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Abstract

The high solar irradiation of desert systems is biologically stressful upon their indigenous soil
bacteria, and has major influences on the complexity of their irradiation resistomes (Yuan et al.
2012; Paulino-Lima et al. 2013; Pavlopoulou et al. 2016; Ledn-Sobrino et al. 2019).
Characterising features of these bacterial resistomes which confer tolerance to irradiation stress
develops our understanding of the breadth of survival systems utilised by extremophiles, and is
thus valuable to the field of microbial ecology (Matallana-Surget and Wattiez 2013; Pérez et al.
2017).

Arthrobacter sp. NamB2 is a pink-pigmented bacterium from surface soils of the Namib Desert
(Buckley 2020). This bacterium demonstrates substantial tolerance to ultraviolet irradiation, and
has a corresponding multifaceted intrinsic irradiation resistome (Buckley 2020). The
contribution of this bacterium’s pink-pigmentation to its irradiation tolerance was the focus of
investigation for this thesis, as pigmentation — particularly the red/yellow pigments of the
carotenoid class — have been attributed as a major component in the tolerance of bacteria from
other desert systems, including the Atacama and Antarctic deserts (Dieser et al. 2010; Silva et
al. 2019; Flores et al. 2020). Despite the stable, demonstrably microbiologically-harmful solar
irradiance of the Namib Desert, no similar investigations of pigmentation as a component of
intrinsic bacterial resistomes in this environment have yet been performed. This thesis thus
sought to expand knowledge on the breadth of irradiation tolerance systems utilised by
extremophiles from regions of high solar irradiance by characterising the role of pigmentation in
the irradiation-resistome of Arthrobacter sp. NamB2. To achieve this, the pigment was first
identified, while its contributions to irradiation tolerance were investigated via analyses of its
light-inducibility in biosynthesis, and pigment-specific mitigation of lethality arising under

ultraviolet-A, -B and -C irradiation.

The pigmentation of Arthrobacter sp. NamB2 was extracted and subject to a series of analyses
for identification. The extracted pigmentation produced characteristic carotenoid spectral
responses under scanning ultraviolet-visible spectroscopy, confirming it was a carotenoid.
Chromatographic separation of the pigment extract using thin-layer chromatography and high-
performance liquid-chromatography demonstrated the pigment comprised six — eight polarity-
discrete carotenoids, each possessing a chromophore thirteen conjugated double bonds in
length. Subsequent mass-spectrometry confirmed the presence of the carotenoid bacterioruberin
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within the extract, and provided evidence for the presence of a number of its commonly co-
isolated dehydrated/glycosylated carotenoid variants. The pink-pigment of Arthrobacter sp.
NamB2 was thus concluded as carotenogenic in nature, and comprised of a pigment

complement specifically based around the carotenoid bacterioruberin.

The light-inducibility of pigment production by Arthrobacter sp. NamB2 was investigated as
evidence of its function in irradiation-tolerance. The total pigment content produced by cultures
grown at a series of light intensities was compared for evidence of light-responsive carotenoid
biosynthesis. Results of these assays were supported by in silico examinations of the available
Arthrobacter sp. NamB2 genome (GenBank: GCA_005281365.1) for the presence of candidate
genes encoding homologues to known light-responsive regulators of carotenogenesis. This was
used to establish if there was a genetic basis for light-responsive carotenoid production in
Arthrobacter sp. NamB2. There was no significant difference between the pigment content of
cultures grown under differing light conditions, indicating a lack of light-responsive
carotenogenesis. This conclusion was supported by the absence of relevant homologues to
known light-responsive carotenogenesis regulators within the Arthrobacter sp. NamB2 genome.
Lack of light-responsive pigmentation in Arthrobacter sp. NamB2 did not discount its
photoprotective role, but was a novel contribution to the study of photoinducibility within both

Arthrobacter and desert organisms.

Finally, pigment-mediated protection against ultraviolet-irradiation was examined through
survival comparisons of pigmented Arthrobacter sp. NamB2 cultures and their unpigmented
variants generated via carotenoid inhibition. Pigmented and unpigmented cultures were exposed
to high intensities of ultraviolet-A, -B and -C irradiation to determine within which waveband(s)
the pigment was capable of cellular protection. Pigmented cells had significantly higher survival
than unpigmented cells under ultraviolet-A and ultraviolet-B irradiation, with weakening
protection afforded under higher doses of ultraviolet-B, and a total loss of protection under
ultraviolet-C. Potential ultraviolet-screening protective roles of the pigment were investigated
and dismissed from its lack of pronounced absorbance within the ultraviolet waveband. From
the known damage modes of ultraviolet-irradiation, these findings indicated that pigmentation
protected Arthrobacter sp. NamB2 only from ultraviolet-wavebands and dosages stimulating
damage through the production of reactive oxygen species, with no capacity for the mitigation
of direct DNA/protein damage. These inferred conclusions would be strengthened by specific
investigations of the mechanisms of protection afforded by pigmentation, but did confirm the

contribution of pigmentation to the ultraviolet-irradiation tolerance of Arthrobacter sp. NamB2.
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The findings of this thesis demonstrated that the carotenoid pigmentation of Arthrobacter sp.
NamB2 contributes meaningfully to its ultraviolet-irradiation resistome. Use of carotenoid
pigmentation in irradiation-protection is consistent with findings in bacteria from other desert
systems, while limitation of their protective capacity to the mitigation of damage inflicted by
reactive oxygen species matches expectations of carotenoid photoprotection. This thesis
demonstrates for the first time the contribution of pigmentation in a novel edaphic Namib
Desert bacterium to its irradiation-resistome, and speculates a similar physiological utility in its

natural environment.
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Chapter 1 General Introduction and Literature Review

1.1 General Introduction

Solar irradiation is an abiotic stressor with significant influences on desert bacterial community
compositions and the sophistication of their resistomes (Cary et al. 2010; Hernandez et al.
2016). Prolonged, biologically stressful irradiation stimulates the development of complex and
multifaceted irradiation tolerance systems in bacteria (Fernandez Zenoff et al. 2006; Matallana-
Surget and Wattiez 2013; Albarracin et al. 2016). As deserts are subject to stable, high-intensity
surface irradiance resulting from atmospheric conditions common to arid environments, their
edaphic bacterial communities demonstrate well-developed irradiation resistomes and complex
damage tolerance systems (Yuan et al. 2012; Pavlopoulou et al. 2016; Leén-Sobrino et al.
2019). Understanding the irradiation-resistance mechanisms of bacteria from these regions of
high solar insolation deepens our understanding of how extremophiles persist under such
conditions, and is consequently of growing interest to the field of microbial ecology (Matallana-

Surget and Wattiez 2013; Pavlopoulou et al. 2016).

Production of carotenoid pigmentation is an important strategy for irradiation tolerance in desert
soil bacteria (Dieser et al. 2010; Yuan et al. 2012; Reis-Mansur et al. 2019). In these organisms,
carotenoids provide cellular protection by quenching reactive oxygen species (ROS), generated
from radiation-stimulated photochemical reactions (Dieser et al. 2010; Schwieterman et al.
2015; Sandmann 2019; Silva et al. 2019). Carotenoid pigmentation has been characterised
repeatedly as a significant component of bacterial irradiation resistomes, with examples in soil
organisms from the Atacama, Antarctic and Gobi deserts (Dieser et al. 2010; Yuan et al. 2012;
Pavlopoulou et al. 2016; Silva et al. 2019; Flores et al. 2020).

Arthrobacter sp. NamB2 is a novel, pink-pigmented bacterium from soils of the Namib Desert,
which presents a promising model with which to study the contribution of bacterial
pigmentation to irradiation tolerance (Buckley 2020). Arthrobacter sp. NamB2 has presented a
high tolerance to ultraviolet radiation, with suspicions of a complex, multifaceted intrinsic
irradiation-resistome consistent with its prolonged solar exposure (Buckley 2020). The pink-
pigmentation of this bacterium has been speculated to share identity with carotenoids of

suspected but unproven function in the irradiation-protection of other Arthrobacter spp.,
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suggesting it may contribute meaningfully to the intrinsic irradiation-resistome of Arthrobacter
sp. NamB2 (Ii et al. 2019; Silva et al. 2019; Buckley 2020). Despite the stable, high-intensity
solar-irradiance of the Namib Desert, there have not yet been any dedicated investigations into
pigmentation as a mechanism of irradiation-tolerance in its edaphic bacteria (Warren-Rhodes et
al. 2013; Ledn-Sobrino et al. 2019; Cowan et al. 2020). As such, this organism presents a novel
model from a yet-unstudied desert environment of stable, biologically-stressful irradiance with
which to characterise contributions of pigmentation to the irradiation-resistomes of edaphic

desert bacteria, and the genus Arthrobacter.

The irradiation tolerance mechanisms of bacteria subject to stable, high solar irradiation are
sophisticated and multifaceted (Pavlopoulou et al. 2016). Characterising the systems used for
irradiation tolerance by extremophiles aids scientific understanding of the intracellular
resistance mechanisms controlling microbial ecology in biologically stressful environments.
The value of the Namib Desert as a model system is provided through the high intensity and
stability of its irradiation, combined with the yet-uncharacterised nature of tolerance systems
used by its edaphic bacteria. This thesis will thus investigate the protective role of cellular

pigmentation in Arthrobacter sp. NamB2 against solar irradiation.

1.2 Research Questions/Aims

Research Question 1: What is the likely identity of the pink-pigmentation produced by
Arthrobacter sp. NamB2?

Aim 1.1: To extract and determine if the pigmentation of Arthrobacter sp. NamB2 is

carotenogenic in nature.

Objective 1.1.1: To perform a methanolic extraction of cellular pigmentation
from Arthrobacter sp. NamB2, with subsequent ultraviolet-visible spectroscopy

of these pigment extracts used to determine the pigment class.

Aim 1.2: To determine the likely identity of individual pigments comprising the pigment

complement of Arthrobacter sp. NamB?2.

Objective 1.2.1: To use chromatographic separation, specifically thin-layer
chromatography (TLC) and high-performance liquid-chromatography (HPLC),
to resolve the pigment complement of Arthrobacter sp. NamB2 into individual

fractions on the basis of polarity.
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Objective 1.2.2: To identify the individual pigment fractions purified by the
chromatographic separation of Objective 1.2.1 via features of their ultraviolet-
visible spectral response/polarity (TLC-separated fractions) or fragmentation

patterns of their generated mass-spectra (HPLC-separated fractions).

Research Question 2: Is the production of the pink-pigmentation of Arthrobacter sp. NamB2
light-induced?

Aim 2.1: To determine whether Arthrobacter sp. NamB2 produces significantly higher

pigment content when grown under carotenoid-stimulatory light conditions.

Objective 2.1.1: To quantify and compare the pigment production of
Arthrobacter sp. NamB2 cultures grown under a range of visible-light intensities

known to stimulate carotenoid biosynthesis.

Aim 2.2: To determine whether there is a genetic basis for light-responsive

carotenogenesis in Arthrobacter sp. NamB2.

Objective 2.2.1: To identify candidate homologues to known regulators of light-
responsive carotenogenesis from non-phototrophic bacteria within the available

genome sequence of Arthrobacter sp. NamB2.

Objective 2.2.2: To investigate whether the candidate light-responsive regulators
identified under Objective 2.2.1 are likely to have function in regulating
carotenogenesis within Arthrobacter sp. NamB2 through in silico analysis of

protein alignments and genomic context.

Research Question 3: What contribution does pigmentation provide the ultraviolet irradiation

resistome of Arthrobacter sp. NamB2?

Aim 3.2: To determine the protective role pigmentation serves in the ultraviolet-A
(UVA), ultraviolet-B (UVB) and ultraviolet-C (UVC) tolerance of Arthrobacter sp.
NamB2.



Objective 3.2.1: To generate unpigmented cultures of Arthrobacter sp. NamB2
via treatment of cells with the carotenoid inhibitor diphenylamine, and assess

negative influences of this inhibitor treatment upon cell growth.

