cultures of Phytagel™ embedded M.
viennensis cells suggested viable cells. Nitrite concentrations for each of the three replicate

cultures were plotted separately.
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Appendix E: Images of N. viennensis EN76 colonies and fluorescent

micrographs gel embedded cells

Arch 915 (Archaea) EUB338 m1x (Bactena) Overlay

Figure E-1: Photographs of N. viennensis EN76 colonies growing within Phytagel™. (A) Colonies

N. viennensis EN76

arising from a high-inoculum and (B) Colonies arising from a low-density inoculum. Fluorescent
micrographs of N. viennensis EN76 cells growing within the Phytagel™. Cells are stained with FISH
probes for archaea (Arch-915, red), bacteria (EUB338 mix, green) and DAPI (blue). Images were

viewed at 1000 X magnification.
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Appendix F: Long-term incubation of ‘Ca. N. franklandus C13’ cells in the presence of antibiotics
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Figure F-1: Extended incubation of ‘Ca. N franklandus C13” in the presence of antibiotics. Both puromycin and hygromycin B strongly inhibit liquid cultures of
‘Ca. N franklandus C13’. No evidence of spontaneous mutant development could be detected following the extended incubation (~65 days) with (A) Puromycin (20
uM, 50 uM and 100 pM (B) Hygromycin B (50 pM and 100 pM). Nitrite (NO2") concentrations plotted are the averages of three replicate cultures. Error bars are

standard errors of the means and where they are not visible are smaller than the size of the symbol.
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Appendix G: Classification of topoisomerases

DNA topoisomerase
! !
SS-cleavage DS-cleavage
Type I Type II
I | ) ! !
1A 1B IC 1A 1B
I 1 |
DNA gyrase Topo IV Topo VI

Topo 111 Reverse gyrase Topo V
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