Objective 3.2.2: To determine if pigmentation has a protective screening
capacity against ultraviolet irradiation by comparing ultraviolet-visible scanning

spectra of total methanolic extracts from pigmented and unpigmented cultures.

Objective 3.2.3: To compare the survival of pigmented and unpigmented
cultures of Arthrobacter sp. NamB2 under biologically-stressful intensities of

UVA, UVB or UVC-irradiation for evidence of pigment-specific protection.



1.3 Literature Review

1.3.1 Desert Systems

Deserts constitute more than one-fifth of Earth’s land surface area, and are characterised by a
number of common climatic and spatial features which render them hostile to biotic life (Laity
2008; Pointing and Belnap 2012). Desert systems are limited in biologically-available water,
and are classified as arid regions on the basis that their ratio of water input (precipitation) to
output (potential evapotranspiration) is below 1.0 (United Nations Environmental Programme
1992; Pointing and Belnap 2012; Makhalanyane et al. 2015; Stovigek et al. 2017). Alongside
this desiccation stress, deserts are subject to wide variability in surface temperatures, and
oligotrophic soils due to their aridity preventing the development of important soil chemical
cyclers, such as higher plants (Pointing and Belnap 2012; Lee et al. 2016; Lebre et al. 2017,
Steven 2017).

These abiotic features of deserts exert considerable stress upon indigenous soil bacteria,
including xeric stress, imposition of freeze-thaw cycles and severe nutrient limitations (Dieser et
al. 2010; Lebre et al. 2017; Cowan et al. 2020). Desert systems consequently present a restricted
range of functional and taxonomic diversity in their soil bacterial communities relative to more
temperate regions (Navarro-Gonzalez et al. 2003; Fierer et al. 2012; Makhalanyane et al. 2015;
Ramond et al. 2019). For example, the soils of the Atacama Desert have bacterial taxonomic
diversities some four-fold lower than temperate terrestrial environments (Navarro-Gonzalez et
al. 2003; Fierer et al. 2012). Local climate stressors shape the biodiversity and distribution of
the persisting desert bacterial communities, with solar irradiation in particular playing a

significant role (Andrew et al. 2012; Véasquez-Dean et al. 2020).

1.3.1.1 Solar Irradiation as a Biological Stressor in Desert Systems

Desert systems are subject to high surface solar irradiation at intensities stressful for their
indigenous microbiota (Cunningham 1998; Rondanelli et al. 2015; Cordero et al. 2016). Solar
irradiation exerts stress on microorganisms through wavelength-dependent damage to DNA and
other cellular components, and is lethal at sufficient incident intensities (Santos et al. 2013). In
contrast to temperate regions, deserts present low atmospheric aerosol loadings, infrequent
cloud coverages, low ozone column densities and low solar-zenith angles, ultimately resulting

in low atmospheric sunlight-screening capacities, and unusually high surface irradiance (Dana et
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al. 1998; Lacap et al. 2011; Rampelotto 2013; Cordero et al. 2014; Cordero et al. 2016; Kgabi et
al. 2016). As a consequence of these atmospheric trends, desert systems such as the Atacama
and Antarctic Deserts exhibit midday visible light and ultraviolet (UV) irradiation intensities 1.8
— 3.0 times higher than temperate regions such as New Zealand or European sites, and
consistently in excess of intensities known to be lethal to microorganisms (Glaeser and Klug
2005; Huld et al. 2005; Paulino-Lima et al. 2013; Hernandez et al. 2016; Shiona et al. 2016;
Remund et al. 2020).

Due to its high intensity, solar irradiation has a considerable influence on the bacterial
communities of desert systems (Cary et al. 2010; Wierzchos et al. 2015; Meslier et al. 2018).
The study of Cowan et al. (2011) stressed that Antarctic bacterial community distributions are
significantly influenced by local solar irradiation intensities, and specifically develop in a
manner to avoid irradiation. This is supported by studies of bacterial community distributions
within the Atacama and Namib Deserts, indicating that irradiance is a generalisable abiotic
stressor for desert bacterial communities (Warren-Rhodes et al. 2013; Makhalanyane et al.
2015; Wierzchos et al. 2015). Furthermore, high solar irradiance shapes sky-exposed bacterial
communities to favour the predominance of radiotolerant species, with bacteria from open
desert soils frequently presenting solar irradiation tolerances some two to ten-fold higher than
temperate terrestrial organisms (Makhalanyane et al. 2013; Montero-Calasanz et al. 2013;
Paulino-Lima et al. 2013; Paulino-Lima et al. 2016; Pavlopoulou et al. 2016; Reis-Mansur et al.
2019; Silva et al. 2019). Understanding the mechanisms used by desert bacteria to tolerate
irradiation stress directly informs our understanding of microbial ecology within these high
irradiance environments, and the complexity of systems such organisms may use to persist

under lethal irradiation (Makhalanyane et al. 2015; Pavlopoulou et al. 2016).

1.3.1.2 The Namib Desert

The Namib Desert is one of the oldest and driest deserts on Earth, and extends some 2,000
kilometres along the Atlantic coast of Southern Africa (Foissner et al. 2002; Eckardt et al. 2013;
Goudie and Viles 2015a; Cowan et al. 2020). The interaction between the Atlantic Benguela
current and South Atlantic high-pressure region means that the Namib Desert maintains a stable
climatic zone, and an arid climate (Eckardt et al. 2013; Bliss 2018). The microbiota of the
Namib Desert is subject to substantial abiotic stress consistent with other desert systems.
Rainfall across the Namib is low (below 50 mm annually) and demonstrates high spatial
variability, exerting xeric stress on edaphic bacteria (Schachtschneider and February 2010;
Eckardt et al. 2013; Scola et al. 2018; Cowan et al. 2020). Furthermore, daily surface
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temperatures fluctuate from 0 — 50 °C, and the desert soil is oligotrophic, restricted in quantities
of organic carbon and nitrogen, discouraging the growth of higher organisms and selecting
against fastidious microbiota (Makhalanyane et al. 2013; Goudie and Viles 2015b;
Makhalanyane et al. 2015; Gunnigle et al. 2017; Johnson et al. 2017; Ramond et al. 2018).
These abiotic stressors result in the limited taxonomic diversity and abundance of bacterial

communities within the Namib Desert (Ramond et al. 2019).

1.3.1.3 Solar Irradiation of the Namib Desert

The Namib Desert is subject to a high intensity of solar irradiance due to its sparse cloud
coverage, low levels of air-borne particulate matter and low ozone column density
(Cunningham and Bodeker 2000; Esposito et al. 2003; Rondanelli et al. 2015; Kgabi et al. 2016;
Adesina et al. 2019). Consequently, the Namib Desert demonstrates a midday solar irradiation
intensity comparable to, or surpassing those of the Antarctic and Atacama Deserts (Dana et al.
1998; Warren-Rhodes et al. 2013; Cordero et al. 2018; Ledn-Sobrino et al. 2019). Indeed, the
midday visible light intensity of the Namib Desert is five fold higher than temperate regions
such as New Zealand, while ultraviolet-A and ultraviolet-B intensities are some three — four fold
higher (Lange et al. 1990; Warren-Rhodes et al. 2013; Beckmann et al. 2014; Kgabi et al. 2016;
Lucas et al. 2016; Remund et al. 2020). This high solar insolation exerts a notable selection
pressure on bacteria within the Namib Desert, and has been shown to significantly influence
bacterial community distributions, compositions, and the expression of genes facilitating
irradiation survival (Makhalanyane et al. 2013; Warren-Rhodes et al. 2013; Leon-Sobrino et al.
2019).

Furthermore, the Namib Desert demonstrates a remarkable stability in its irradiance, resulting
from its highly stable local climate and atmospheric composition (Cunningham and Bodeker
2000; Kgabi et al. 2016; Adesina et al. 2019). Indeed, the study of Cunningham and Bodeker
(2000) denoted only minor shifts in total ozone column density and other atmospheric screening
factors in the Namib Desert over the course of 21 years (1978 — 1999). The stability of the
Namib Desert’s atmospheric conditions creates a uniquely stable surface irradiance, thus
rendering solar-irradiation a highly stable selection pressure on its bacterial communities

(Cunningham 1998; Cunningham and Bodeker 2000; Hernandez et al. 2016).

In terrestrial environments where solar irradiance consistently reaches stressful intensities,

bacterial abundance is limited, and community compositions shift to favour limited diversities
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of organisms with more sophisticated irradiation resistomes (Jacobs and Sundin 2001; Stark and
Hart 2003; Farias et al. 2009; Ruiz Gonzalez et al. 2013). As the high surface-irradiance of
desert systems necessitates the adaptation of their indigenous organisms for survival, the study
of tolerance systems employed by bacteria capable of survival within environments such as the
Namib is intrinsically valuable to our understanding of microbial ecology in conditions of
extreme irradiation (Makhalanyane et al. 2015). To contextualise how bacteria from these
environments specialise their irradiation tolerance, understanding first how solar irradiation

exerts damage upon microorganisms is required.

1.3.2 Solar Irradiance as an Abiotic Stressor

The solar irradiation reaching Earth’s surface is comprised of approximately 13 % UV radiation
(<400 nm), 44 % visible radiation (400 — 700 nm) (also known as photosynthetically-active

radiation (PAR)), and 43 % infra-red (> 700 nm) (Pitts 1990). Of these, radiation within the UV
and PAR wavebands are the most relevant as microbial stressors (Besaratinia et al. 2011; Santos

et al. 2012).

Ultraviolet radiation is divided into four wavelength categories; Vacuum UV (< 200 nm),
ultraviolet C (UVC) (200 — 280 nm), ultraviolet B (UVB) (280 — 320 nm), and ultraviolet A
(UVA) (320 — 400 nm) (Cockell and Knowland 1999; Rastogi et al. 2010; Santos et al. 2013).
Of the UV radiation reaching Earth’s surface, 90 — 95 % comprises UVA, and 5 — 10 %
comprises UVB, with UVC quantitatively screened by atmospheric ozone (Girard et al. 2011;
Santos et al. 2013; Jones and Baxter 2017). Shorter irradiation wavelengths are considered more
microbiologically stressful, with UVB and UVC irradiation inflicting higher rates of bacterial
mutagenesis and inactivation than UV A in in vitro studies (Santos et al. 2013). However, as the
UVA and PAR waveband comprises the greater component of terrestrial radiation, it is
considered more important as a biological stressor in bacterial community development (Girard

et al. 2011; Bjorn 2015a; Jones and Baxter 2017).

Irradiation inflicts bacterial cell damage in a wavelength-dependent manner (Santos et al. 2013).
The main source of damage invoked by UVB and UVC radiation is considered to be upon the
cellular DNA, in which they induce a variety of lethal/mutagenic lesions (Yoon et al. 2000;
Garcia-Gomez et al. 2012). Conversely, PAR and UV A predominantly induce oxygen-

dependent photodynamic damage of cellular structures through the generation of reactive



oxygen species (ROS) (Yoon et al. 2000; He and Hader 2002a; He and Hader 2002b; Santos et
al. 2013).

1.3.2.1 Ultraviolet B/C DNA Damage

Ultraviolet B and C irradiation inflict bacterial cell death predominantly through direct DNA
damage (Santos et al. 2013). Both UVB and UVC are absorbed readily by bacterial DNA,
generating DNA photoadducts (Taylor 2005; Santos et al. 2013). The best characterised of these
are the cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4)-pyrimidone photoproducts
((6-4) PPs) (Santos et al. 2013). Cyclobutane pyrimidine dimers are the most common form of
DNA photoadducts, and occur through the absorption of UV by DNA, inducing the covalent
bonding of adjacent pyrimidines to form four-membered rings (Yoon et al. 2000; Taylor 2005;
Goosen and Moolenaar 2008; Rastogi et al. 2010). These CPDs are formed 20 — 40 times more
abundantly than other photoadducts, and their quantification is thus often used as a marker of
mutagenicity under UVB and UVC irradiation (Cadet et al. 1992; Yoon et al. 2000; Rastogi et
al. 2010). Pyrimidine (6-4)-pyrimidone photoproducts are formed at a lower rate than CPDs, but
have greater mutagenic importance (Yoon et al. 2000). Formation of (6-4)PPs similarly involves
the covalent bonding of adjacent pyrimidines to form four-membered rings, albeit through

different bonds (Taylor 2005; Rastogi et al. 2010).

Both CPDs and (6-4) PPs are capable of stimulating mutagenicity and lethality in irradiated
bacteria. If these photoadducts are not repaired prior to DNA replication they may generate
DNA mutations or cause cell death (Yoon et al. 2000; Rastogi et al. 2010; Ikehata and Ono
2011; Garcia-Gomez et al. 2012). Generally, (6-4)PPs are more difficult for the cellular
replication machinery to bypass, and thus provide a higher rate of mutagenicity (Yoon et al.
2000; Ikehata and Ono 2011). Other mutagenic damage induced by UVB/UVC irradiation
includes DNA depurination/depyrimidisation (generating single-strand DNA breakages)
hydrolytic deamination (causing base conversions), and double stranded DNA breaks — which

are lethal to bacteria (Rastogi et al. 2010; Ikehata and Ono 2011).

While such DNA damage is typically attributed as the cause of UVB-lethality, at low UVB
dosages, intracellular generation of ROS is known to predominate in cellular stress (Santos et al.
2012). This ROS generation occurs through UVB-mediated photodynamic reactions, similar in

nature to those dominating the intracellular damage of UVA/PAR.



1.3.2.2 Photodynamic Damage from Visible Light and Ultraviolet A

Visible light and UVA irradiation cause microbial stress through a radiation-and-oxygen-
dependent mechanism known as photodynamic damage (Matallana-Surget and Wattiez 2013;
Song et al. 2019). Photodynamic damage is a form of oxidative stress resulting from light-
stimulated intracellular production of ROS including singlet oxygen ('O2), hydrogen peroxide
(H20»), superoxide (O, ), and hydroxyl (‘OH) radicals (Mathews-Roth and Krinsky 1970;
Ziegelhoffer and Donohue 2009; Sandmann 2019). Here, ROS are formed by interactions
between irradiation, a photosensitiser molecule, and oxygen (Sandmann 2019). Photosensitisers
are organism-specific intracellular compounds capable of absorbing incident radiation and
subsequently generating ROS (Ziegelhoffer and Donohue 2009, Sandmann 2019).
Photosensitiser molecules are common within bacteria, and include quinones, flavins,
bacteriochlorophylls and porphyrins (Amagasa 1981; Krinsky 1994; Ochsner 1997; Jori et al.
2006; Ziegelhoffer and Donohue 2009; Hope et al. 2016; Shleeva et al. 2019).

Upon absorption of light energy at the compatible wavelength, intracellular photosensitisers
ascend from their ground state to an excited singlet state, from which they proceed to their
triplet state via inter-system crossing (ISC) (Figure 1.1) (Ochsner 1997; Alves et al. 2014;
Cadet et al. 2015). The triplet state of the photosensitiser generates ROS on its return to ground
state through the transfer of electrons (Type I photosensitisation) or energy (Type II
photosensitisation) (Krinsky 1994; Ochsner 1997; Matallana-Surget and Wattiez 2013).

Inter-System

Incident Light Crossing

ege S £ o %
Photosensitiser —————— 1 Photosensitiser ——> 3 Photosensitiser

Figure 1.1: Summary of the photosensitisation process occurring through the absorption of incident light
by a photosensitiser. Asterisks represent unpaired electrons, while superscript numbers denote the energy
state (singlet/triplet) of the molecule.

1.3.2.2.1 Type I and Type II Photosensitisation

Type I photosensitisation occurs when the photosensitiser donates an electron to a compatible
substrate, generating a radical anion photosensitiser and cationic substrate, as demonstrated in
Figure 1.2-A (Krinsky 1978; Ochsner 1997; Alves et al. 2014; Cadet et al. 2015). The radical
cation undergoes further reactions in the presence of oxygen to produce ROS such as

superoxide (O27) or hydrogen peroxide (H202) (Ziegelhoffer and Donohue 2009; Cadet et al.
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2015; Baptista et al. 2017). In the Type II mechanism (Figure 1.2-B) the triplet photosensitiser
transfers its excitation energy directly to ground state molecular oxygen, producing oxygen in
its first-excited state, known as singlet oxygen ('O,) (Edge et al. 1997; Ziegelhoffer and
Donohue 2009). Singlet oxygen is the predominant ROS formed under both UVA/PAR
exposure, and plays a major role in subsequent photodynamic damage (Girard et al. 2011; Cadet

et al. 2015).

A Intermediate 0,

~‘Photosensitiser* ——————> Photosensitiser - + Intermediate* —————— ROS

0,

*
3Photosensitiser* ——— Photosensitiser + '0,

Figure 1.2: Reaction scheme for generation of reactive oxygen species via A: Electron transfer in Type [
photosensitisation; B: Energy transfer in Type II photosensitisation. Asterisks represent unpaired
electrons, while superscript numbers denote the energy state (singlet/triplet) of the molecule.

1.3.2.2.2 Cellular Targets of Photodynamic Damage

The ROS generated from UVA/PAR photosensitisation inflicts irreversible damage on bacterial
cellular structures and viability (Sandmann 2019). The main cellular targets of ROS damage are

the bacterial DNA, proteins and lipid-membranes (Zhao and Drlica 2014).

The damage stimulated by UVA/PAR on bacterial DNA predominantly relies on ROS-mediated
base oxidation. While UVA is capable of creating DNA photoadducts through direct absorption
by DNA, this absorption is inefficient, and typically produces photoadducts at a rate 10° times
lower than UVB/UVC (Cadet et al. 1992; Ochsner 1997; Girard et al. 2011; Tkehata and Ono
2011). Instead, under UVA/PAR irradiation, ROS produced from photosensitisation directly
react with and oxidise DNA bases to form purine/pyrimidine adducts, which can subsequently
induce mutagenicity or single-strand breakages in the DNA during replication (Ochsner 1997,
Eisenstark 1998; Rastogi et al. 2010; Alves et al. 2014; Cadet et al. 2015). For example,
hydroxyl radicals can directly oxidise both purines and pyrimidines, and/or abstract hydrogen
from sugars of the DNA backbone (Fang 2011; Girard et al. 2011; Cadet et al. 2015). These
reactions produce base-adducts, DNA-DNA or DNA-protein cross-linkages, and single/double-
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stranded DNA breakages, all of which are highly deleterious to cell survival (Cadet et al. 1992;
Ochsner 1997; Cabiscol et al. 2000; Rastogi et al. 2010; Fang 2011; Alves et al. 2014).

Proteins are major targets of photodynamic damage due to their high intracellular abundance,
frequent use of photosensitisers as prosthetic groups, and the susceptibility of amino acids to
oxidation (Girard et al. 2011; Alves et al. 2014). Amino acid oxidation creates residue
derivatives, which modify the protein structure, and cause loss-of-function (Cabiscol et al. 2000;
Grosvenor et al. 2010; Alves et al. 2014; Dixon and Stockwell 2014). Enzyme loss-of-function
is common under photodynamic stress, with studies such as Alves et al. (2014) characterising
the inactivation of bacterial enzymes including lactate dehydrogenases, ATPases, NADH
dehydrogenases and succinate dehydrogenase under UV A-irradiation. Particular susceptibility
has been demonstrated for enzymes involved in cell division, oxidative stress responses, and
sugar uptake, as well as DNA repair and photoreactivation (Alves et al. 2014; Song et al. 2019).
The loss-of-function of critical bacterial proteins under photodynamic stress eventually

stimulates cellular-lethality (Girard et al. 2011; Cadet et al. 2015).

The destruction of cell membranes is the predominant cause of bacterial cell death under
photodynamic stress (Jori et al. 2006; Reis-Mansur et al. 2019). Membrane lipids are major
targets of photodynamic damage due to the readiness by which the polyene chains of
unsaturated fatty acids may be oxidised by ROS, and the membrane-localisation of most
bacterial photosensitisers (Mathews 1963; Ochsner 1997; Jori et al. 2006; Alves et al. 2014).
Bacterial lipid membranes contain a high density of unsaturated fatty acids, with large numbers
of carbon-carbon double bonds which are highly vulnerable to ROS oxidation (Anderson and
Krinsky 1973; Ziegelhoffer and Donohue 2009; Bjorn and Huovinen 2015). Reactions of these
membrane lipids with hydroxyl radicals or singlet oxygen results in lipid peroxidation (Cadet et
al. 1992; Cabiscol et al. 2000; Cadet et al. 2015). Lipid peroxides have subtly different
properties from their native forms, decreasing bacterial membrane fluidity, altering membrane
potential and causing a loss of anchoring for membrane-localised proteins (Anderson and
Krinsky 1973; Cadet et al. 1992; Cabiscol et al. 2000; Alves et al. 2014). Ultimately, this results
in the collapse of the bacterial membrane as a permeability barrier, causing leakage of cellular
components, cellular lysis, and cell death (Anderson and Krinsky 1973; Cadet et al. 1992; Jori
et al. 20006).

Given the variety of cellular damage types and targets under UV and PAR irradiation, the

persistence of bacteria in regions of consistently high solar irradiation — such as deserts — relies
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on the breadth of their strategies for protection from both direct DNA damage and oxidative
stress. Consequently, bacterial communities from these regions are predominantly comprised of
radiation tolerant organisms, which utilise a complex variety of physiological and behavioural

solar tolerance systems.

1.3.3 Bacterial Tolerance to Solar Irradiation Stress

In environments where solar irradiation is both biologically stressful and stable, bacterial
communities will reflect this through the predominance of radio-tolerant species, and
community compositions robust to fluctuations in radiation intensity (Yuan et al. 2012;
Hernandez et al. 2016; Su et al. 2020). This acquired tolerance is determined by the stability of
the community’s solar exposure history (Paulino-Lima et al. 2013; Ruiz Gonzalez et al. 2013;
Pérez et al. 2017). The longer a community’s solar exposure history, the more stable and
sophisticated in development the irradiation resistomes of its members will become (Paulino-

Lima et al. 2013; Ruiz Gonzalez et al. 2013; Hernandez et al. 2016; Reis-Mansur et al. 2019).

The high stability and intensity of solar irradiation in desert systems means that their bacterial
communities possess prolonged solar exposure histories, and consequently present intricate and
multifaceted irradiation-resistomes (Pointing and Belnap 2012; Paulino-Lima et al. 2013;
Makhalanyane et al. 2015; Makhalanyane et al. 2017). Understanding the solar-tolerance
mechanisms of desert organisms is thus valuable to our understanding of the complex tolerance

systems used by bacteria subject to biologically extreme, long-term solar irradiation.

Bacteria persisting in environments of high solar insolation counteract radiation damage through
irradiation-avoidance, DNA repair, or production of intracellular-protectants (Quesada and
Vincent 1997; Albarracin et al. 2016). Desert systems demonstrate clear examples of organisms
utilising each of these tolerance mechanisms for survival. The formation of endolithic/
hypolithic communities allows the persistence of bacteria in high irradiation environments
through solar avoidance (Cowan et al. 2011). Here, radiation sensitive organisms colonise the
interior or ventral surfaces of rocks as a method of shielding, reducing the incident radiation
reaching cells to sub-lethal levels (Berner and Evenari 1978; Makhalanyane et al. 2015;
Valverde et al. 2015). This radiation-avoidance is commonly observed in desert environments.
Indeed, the Atacama, Gobi, Namib, Mojave, Kalahari and Negev Deserts all demonstrate
substantial hypolithic community formation, colonising 21 — 100 % of the rock substrates

within their intrinsic gravel/quartz plains (Berner and Evenari 1978; Cary et al. 2010; Az{ia-
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Bustos et al. 2011; Caruso et al. 2011; Chan et al. 2012; Stomeo et al. 2013; Wierzchos et al.
2015).

Edaphic organisms lack this external shielding, thus must rely on intrinsic tolerance systems to
mitigate irradiation damage, including DNA repair mechanisms and ROS scavengers. The best-
studied bacterial DNA repair systems are photo reactivation (PHR), base excision repair (BER),
and nucleotide excision repair (NER) (Rastogi et al. 2010; Jones and Baxter 2017). In these
systems, DNA adducts formed via ROS-oxidation or UV-absorption are enzymatically repaired
or excised, preventing mutagenesis and lethality (Smith 1974; Goosen and Moolenaar 2008;
Rastogi et al. 2010). While PHR employs targeted dimer-breakage by photolyase enzymes to
restore original DNA structures, BER and NER are more severe, removing entire DNA bases or
nucleotides respectively (Rettberg and Rothschild 2002; Rastogi et al. 2010; Garcia-Gomez et
al. 2012; Veen and Tang 2015). This allows BER/NER to remove more diverse classes of
photoadducts, but necessitates subsequent action of DNA replication enzymes to restore the
original DNA sequences (Friedberg 2003; Crowley et al. 2006; Stracy et al. 2016). The
irradiation-tolerance of a variety of edaphic desert bacteria has been linked to the maintenance
of these systems (Paulino-Lima et al. 2013; Hernandez et al. 2016; Pavlopoulou et al. 2016). For
example, Deinococcus gobiensis from sands of the Gobi desert presents a high UV tolerance,
tightly linked to its well-regulated PHR system, and DNA repair genes are known to be
maintained at a higher baseline expression in desert edaphic communities than those of

temperate soils (Yuan et al. 2012; Ledon-Sobrino et al. 2019).

Intrinsic protection from photodynamic stress relies on an organism’s ability to prevent ROS-
damage in vivo via use of ROS-removing scavengers, of which enzymes are a major contributor
(Mattimore and Battista 1996; Cockell and Knowland 1999; Hernandez et al. 2016). For
example, superoxide dismutase (SOD) converts intracellular superoxide to H,O,, which
undergoes further dismutation by catalase to yield water and oxygen (Whittaker 2003; Zamocky
et al. 2008; Schatzman and Culotta 2018). Using catalase and SOD in tandem, bacteria are
capable of removing both intracellular superoxide and hydrogen peroxide, mitigating formation
of other ROS, and mediating cellular damage under UVA/PAR irradiation (Tyrrell and Keyse
1990; Chiang and Schellhorn 2012). This ability to remove intracellular ROS formed under
irradiation is important to the intrinsic tolerance of organisms from regions of high solar
insolation. Indeed, open soil bacteria of Antarctic and Gobi deserts commonly possess multiple
copies of SOD/catalase genes, conducive to the maintenance of a tightly-controlled oxidative
stress response (Yuan et al. 2012; Dsouza et al. 2015). Desert soil bacteria also show higher

basal-expressions of these oxidative stress response genes than temperate communities, similar
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in nature to the DNA repair systems previously described (Leon-Sobrino et al. 2019; Cowan et
al. 2020).

Bacteria also use pigmentation, most prominently carotenoids, to protect themselves from
radiation. Carotenoids provide bacteria protection from photodynamic damage through their
capable ROS-quenching capacities (Britton 1995; Reis-Mansur et al. 2019; Sandmann 2019).
Similar to enzymatic protectants, this allows carotenoids to remove intracellular ROS generated

under irradiation before they cause cellular damage (Britton 1995).

Yellow to red coloured carotenoid pigments are frequently produced by radiation-resistant
organisms from regions of high solar insolation (Paulino-Lima et al. 2013; Albarracin et al.
2016; Vila et al. 2019). For example, open desert soils such as in the Antarctic and Tunisian
deserts demonstrate high abundances of carotenogenic bacteria (Chanal et al. 2006; Cary et al.
2010; Dieser et al. 2010; Paulino-Lima et al. 2013; Vila et al. 2019). The breadth of carotenoid
production by organisms isolated from these environments suggests their importance to the
multifaceted intrinsic irradiation-resistomes of edaphic desert bacteria (Dieser et al. 2010;
Sandmann 2019; Vila et al. 2019). Indeed, previous research has specifically described
carotenoid pigmentation as contributing to the UV-tolerance of open soil bacteria from
Antarctic, Atacama and Gobi deserts (Zenoff et al. 2006; Dieser et al. 2010; Paulino-Lima et al.
2016; Pavlopoulou et al. 2016; Reis-Mansur et al. 2019; Silva et al. 2019; Flores et al. 2020).
These types of explorations into organismal irradiation-tolerance systems meaningfully
advances our knowledge of the complexity of bacterial irradiance-resistomes which develop

under conditions of prolonged solar exposure (Pavlopoulou et al. 2016).

While carotenoid pigmentation contributes to bacterial irradiation-tolerance in other deserts, no
work has yet examined this phenomenon in the Namib Desert. The Namib Desert is a valuable
system for this type of characterisation, due to its high intensity and stability of irradiance
(Section 1.3.1.3). The solar irradiance of the Namib Desert demonstrably stimulates bacterial
adaptation (Stomeo et al. 2013; Warren-Rhodes et al. 2013; Leon-Sobrino et al. 2019). Indeed,
the Namib demonstrates a 95 % hypolithic community colonisation rate of quartz within its
gravel plains, and metatranscriptomics studies have demonstrated its open-soil bacterial
communities to present high expressions of genes involved in DNA repair pathways and
enzymatic oxidative stress responses, both systems consistent with mechanisms aforedescribed
in organismal adaptation to incident irradiation (Makhalanyane et al. 2015; Ramond et al. 2018;

Ledn-Sobrino et al. 2019; Ramond et al. 2019). The consistency of the Namib Desert’s
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atmospheric conditions further produces a uniquely stable surface irradiation (Cunningham
1998; Cunningham and Bodeker 2000; Kgabi et al. 2016). Consequently, the Namib Desert
presents a prolonged, biologically stressful solar-exposure history for its soil organisms,
necessitating development of complex and multi-faceted photo-protective mechanisms
(Cunningham 1998; Cunningham and Bodeker 2000; Hernandez et al. 2016). For such an
important area to study, and given the well-characterised importance of carotenoids to bacterial
resistomes in desert systems subject to analogous intensities of surface irradiation, the lack of
study of organisms from the Namib Desert is surprising, and a gap in our understanding of

irradiation-tolerance systems utilised by edaphic desert bacteria.

The contribution of carotenoids to bacterial irradiation-resistomes are largely attributed to their
photoprotective capacities as intracellular antioxidants (Edge et al. 1997; Cockell and Knowland
1999). However, the nature of carotenoid protection from solar irradiance is complex,

influenced by irradiation wavelengths, dosages and structures of the carotenoids themselves.

1.3.4 Carotenoids

1.3.4.1 Carotenoid Structures

Carotenoids are the most widespread class of natural pigments in nature, and serve a variety of
biological roles (Britton 1993; Britton 2020). There are currently over 750 carotenoid pigments
known across all domains of life, all based around the same poly-isoprenoid structure, and
yielding yellow to red colourations (Britton 1995; Alcaino et al. 2016; Britton 2020).
Alterations in the base structure of carotenoids gives rise to molecules of widely differing

colours and biological activities (Armstrong 1997; Llorente 2016).

Carotenoids are hydrophobic terpenoids, most commonly possessing a hydrocarbon skeleton of
forty carbon atoms, with substantial methyl-branching (Cordova et al. 2018). A number of
carotenoids show longer/shorter chain lengths, with extensions up to 50 carbon atoms (Cso
carotenoids), or minimisations to C3o chains (Armstrong 1994; Pfander 1994; Armstrong 1997,
Tao et al. 2005). The centre of the carotenoid molecule contains the functional feature of the
carotenoid class; the chromophore (Figure 1.3) (Britton 1995). The chromophore is a long,
conjugated polyene chain, comprising a series of alternating carbon-carbon single and double

bonds (Britton 1995; Llorente 2016). The structure and length of the chromophore is
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responsible for the colour, reactivity, and biological activity of the carotenoid (Mortensen and
Skibsted 1997; Meléndez-Martinez et al. 2007). Longer chromophores possess higher numbers
of conjugated double bonds (c.d.b.), increasing the delocalisation of pi-electrons across the
chromophore length and thereby decreasing its triplet energy level (Britton 1995). This renders
the carotenoid both more reactive and more easily elevated to its excited form with increasing

chromophore lengths (Britton et al. 1995a; Tamura and Ishikita 2020).

CH,

Figure 1.3: Skeletal structure of an acyclic, C4o carotenoid (lycopene). The region of the carotenoid
constituting the chromophore is denoted by a red outline and represents a chromophore 11 c¢.d.b. in length.

Carotenoids may also differ structurally outside of the chromophore. The basic hydrocarbon
skeleton may undergo cyclisation at one or both ends, or vary widely in desaturation and
methyl-branching (Alcaino et al. 2016; Cérdova et al. 2018). Carotenoids may possess oxygen-
containing functional groups, changing their classifications from anoxygenic ‘carotenes’ to
oxygenic ‘xanthophylls’, both within the carotenoid class (Liang et al. 2018). These structural

modifications all influence carotenoid energy levels, polarities, and biological functions.

While carotenoids are best characterised as serving in photosynthetic light-harvesting, their
biological roles in bacteria extend considerably outside of this (Alcaino et al. 2016).
Carotenoids can aid membrane stabilisation, temperature adaptation and, as is the focus of this
review, photoprotection from incident solar irradiation (Saito et al. 1994; Chattopadhyay and

Jagannadham 2001; Young and Lowe 2001; Britton 2020).

1.3.5 Carotenoids in Photoprotection

The chromophore structure of carotenoids provides them high antioxidant capacity, allowing
them to neutralise ROS or excited photosensitisers before they can induce cellular damage
(Britton 1995; Ramel et al. 2012). The antioxidant capacity of carotenoids is significant, with in
vitro studies demonstrating them as capable of antioxidant efficacies some 2 — 5 fold higher
than other common intracellular antioxidants such as a-tocopherol and ascorbic acid (Mandelli

et al. 2012; Squillaci et al. 2017; Sandmann 2019). Carotenoids thus contribute meaningfully to
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the intracellular antioxidant capacities of bacteria, and provide ROS-protection via physical or

chemical quenching, as outlined below.

1.3.5.1 Carotenoids as Antioxidants — Physical Quenching

In physical quenching, excess excitation energy is transferred from triplet photosensitisers or
singlet oxygen to the ground-state carotenoid (Edge et al. 1997; Tamura and Ishikita 2020). As
carotenoids have a triplet state energy below singlet oxygen, they are capable of draining its
excitation energy directly, preventing it from stimulating cellular damage (Ramel et al. 2012).
Furthermore, this low triplet energy means carotenoids will preferentially receive energy from
photosensitisers over ground-state oxygen, actively preventing singlet-oxygen formation under
irradiation (Frank and Cogdell 1993; Ramel et al. 2012; Sandmann 2019). Physical quenching
by carotenoids is highly efficient, mediated at a nearly diffusion-controlled rate (Terao et al.
2011). Indeed, as much as 99.9 % of the triplet photosensitisers formed under irradiation in

cyanobacteria are quenched by carotenoids prior to ROS generation (Krinsky 1978).

The energy-transfer reaction of physical quenching proceeds as demonstrated in Figure 1.4,
yielding the ground state molecular oxygen or photosensitiser and triplet carotenoid (Edge et al.
1997; Ramel et al. 2012; Tamura and Ishikita 2020). The triplet state energy of the carotenoid is
too low to form new ROS, and it instead dissipates its excess energy via rotational/vibrational
interactions with surrounding solvents, losing small quantities of energy each time until it is
returned to ground state (Krinsky 1978; Tamura and Ishikita 2020). As a result, excess

excitation energy is dissipated without carotenoid destruction or ROS generation.

* . *
10, + Carotenoid ——— 0, + 3Carotenoid

oy * . *
3Photosensitiser + Carotenoid ———  Photosensitiser + 3Carotenoid

Figure 1.4: Schematic representation of carotenoid-mediated physical quenching of singlet oxygen (A) and
excited photosensitisers (B) to generate the triplet excited state of the carotenoid molecule. Asterisks represent
unpaired electrons, while superscript numbers denote the energy state (singlet/triplet) of the molecule.

The lower the carotenoid triplet state energy, the more efficiently its quenching reactions

proceed (Tamura and Ishikita 2020). Consequently, carotenoid chromophore-length, being
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inversely proportional to its triplet energy, is directly proportional to its physical quenching
capacity (Wilkinson and Ho 1978; Conn et al. 1991; Tamura and Ishikita 2020). For example,
the study of Di Mascio et al. (1989) demonstrated lycopene (11 c.d.b.) to possess a higher rate
of singlet-oxygen quenching than lutein (10 c.d.b.), while Conn et al. (1991) reported that
decapreno-pB-carotene (15 c.d.b.) quenched singlet oxygen 1.5-fold more efficiently than -
carotene (11 c.d.b). While no clear consensus is maintained in the literature, most work places
the minimum chromophore length for antioxidant capacity at 9 c.d.b. (Krinsky 1978; Britton
1995; Hashimoto et al. 2016).

1.3.5.2 Carotenoids as Antioxidants — Chemical Quenching

Carotenoid molecules may alternatively quench ROS through direct chemical reactions (Edge et
al. 1997). Here, the electron-rich chromophore reacts directly with ROS, yielding a carotenoid
radical (Britton 1995; Woodall, Britton, et al. 1997). These reactions proceed via either direct
additions of ROS to the chromophore, or abstraction of hydrogen from the chromophore
structure (Mortensen and Skibsted 1996; Woodall, Britton, et al. 1997). Unlike physical
quenching, chemical quenching causes chromophore cleavage, and subsequent carotenoid
decomposition (Liebler and McClure 1996; Young and Lowe 2001). While stimulating
carotenoid destruction, this reaction pathway does mitigate ROS, further protecting organisms

from photodynamic damage.

The chemical quenching efficacies of carotenoids are also positively related to their
chromophore lengths (Young 1993; Mortensen and Skibsted 1996). Increasing chromophore
lengths increases the delocalisation of electrons across the chromophore, rendering them more
susceptible to electrophilic attack (Tamura and Ishikita 2020). For example, Yachai (2009)
demonstrated lycopene (11 c.d.b.) to exhibit as much as two fold the efficacy in chemical
quenching of lutein (10 c.d.b.), attributed to its greater chromophore length. Thus, in both
chemical and physical quenching, increased chromophore lengths are conducive to an increased

efficacy of antioxidant capacity.

Carotenoids are thus capable of removing intracellular ROS prior to their reactions with cell
structures, preventing photodynamic damage (Sandmann 2019). This antioxidant capacity of
carotenoids has been directly linked to the irradiation-resistomes of a variety of bacteria in in

vivo studies.
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1.3.5.3 Carotenoid Protection from UVA/PAR

Survival comparisons between pigmented and unpigmented cultures of the same organism are
used to demonstrate the photoprotective functions of the organism’s carotenoids (Jones and
Baxter 2017; Sandmann 2019). Comparing cultures of the same species ensures consistency in
other intrinsic-tolerance mechanisms which may influence UV-susceptibility, including DNA
repair systems and enzymatic scavengers, focusing observed protective effects on carotenoids

(Anderson and Krinsky 1973; Edge et al. 1997; Jones and Baxter 2017).

Carotenoids contribute to bacterial PAR and UVA tolerance. Both PAR and UVA rely on ROS-
mediated photodynamic damage to stimulate cellular lethality (Girard et al. 2011). Through
their antioxidant capacity, carotenoids quench intracellular ROS generated under irradiation,
thereby preventing them from inflicting cellular damage (Ziegelhoffer and Donohue 2009).
Indeed, studies with mutants of Rhodobacter sphaeroides have demonstrated that conversion of
its wild-type carotenoids (11 c.d.b.) into shorter-conjugation predecessors decreases cellular
survival under high intensity PAR, with complete loss of protection at phytoene (3 c.d.b.)
(Glaeser and Klug 2005; Hashimoto et al. 2016). Indeed, while isolates retaining carotenoids of
chromophores above 9 c.d.b. demonstrated 81 — 100 % survival rates (increasing with
chromophore length), phytoene producing mutants had survival rates of just 3 % (Imhoff et al.
1984; Glaeser and Klug 2005). These findings support the PAR-protective capacity of
carotenoids, as well as the correlation between photoprotective capacity, carotenoid antioxidant

activity and chromophore lengths (Britton 1995; Hashimoto et al. 2016).

The presence of carotenoids is important in the photoprotection of non-phototrophic organisms
(Krinsky 1978; Sandmann 2019). Studies in carotenoid-pigmented Kocuria rosea have
demonstrated that lethality under high intensity PAR is exclusive to colourless cells, with death
attributed to the loss of carotenoid antioxidant protection under the photodynamic stress this
PAR exerts (Pezzoni et al. 2011). This has also been observed for non-phototrophic Myxococcus
xanthus, Mycobacterium marinum and species of Flavobacterium (Mathews 1963; Burchard
and Dworkin 1966; Weeks et al. 1973; Browning et al. 2003). These differences in lethality
were further demonstrated to be oxygen-dependent, emphasising the photodynamic nature of
PAR damage, and the protection offered by the carotenoid species as reliant on their antioxidant

activity (Burchard and Dworkin 1966; Burchard and Hendricks 1969; Hodgson 1993).
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Intracellular carotenoid concentrations also directly determine their contribution to cellular
photoprotection (Mathews-Roth and Krinsky 1970). As antioxidant activity requires contact
between carotenoids and photosensitisers/ROS, greater intracellular carotenoid concentrations
increases the probability of this contact occurring (Manitto et al. 1987; Edge et al. 1997; Tamura
and Ishikita 2020). Indeed, mutants of Micrococcus luteus producing a range of carotenoid
concentrations have shown lethal sensitivities to PAR inversely proportional to these
concentrations, and intracellular carotenoid concentrations serve as a significant predictor of

PAR-tolerance in R. sphaeroides (Mathews-Roth and Krinsky 1970; Glaeser and Klug 2005).

Similar to PAR, bacterial UVA tolerance is directly dependent on the strength of their
intracellular antioxidant activities, with intracellular ROS-concentrations both increasing
linearly with UV A-dosages, and acting as the primary determinant of bacterial lethality (Tyrrell
1985; Eisenstark 1998; He and Héader 2002a; Khaengraeng and Reed 2005; Santos et al. 2013;
Song et al. 2019). Consequently, the contribution of carotenoids to bacterial intracellular
antioxidant capacities also provides UV A-protection. Carotenoid-pigmented, Antarctic desert
soil organism Microbacterium sp. shows a two fold higher UVA tolerance than Escherichia coli
isolates, attributed to the significantly higher intracellular antioxidant capacity provided by
carotenoids of this pigmented organism (Reis-Mansur et al. 2019). The study of Tuveson et al.
(1988) demonstrated that carotenoid-producing E. coli had significantly higher UVA tolerance
compared to their non-pigmented equivalents. These differences were enhanced with additions
of UVA photosensitisers, highlighting the importance of ROS-quenching in carotenoid-
mediated UV A resistance. Furthermore, carotenoid chromophore lengths of greater than 9 c.d.b.
have been found to be required for UVA protection — again linking back to the dependency of
carotenoid antioxidant activity on chromophore length, and emphasising carotenoid UVA-
tolerance as mediated by antioxidant activity (Blanc et al. 1976; Liebler and McClure 1996;
Edge et al. 1997; Tamura and Ishikita 2020).

Carotenoids thus provide bacterial solar irradiation tolerance against the ROS damage generated
by UVA and PAR wavebands. This protection is mediated through the antioxidant activity of
carotenoids, and therein their ability to remove the ROS generated under irradiation prior to its

ability to stimulate cellular damage.
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1.3.5.4 Carotenoid Protection from UVB/UVC

Carotenoids are incapable of protecting against irradiation stimulating direct DNA damage
(Edge et al. 1997; Cockell and Knowland 1999; Jones and Baxter 2017). Therefore, carotenoids
typically provide no mitigation of damage or cell death arising from UVB or UVC irradiation.
However, as cell death under lower dosages of UVB is influenced by ROS production,
carotenoids do present limited contributions to bacterial UVB-resistomes (Wynn-Williams and

Edwards 2002; Santos et al. 2012; Santos et al. 2013).

Carotenoids demonstrate protection against UVB dosages predominating in ROS-mediated
damage. Survival of carotenogenic E. coli under low dose UVB irradiation is higher than the
unpigmented wild-type (Sandmann et al. 1998). Observations that this protection was both
dependent on carotenoid concentration, and only observed in carotenoids with chromophores
above 9 c.d.b., links this protection to carotenoid antioxidant capacity (Sandmann et al. 1998;
Tamura and Ishikita 2020). Furthermore, under both UVA and low dose UVB irradiation,
carotenoid-deficient bacterial cells show severe cell membrane leakage consistent with
photodynamic damage, lesions entirely absent from membranes of corresponding carotenogenic

cells (Reis-Mansur et al. 2019).

However, above an organism-dependent dosage, ROS ceases to predominate as the cause of
UVB lethality, as the accumulation of direct DNA damage becomes too stressful for the cell to
survive (Santos et al. 2013; Song et al. 2019). Consequently, at UVB dosages where bacterial
lethality predominates through DNA damage, carotenoid protection is lost. In carotenoid-
pigmented cyanobacteria, the UVB tolerance observed at low dosages was rapidly lost at higher
irradiance, a trend absent under UVA irradiance (Quesada et al. 1995). Similarly, the study of
Tuveson et al. (1988) found that while carotenogenic E. coli was protected from UVA
irradiation, pigmented and unpigmented organisms demonstrated identical inactivation Kinetics
under high-dose UVB. Similar results have been observed in studies of carotenogenic Bacillus
spp. and a variety of marine bacteria, wherein carotenoids yield significant UV A-protection, but
not UVB-tolerance (Eisenstark 1998; Wynn-Williams and Edwards 2002; Agogué et al. 2005;
Moeller et al. 2005; Matallana-Surget and Wattiez 2013). As such, carotenogenic UVB-

protection is considered restricted to those doses predominating in ROS damage.

Ultraviolet-C irradiation causes cell death through direct DNA damage (Rastogi et al. 2010;
Anthis and Clore 2013; Santos et al. 2013). While some ROS generation occurs under UVC, it
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is minor, and independent of lethality (Krisko and Radman 2010; Besaratinia et al. 2011;
Schenk et al. 2011; Song et al. 2019). As a result, carotenoids are not expected to provide UVC
tolerance. Indeed, while the pigmentation of M. luteus provides protection under photodynamic
stress, pigmented and unpigmented cells are equally susceptible to UVC-killing (Mathews and
Krinsky 1965). Similarly, studies of carotenogenic soil bacilli have concluded a complete lack
of correlation between UVC survival and carotenoid production, while observing a substantially
bolstered UVA tolerance in carotenogenic strains (Moeller et al. 2005; Khaneja et al. 2010). As
such, UVC-lethality supersedes ROS-mediated damage, and is consequently insensitive to

carotenoid production.

Carotenoids have been attributed some ability to protect cells from UVB/UVC-irradiation via
direct irradiation screening, but this is contentious (Cockell and Knowland 1999; Dieser et al.
2010). Screening would allow carotenoids to directly absorb incident irradiation energy, and
dissipate this energy prior to its ability to stimulate cellular damage (Cockell and Knowland
1999). While a number of carotenoids (such as B-carotene) do demonstrate absorbance in the
UV spectral-region, there are few studies specifically examining carotenoid screening as a
mechanism of cellular UV-protection (Cockell and Knowland 1999; Wynn-Williams and
Edwards 2002; Solovchenko and Merzlyak 2008; Dieser et al. 2010; Stafsnes et al. 2010). The
low intracellular concentrations of carotenoids, and their minor absorption intensities at UV-
wavelengths relative to those of known screening compounds (i.e. scytonemins or mycosporine-
like amino-acids) has stimulated doubt in carotenoid UV-screening capacities (Cockell and
Knowland 1999). Echoing the sentiments of Cockell and Knowland (1999) and Solovchenko
and Merzlyak (2008), UV-screening is an area of carotenoid work requiring a greater degree of

exploration to better quantify its contribution to bacterial UV tolerance.

1.3.6 Photoprotection and Light-Induced Carotenogenesis

The induction of carotenoid production by non-phototrophic bacteria in response to light
supports that their carotenoids are used in irradiation tolerance (Takano 2016; Henke et al.
2020). Studies of non-photosynthetic bacteria including Deinococcus radiodurans,
Corynebacterium glutamicum, M. xanthus, Flavobacterium spp. and Mycobacterium spp. have
all demonstrated PAR-inducibility of carotenoid production, and an accompanying reliance on
carotenoid pigments for cellular survival under photodynamic stress (Rilling 1962; Mathews
1963; Howes and Batra 1970; Weeks et al. 1973; Koyama et al. 1974; Davis et al. 1999;
Takano, Asker, et al. 2006; Heider et al. 2012; Takano 2016; Silva et al. 2019; Sumi et al.
2019). When grown under PAR illuminance, these organisms produce quantitatively greater
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intracellular carotenoid concentrations, thereby conferring them greater photoprotective
capacities (Davis et al. 1999; Glaeser and Klug 2005; Sumi et al. 2019). Light-induced
carotenogenesis in non-phototrophic bacteria is thus considered an adaptive photoprotective
response, used to counteract the photodynamic stress inflicted by irradiation (Eisenstark 1998;
Takano, Asker, et al. 2006; Takano 2016). While this phenomenon is relatively rare in non-
photosynthetic bacteria, it is thus physiologically relevant, and provides direct support for the

photoprotective role of an organisms carotenoids (Takano, Asker, et al. 2006; Sumi et al. 2019).

As light-responsive carotenoid production is considered a physiological adaptation to
irradiation, it is expected that carotenogenic organisms from regions subject to high solar
irradiation would present this phenomenon more commonly (Takano et al. 2011; Takano et al.
2015; Takano 2016). This hypothesis is of growing interest, and has been examined in recent
screening studies of sunlight-exposed soil bacteria such as those of Sumi et al. (2019) and
Takano (2016). Such studies investigate the light-inducibility of carotenogenesis in non-
phototrophic soil organisms at both phenotypic and genotypic levels. While phenotypic
examinations rely solely on demonstrating quantitative increases in total cellular carotenoid
content for cultures grown under illumination, genotypic investigations typically rely on in-
silico exploration of bacterial genomes for homologues to known light-responsive
carotenogenic regulators, demonstrating the capacity for light-inducible carotenogenesis within

the organism (Takano 2016).

Knowledge of regulatory systems involved in light-responsive carotenogenesis of non-
phototrophic bacteria is limited. The best understood systems are those reliant on the
transcriptional repressor proteins CrtR (Carotenogenesis Regulator, as in C. glutamicum) and
LitR (Light-Induced Transcription Regulator, as in Streptomyces coelicolor), which mediate
light-responsive carotenogenesis within a variety of soil bacteria (Takano 2016; Sumi et al.
2019). These proteins bind the promoters of genes encoding enzymes for carotenoid
biosynthesis to prevent their transcription under dark conditions (Takano et al. 2015; Henke et
al. 2017; Sumi et al. 2019). Their DNA-binding capacity is lost under illumination, resulting
from structural changes in the proteins stimulated by the absorption of visible light by their
prosthetic, light-responsive ligands (Takano et al. 2015; Sumi et al. 2019). This results in the
production of carotenoids exclusively under light conditions. While light-responsive carotenoid
biosynthesis has been demonstrated in other non-phototrophic bacteria, including the
bacteriophytochrome-mediated carotenogenesis of D. radiodurans, these lack specific
demonstrations of their regulatory action (Davis et al. 1999). As a rapid method of denoting

light-responsive carotenogenesis in a bacterium, the discovery of gene homologues to those
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encoding CrtR or LitR within the genome has been used, and allows phenotypic observations of
light-responsive carotenogenesis to be linked to genomic factors (Takano 2016; Sumi et al.

2019).

As stated above, it is suspected that bacteria from high-irradiance environments that utilise
carotenoids as photoprotectants would present light-responsive carotenogenesis. However, in
desert-isolated non-phototrophic bacteria, this phenomenon is entirely unexplored. Given the
aforementioned high-irradiance and prevalence of bacteria utilising photoprotective carotenoids
in desert environments, this lack of study is surprising. Further examination of desert bacteria
through both these phenotypic and genotypic analyses may be valuable to develop our

understanding of bacterial carotenogenesis as a photoresponse to high irradiation-stress.

1.3.7 Genus Arthrobacter

Arthrobacter is a genus within the family Micrococcaceae, and contains ubiquitous aerobic soil
bacteria of global distribution (Jones and Keddie 2006; Sutthiwong, Fouillaud, et al. 2014).
Most Arthrobacter are strictly aerobic, non-sporulating, respiratory chemorganotrophs that are
extensively metabolically versatile (Jones and Keddie 2006; Busse et al. 2015; Busse 2016). At
present, there are approximately 70 recognised species of Arthrobacter, demonstrating a high-
level of physiological heterogeneity (Jones and Keddie 2006; Busse and Wieser 2014; Krishnan
et al. 2016).

1.3.7.1 Arthrobacter in Desert Soils

Arthrobacter often constitutes the single most numerous culturable aerobic bacterium from a
variety of soil types (Skyring and Quadling, 1969; Holm and Jensen, 1972; Lowe and Gray,
1972, Jones and Keddie 2006; Mongodin et al. 2006; Unell 2008). For example, the study of
Crocker et al. (2000), found Arthrobacter to constitute approximately 24 % of the recoverable
bacterial load from United States subsurface sediments, ranging from 21 to 83 % of isolates in
other soil types. Holm and Jensen (1972) support this, finding Arthrobacter as 13 — 24 % of
culturable bacteria from Danish beech forests, and the most prolific single genus overall. While
dated, similar results were provided by studies including those of Skyring and Quadling (1969)
and Lowe and Gray (1972), spanning wide geographic ranges.
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Arthrobacter are also frequently isolated from desert soils, comprising major bacterial loads of
soils from the Antarctic, Sonoran, Namib and Israeli deserts (Johnson and Cameron 1973; Arpin
et al. 1975; Fong et al. 2001; Mongodin et al. 2006; Makhalanyane et al. 2015; Vikram et al.
2016; Ti et al. 2019; Silva et al. 2019). Indeed, as much as 14 — 22 % of culturable bacteria from
Antarctic soils comprise species of Arthrobacter, with Arthrobacter agilis, Arthrobacter
glacialis, and Arthrobacter psychrochitiniphilus all commonly recovered from Antarctic soils
and surface waters (Arpin et al. 1975; Fong et al. 2001; Zdanowski et al. 2013; Pudasaini et al.
2017; Romaniuk et al. 2018; Silva et al. 2019). Arthrobacter is also a prominent genus in the
Namib Desert, with consistent isolation from both refuge and open soil communities
(Makhalanyane et al. 2015; Vikram et al. 2016). Inherent in its colonisation of desert soils,
Arthrobacter possesses well-maintained systems for tolerance to xeric stress, oligotrophy and,
most relevant to this literature review, solar-radiation (Zevenhuizen 1992; Potts 1994,
Mongodin et al. 2006; Warren-Rhodes et al. 2013; Makhalanyane et al. 2015; Lebre et al. 2017,
Solyanikova et al. 2017).

1.3.7.2 Irradiation-Tolerance of Arthrobacter

As irradiation is a significant selector in deserts, the prevalence of Arthrobacter suggests that
they possess radiotolerance mechanisms consistent with those discussed for desert organisms
(Section 1.3.3). In both Antarctic and Namib deserts, Arthrobacter constitute major components
of endolithic and hypolithic communities, presenting irradiation tolerance through solar
avoidance (Van Goethem et al. 2016; Vikram et al. 2016). The prominence of Arthrobacter in
open soils further suggests systems of intrinsic tolerance. Extensive and complete DNA repair
pathways (including PHR, BER and NER) have been repeatedly identified within genomes of
Arthrobacter spp. isolated from open desert soils (Mongodin et al. 2006; Romaniuk et al. 2018;
Ii et al. 2019; Buckley 2020). Furthermore, a variety of oxidative stress systems including SOD
and catalase, and the regulatory pathways for these stress-responses have been demonstrated
within Arthrobacter genomes (Mongodin et al. 2006; Dsouza et al. 2015; Luo et al. 2018).
Arthrobacter spp. from desert systems thus present and maintain irradiation-protective

mechanisms consistent with those expected of desert organisms.

1.3.7.3 Carotenoid Pigmentation of Arthrobacter

Desert-isolated Arthrobacter often also demonstrate carotenoid pigmentation (Fong et al. 2001;

Dsouza et al. 2015; Ii et al. 2019; Silva et al. 2019). Carotenogenic isolates have been identified
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from soils and surface waters of the Sonoran and Antarctic deserts (Fong et al. 2001; Reddy et
al. 2002; Dsouza et al. 2015; Ii et al. 2019). Carotenoid pigmentation has further been
speculated as a component of the UV-resistome in several Arthrobacter species by studies such
as li et al. (2019), Dieser et al. (2010) and Silva et al. (2019). These pigments are expected to
serve important physiological functions, as they are found in organisms frequently isolated from

biologically-extreme environments.

Yellow carotenoids of Arthrobacter are typically attributed to the di-cyclic Cso xanthophyll
decaprenoxanthin, with examples presented on Table 1.1 (Arpin et al. 1975; Monnet et al.
2010; Heider et al. 2014; Sumi et al. 2019). While formally identified in some Arthrobacter, a
number of yellow pigmented species have received no further attention past speculation of their
pigmentation as carotenogenic, including Arthrobacter monumenti, Arthrobacter tecti and
Arthrobacter sulfureus (Koyama et al. 1974; Arpin et al. 1975; Stackebrandt et al. 1983;
Heyrman et al. 2005; Monnet et al. 2010; Kumar et al. 2016). Decaprenoxanthin-producing
Arthrobacter have wide geographic spread, as demonstrated in isolates from Antarctica to

Europe (Arpin et al. 1975; Dsouza et al. 2015).

Natural production of red/pink pigmentation by Arthrobacter is exclusively carotenogenic, and
almost solely associated with production of the acyclic, Cso carotenoid bacterioruberin alongside
a limited variety of its glycosylated/dehydrated carotenoid variants (Table 1.1) (Sutthiwong,
Fouillaud, et al. 2014). The presence of bacterioruberin production by Arthrobacter appears
globally distributed, having been reported from mesophilic areas such as Italy and Germany
(Imperi et al. 2007; Tescari et al. 2018) to more extreme environments, such as Antarctic deserts
(Arpin et al. 1975; Fong et al. 2001; Reddy et al. 2002). For example, 4. agilis from Antarctic
waters and sea-ice is known to produce complex combinations of bacterioruberin and its
dehydrated/glycosidic variants (Fong et al. 2001). Indeed, the study of Fong et al. (2001)
determined 4. agilis strain MB813 to possess as many as seven detectable bacterioruberin

pigment fractions, a finding similarly reported in Antarctic 4. agilis by Silva et al. (2019).

The frequent isolation of carotenogenic Arthrobacter from regions of high solar-irradiance
implies some photoprotective role for their carotenoid pigmentation (Dana et al. 1998; Margesin
et al. 2004; Silva et al. 2019). However, these protective roles are rarely demonstrated in
Arthrobacter directly, and are often instead inferred through reference to demonstrated

functions of these carotenoids in other organisms.
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Table 1.1: Carotenoid pigmentation produced by species of Arthrobacter, their identities, and the original
site of isolation for biosynthetic organisms.

Organism Carotenoid(s) Isolation Site Reference
Yellow Arthrobacter sp. M3 Decaprenoxanthin Unspecified Arpin et al. (1972)
Pigmented
Arthrobacter glacialis  Decaprenoxanthin, Glacial mud Arpin et al. (1975)
AG. 470
Arthrobacter flavus Unidentified yellow Antarctic pond Reddy et al. (2000)
carotenoid.
Arthrobacter castelli Decaprenoxanthin Austrian Mural Dsouza et al. (2015)
Painting
Arthrobacter Decaprenoxanthin Greek Soil Dsouza et al. (2015)
phenanthrenivorans
Sphe3
Arthrobacter isolate Decaprenoxanthin Antarctic soil Dsouza et al. (2015)
35/47
Arthrobacter isolate Decaprenoxanthin Antarctic soil Dsouza et al. (2015)
H20
Arthrobacter Unidentified yellow Austrian Alpine Ice Margesin et al. (2004)
psychrophenolicus carotenoid. Cave
Arthrobacter Decaprenoxanthin Antarctic defrost Silva et al. (2019)
psychrochitiniphilus biofilm
Red/Pink  Arthrobacter agilis Bacterioruberin, Italian patinas, Fong et al. (2001);
Pigmented dehydrated Antarctic waters, Dieser et al. (2010);

Arthrobacter roseus

Arthrobacter bussei

Arthrobacter glacialis

Unidentified
Arthrobacter Species

Arthrobacter sp.
MNO05-02
Unidentified
Arthrobacter Species
Arthrobacter sp. G20

derivatives, glycosidic
derivatives

Bacterioruberin

Bacterioruberin,
dehydrated
derivatives, glycosidic
derivatives

Dehydrated
bacterioruberin
derivative
Bacterioruberin

Unidentified red
carotenoid.
Bacterioruberin

Unidentified red
carotenoid.

Antarctic sea ice,

Antarctic
cyanobacterial mat

German Dairy Cheese

Morainic mud

Pink Patina, Germany
Sonoran Desert
Pink Patina, Italy

Surface waters of the
Caspian Sea

1.3.7.3.1 Function of Decaprenoxanthin in Photoprotection

Tescari et al. (2018);
Silva et al. (2019)

Reddy et al. (2002)

Flegler et al. (2020)

Arpin et al. (1975)

Schabereiter-Gurtner
et al. (2001)

lietal. (2019)
Imperi et al. (2007)

Afraetal. (2017)

The function of decaprenoxanthin lacks exploration in the literature due to its low biological

yield (Fukuoka et al. 2004). However, prevalent decaprenoxanthin synthesis by Arthrobacter

from a range of high-irradiance environments has been used to speculate its photoprotective

utility (Dsouza et al. 2015; Sajjad et al. 2020). Decaprenoxanthin possesses structural features



that suggest its capacity for photoprotection via ROS-quenching, including a chromophore of 9
c.d.b. (Britton 1995; Edge et al. 1997; Woodall, Lee, et al. 1997; Yachai 2009; Silva et al.
2019). Indeed, decaprenoxanthin-producing A. psychrochitiniphilus has demonstrated a
significantly higher survival under low dose UVB than unpigmented E. coli, potentially
suggesting this pigment’s capacity for protection from ROS (Cadet et al. 2015; Silva et al.
2019). While results such as this grant some support of Sajjad et al. (2020)’s assertion that
decaprenoxanthin provides photoprotection in Arthrobacter, the lack of direct experimental

demonstration of this function within Arthrobacter leaves this role as speculative.

1.3.7.3.2 Function of Bacterioruberin in Photoprotection

Bacterioruberin provides protection from PAR and UV irradiation in organisms outside of
Arthrobacter, and these observations have been used to speculate similar roles within the genus
(Saito et al. 1994; Dieser et al. 2010; Jones and Baxter 2017; Silva et al. 2019). Within
Arthrobacter, the study of bacterioruberin’s contribution to the UV-resistome is limited, and
lacks the organism-level comparisons of pigmented and unpigmented cultures required to
demonstrate specific pigment-conferred photoprotection (Dieser et al. 2010; Silva et al. 2019).
To understand further the potential importance of this carotenoid in photoprotection of
Arthrobacter, an exploration of the literature regarding its structural features and known

contribution to the irradiation-resistomes of other organisms is required.

1.3.8 Bacterioruberin

As prior noted, bacterioruberin is an acyclic, Cso carotenoid possessing an extended
chromophore thirteen conjugated double bonds in length, granting it a characteristic pink/red
colouration (Schwieterman et al. 2015; Yang et al. 2015). Bacterioruberin is a xanthophyll,
containing four terminal hydroxyl groups, which are symmetrically arranged either side of the

central chromophore (Figure 1.5) (Jagannadham et al. 1996; Chattopadhyay et al. 1997).
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Figure 1.5: Skeletal chemical structure of bacterioruberin, with oxygen-containing functional groups
highlighted in red.

Bacterioruberin is the major carotenoid of many halophilic archaea, particularly those of family
Halobacteriaceae (Oren 2009; Yachai 2009; Dummer et al. 2011; Schwieterman et al. 2015).
As many as 215/220 characterised Halobacteria contain the genes for bacterioruberin synthesis,
including species such as Haloferax volcanii, Halobacterium salinarium and Haloarcula
Jjaponica, with bacterioruberin comprising 80 — 100 % of the carotenoid complements of these
organisms (Ronnekleiv 1995; Mandelli et al. 2012; Yang et al. 2015; Peck et al. 2019). The
bacteria Rubrobacter radiotolerans and K. rosea also produce both bacterioruberin and its
dehydrated variants, comprising as much as 95 % of their carotenoid contents (Saito et al. 1994;

Shahmohammadi et al. 1998).

1.3.8.1 Solar Irradiation Protection by Bacterioruberin

Studies investigating the photoprotective roles of bacterioruberin have focussed on this function
in Haloarchaea. Bacterioruberin is considered a significant component of the irradiance
resistome of Haloarchaea, enabling their persistence in the high-altitude saline lakes from
which they are isolated (Mandelli et al. 2012; Jones and Baxter 2017). In these organisms,
protective functions of bacterioruberin have only been explored under PAR and UVC

irradiation, with these findings used to suggest similar functions within Arthrobacter.

1.3.8.1.1 Protection from PAR/UVA by Bacterioruberin

Bacterioruberin provides protection of Haloarchaea against PAR irradiation (Schwieterman et
al. 2015; Calegari-Santos et al. 2016). The studies of Dundas and Larsen (1963), Brock and

Petersen (1976) and Rodriguez-Valera et al. (1982) all demonstrated that loss of bacterioruberin
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from Haloarchaea stimulated a lethal sensitivity to high-intensity PAR irradiation which was
not observed for pigmented cells. This lethality was oxygen-dependent, highlighting the damage
as photodynamic in nature, and reinforcing bacterioruberin’s protective function as reliant on

antioxidant action (Rodriguez-Valera et al. 1982).

It is unsurprising that bacterioruberin is able to provide protection against PAR as it has high
antioxidant activity (Calegari-Santos et al. 2016). Bacterioruberin has a chromophore of 13
conjugated double bonds, meaning its triplet-state energy is low and it is rich in delocalised
electrons, thus highly efficient in both physical and chemical quenching (Yachai 2009;
Yatsunami et al. 2014). Indeed, Mandelli et al. (2012) demonstrated bacterioruberin to possess
an ROS-scavenging efficacy some 1.7 — 5.3 fold higher than common cellular antioxidants (i.e.
a-tocopherol, ascorbic acid), and a 2-fold higher efficacy than zeaxanthin (11 c.d.b.). Similarly,
Yachai (2009) found bacterioruberin to consistently outperform two other common
xanthophylls (astaxanthin, lutein) and carotenes (B-carotene, lycopene) in its ability to scavenge
free radicals, quench singlet oxygen, and protect DNA from hydroxyl radical damage. These
findings have consistently demonstrated bacterioruberin to have a high antioxidant activity, in
substantial excess of other carotenoids and cellular antioxidants. Known connections between
the antioxidant capacities of carotenoids and cellular PAR-tolerance supports bacterioruberin as
a significant contributor to organismal PAR-resistomes, and strongly implies a similar
protection under UVA which is thusfar unexplored (Section 1.3.5.3) (Mathews-Roth and
Krinsky 1970; Tuveson et al. 1988; Hernandez et al. 2016).

Photoprotective roles of bacterioruberin have been speculated in Arthrobacter, but lack direct
demonstration. Silva et al. (2019) found the antioxidant capacity of bacterioruberin from
Antarctic A. agilis to surpass that of decaprenoxanthin from A. psychrochitiniphilus and
zeaxanthin from Zobellia laminarie. This finding indicated the high efficacy of bacterioruberin
as an intracellular antioxidant in Arthrobacter, implying a similar photoprotective function to
that observed in Haloarchaea. Furthermore, irradiation of a wide sample of Antarctic soil
bacteria demonstrated bacterioruberin-producing 4. agilis to present not only a substantially
higher tolerance to broad spectrum solar irradiation than non-pigmented Antarctic soil isolates,
but amongst the highest tolerance of the pigmented isolates (Dieser et al. 2010). While
suggesting that bacterioruberin provides protection of Arthrobacter from solar-irradiance, the
fact that unpigmented and pigmented isolates were of different species (with this 4. agilis
isolate being the only Arthrobacter examined) limits the findings of this study as specific
evidence of pigment-mediated photoprotection. A variety of other factors (i.e. the

presence/concentration of intracellular photosensitisers, maintenance of ROS-scavenging
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systems) may have influenced organismal solar-susceptibility in this study, outside of the strict

presence/absence of bacterioruberin pigmentation (Dieser et al. 2010).

As such, while bacterioruberin has demonstrated pronounced antioxidant activity in both
Haloarchaea and Arthrobacter, evidence of its specific role in irradiation-protection from
photodynamic damage within Arthrobacter remains insufficient. Furthermore, to this author’s
knowledge, no exploration of the protective role of bacterioruberin from UV A irradiation has
been performed in Haloarchaea nor Arthrobacter, despite its comparable damage-mode to
PAR. Given that PAR and UVA wavebands predominate the solar irradiance in environments
from which bacterioruberin-producing Arthrobacter are commonly isolated (Table 1.1), the
lack of exploration of this photoprotective phenomenon is unexpected, and represents a gap in
knowledge in characterising the irradiation-resistomes of these organisms (Girard et al. 2011;

Kotilainen et al. 2020).

1.3.8.1.2 Protection from UVB/UVC by Bacterioruberin

Bacterioruberin contributes to the UVC-resistome of Haloarchaea (Saito et al. 1994; Saito et al.
1997; Jones and Baxter 2017). To this author’s knowledge, no research has yet characterised the
UVB-resistance conferred by bacterioruberin in Haloarchaea or otherwise. While
bacterioruberin has no influence on UVC death curves of Haloarchaea, pigmented cells do have
significantly higher recovery post irradiation under photoreactivation than their unpigmented
equivalents (Hescox and Carlberg 1972; Sharma et al. 1984; Jones and Baxter 2017,
Shahmohammadi et al. 1998). In strengthening photoreactivation, it has been speculated that
bacterioruberin acts as a prosthetic chromophore for the photolyase enzyme, wherein it would
absorb visible light for use by the enzyme as energy in dimer-repair (Hescox and Carlberg 1972;
Sharma et al. 1984; Jones and Baxter 2017). However, this mechanism has not been
demonstrated, and does not explain conflicting experimental observations such as those of
Baxter et al. (2007), who found that bacterioruberin suppresses CPD formation under UVC even
in conditions precluding photoreactivation, implying that the specific contributions of

bacterioruberin to UVC tolerance still lack characterisation.

In Arthrobacter, some UVB/UVC protective role of bacterioruberin is inferred, but lacks
specific investigation. Silva et al. (2019) demonstrated that A. agilis required approximately 1.5-
fold higher UVB dosages to induce lethality than decaprenoxanthin-producing A.

psychrochitiniphilus. As low-dose UVB predominately causes ROS-damage, this finding
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implied A4. agilis to possess a stronger antioxidant capacity than A. psychrochitiniphilus, a
disparity potentially attributable to their differing carotenoids (Silva et al. 2019). This same
study found equivalent UVC tolerance between these isolates, despite their differing
carotenoids, implying a lack of protective function of bacterioruberin against UVC. This finding
conflicts with the studies of Haloarchaea described above but does coincide with the lack of

UVC-protection expected of carotenoids (Silva et al. 2019).

As such, the studies of the UVB/UVC tolerance afforded by bacterioruberin are restricted in
scope and at times conflicting. Bacterioruberin appears to provide some protection from UVB-
irradiation consistent with carotenoid-mediated ROS-quenching, though the nature of this
protection is unclear, and literature is sparse. Protection by bacterioruberin under UVC
irradiation is lacking sufficient mechanistic investigation to provide meaningful conclusions, but
does appear consistent with the lack of protective capacity afforded by carotenoid species

against direct DNA damage.

1.3.8.2 Summary of Bacterioruberin- and Carotenoid-Mediated Protection in

Arthrobacter

The contribution of bacterioruberin, as other carotenoids, to the irradiation-resistome of
Arthrobacter is poorly understood. While some protective function has been speculated from
studies in Haloarchaea, there are a lack of appropriate species-level, pigment-deprivation
studies within Arthrobacter sufficient to demonstrate these functions. Furthermore, current
knowledge of bacterioruberin suffers from incomplete or conflicting information regarding its

protective capacities under UVA, UVB, and UVC irradiation.

Given the substantial selection exerted by UV irradiation in the biologically-extreme regions
from which carotenoid-producing Arthrobacter are commonly isolated (Table 1.1), the lack of
analysis of the contributions of carotenoid pigmentation to Arthrobacter irradiation resistomes
is surprising, and represents a gap in our understanding of the systems used by this genus for
persistence within desert systems (Dana et al. 1998; Silva et al. 2019). As carotenoid-
pigmentation has been demonstrated as an important component of intrinsic UV tolerance in a
variety of other bacteria, a similar role is implied within Arthrobacter, which is currently
insufficiently explored (Dieser et al. 2010; Yuan et al. 2012; Pavlopoulou et al. 2016; Silva et

al. 2019). One species of Arthrobacter that presents a potentially valuable model in which to
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study this contribution of carotenoid pigmentation to the irradiation-resistome is Arthrobacter

sp. NamB2.

1.3.9 Arthrobacter sp. NamB2

Arthrobacter sp. NamB?2 is a novel isolate of Arthrobacter recovered from surface soils of the
Namib Desert, and was the focus of a recent doctoral thesis characterising its mechanisms of
intrinsic UV tolerance (Buckley 2020). As this organism was isolated from open soil of a desert
subject to stable, biologically stressful solar irradiation (Section 1.3.1.3), it likely presents a
prolonged solar-exposure history, and therefore serves as a valuable model for characterising
the breadth of intrinsic tolerance systems utilised by bacteria from regions of extreme irradiance

(Pavlopoulou et al. 2016; Buckley et al. 2019; Buckley 2020).

Arthrobacter sp. NamB2 has demonstrated substantial UV tolerance relative even to other
Namib Desert soil isolates (Buckley 2020). While a variety of the expected intrinsic irradiation
protection mechanisms were characterised within the genome of Arthrobacter sp. NamB2 (i.e.
maintenance of genes encoding PHR, BER and NER systems, catalases, SOD), of particular
interest here was its production of a bright pink intracellular pigmentation (Buckley 2020).
While no formal identification of this pigment has been performed, genus-contextual
information led Buckley (2020) to speculate its identity as bacterioruberin, consistent with pink-

pigmented Arthrobacter from other desert systems.

Investigations of the contribution of pigmentation in Arthrobacter sp. NamB?2 to its UV
irradiation resistome would serve several purposes. It would be the first characterisation of
pigmentation as a photoprotectant in bacteria of the Namib Desert. This is an environment of
demonstrably biologically-stressful irradiation which is as yet unstudied with respect to the role
of pigmentation in intrinsic radiation tolerance of its indigenous bacteria. It would also serve as
the first specific investigation characterising the contribution of pigmentation in Arthrobacter to

its resistome, which has thusfar largely relied on inferred information.

In speculating the potential physiological roles of pigmentation in this organism, the identity of
the pigment itself as a carotenoid would first require unambiguous determination, relying on

common identification methods.
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1.3.10 Carotenoid Identification

The unambiguous identification of carotenoids is based on three carotenoid-specific criteria
(Britton et al. 2004):

1. Production of ultraviolet-visible (UV-visible) scanning spectra of the carotenoid, with

characterisation of spectral fine structure.

2. Chromatographic properties of the carotenoid in at least two different chromatography

systems, with co-elution of unknown carotenoids alongside an authentic standard.

3. A mass-spectrum of sufficient resolution to identify the molecular ion of the carotenoid

and its distinctive fragmentation patterns.

1.3.10.1 Ultraviolet-Visible Spectroscopy

Carotenoids produce UV-visible spectra which are unique to the carotenoid pigment class and
directly informative of their structure (Britton et al. 1995a). Due to their extended series of
conjugated double bonds, carotenoids demonstrate strong absorbance within the 400 — 600 nm
spectral range (Britton et al. 1995a). Within this range, carotenoids exhibit a characteristic,
three-peaked absorbance response (exemplified in Figure 1.6), with the central peak absorbing
most strongly, denoted Amax (Rodriguez-Amaya and Kimura 2004; Kopec et al. 2012).
Demonstrating this unique spectral response in UV-visible scanning-spectra of bacterial
pigment extracts is sufficient to classify pigment complements as carotenogenic in nature, and
has been used in carotenoid screening studies from Bacillus to Arthrobacter (Dieser et al. 2010;
El-Banna et al. 2012; Vila et al. 2019). The wavelengths of maximal absorbance in this three-
peaked spectrum are reported in increasing wavelengths as peaks I, II (representing Amax), and
I respectively (Britton et al. 2004). Wavelength positions of these peaks are determined by the
length of the carotenoid chromophore, and are thus uniform between carotenoids of equal
conjugation (Britton et al. 1995a). Consequently, wavelength positions of these peaks may be
used to determine the chromophore lengths of unknown carotenoids from UV-visible spectra

alone.

The ratio in absorbance of peak III to peak II in the UV-visible spectrum of a purified

carotenoid is reported as its ‘spectral fine structure’, and is theoretically carotenoid-unique,
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though specificity in identification is limited (Britton and Young 1993; Britton et al. 2004;
Kopec et al. 2012). For example, the spectral fine-structures of f-carotene, zeaxanthin and f3-
cryptoxanthin have all been reported as 25 % in petroleum ether, despite their differing
structural properties (Rodriguez-Amaya and Kimura 2004). Appearance of minor ‘cis-peaks’ on
UV-visible spectra of carotenoids,142 nm below peak III, demonstrates the presence of
carotenoid cis-isomers (Britton et al. 1995a; Kopec et al. 2012). Cis-isomers of carotenoids are
formed during extraction, and represent the isomerisation of the carotenoid around double bonds
of the chromophore, with consequences on carotenoid polarities and the resolution of fine-
structures (Britton et al. 1995b). Indeed, cis-isomers are known to confound the spectral-fine
structures of carotenoids, and possess higher polarities than the trans form (Takaichi and
Shimada 1992; Ladislav et al. 2004; Fanali et al. 2012). The presence of cis-isomers within a
carotenoid mixture thus complicates carotenoid identifications, and should be minimised during

extraction through protection of carotenoids from light and heat (Britton et al. 1995b).
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Figure 1.6: Example UV-visible scanning spectrum of a carotenoid. Maxima corresponding to peaks I,
IT and IIT of the three-peaked spectral response are denoted upon the spectrum.

Carotenoids obey the Beer-Lambert Law, thus their UV-visible spectra can be used for
quantification (Britton et al. 1995b). The Beer-Lambert law dictates that the concentration of a

wavelength-absorbing compound in solution is directly proportional to its absorbance
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(Swinehart 1962; Parnis and Oldham 2013; Casasanta and Garra 2018). Consequently, the
absorption intensity of carotenoids at Amax is directly proportional to their concentration, and this

forms the basis of quantitative carotenoid studies (Liaaen-Jensen and Jensen 1971; Yachai

2009; Kopec et al. 2012).

As such, UV-visible spectroscopy provides structural and quantitative information on
carotenoids (Britton et al. 1995b; Amorim-Carrilho et al. 2014). The UV-visible spectra of
purified carotenoids allows determination of carotenoid chromophore lengths from positions of
absorption maxima, and carotenoid identity may be speculated from their calculated fine-
structures. In quantitative studies, absorbance intensities of these spectra may be used to
determine the concentrations of specific or total carotenoids within a pigment-extract (Liaaen-

Jensen and Jensen 1971).

1.3.10.2 Chromatographic Separation

Intracellular carotenoids of bacteria and other organisms typically exist as pigment
complements, comprising mixtures of carotenoids and their derivative compounds (Niessen
2006). For example, Arthrobacter pigment complements possess upwards of six — seven
discrete carotenoids, while Haloarchaea have as many as 23 (Squillaci et al. 2017; Silva et al.
2019). Identification of individual carotenoids from biological samples thus first requires their

purification, as achieved by chromatography (Takaichi 2014).

Chromatography separates heterogeneous mixtures between immiscible phases, a solid
(stationary) phase and a liquid (mobile) phase, on the basis of polarity (Niessen 2006). As the
mobile phase (containing the analyte mixture) flows over the stationary phase, molecules of the
mixture bind to stationary phase particles with differing degrees of polarity, with a cycle of
adsorption/desorption unique to each compound resulting in their eventual separation (Britton et
al. 1995b; Fanali et al. 2012; Rivera and Canela-Garayoa 2012). In carotenoid analyses,
chromatography is used to resolve the crude pigment complement into individual, polarity-
distinct carotenoid fractions, allowing the estimation of each carotenoid’s polarity from its
chromatographic behaviour, and providing their purification for subsequent identification
(Britton et al. 2004; Rodriguez-Amaya and Kimura 2004; Rivera and Canela-Garayoa 2012;
Takaichi 2014). Carotenoid analyses typically use thin-layer chromatography (TLC) and liquid-
chromatography (LC).
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1.3.10.2.1 Thin-Layer Chromatography

In TLC, crude carotenoid mixtures (the solute) are carried across a plate coated in polar
stationary phase particles via the capillary action of a non-polar mobile phase (the solvent),
separating into pure fractions based on polar interactions between carotenoids and stationary
phase particles (Figure 1.7) (Sherma and Fried 2003). Purified compounds of the mixture are
visible on the TLC plate following development as independent spots or bands. The migration
of each individual carotenoid band is modelled by retardation factors (Rf), values inversely
proportional to their polarity, and determined from the migration of the carotenoid from origin
relative to the total migration of the mobile phase (or solvent front) (Bidlingmeyer 1987; Britton
et al. 1995b). Thin-layer chromatography thus grants information on both the total number of
carotenoids within the pigment complement, alongside their relative polarities. The purified
carotenoids may be scraped from the TLC plate and individually analysed via UV-visible
spectroscopy for characterisation of their spectral fine-structures or conjugation lengths, or
subject to higher-resolution structural elucidation under mass-spectrometry (Britton et al.

1995b; Poole 1999; Poole 2003).

The nature of the TLC analysis enables several samples to be run in tandem on the same plate,
allowing co-analysis of unknown extracts alongside control carotenoids (Britton 2008). Similar
Rf values demonstrate comparable polarities between carotenoids, thus similar structures and
numbers of polar groups (Poole 2003). Consequently, presenting the co-elution and matching Rf
of a carotenoid from an unknown sample alongside an authentic carotenoid standard is accepted
information in the identification of unknown carotenoids (Fong et al. 2001; Sherma and Fried
2003; Britton 2008). Without a priori knowledge of identity, unknown carotenoid extracts may
be run against carotenoid standards of known structures, with comparable migrations of these
fractions demonstrating similar numbers of polar functional groups, and allowing some
structural inference regarding structures of the unknown carotenoids (Hodisan et al. 1997;

Sherma and Fried 2003; Takaichi 2014; Rodriguez-Amaya and Kimura 2004).
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Figure 1.7: Schematic diagram of the process of TLC development. The left figure denotes the state of the
TLC plate and crude carotenoid mixture at the beginning of the experiment — prior to movement of the
mobile phase. The figure on the right displays the TLC plate following mobile phase development,
including separation of the crude carotenoid mixture into a series of purified spots of different polarity.
The solvent front denotes the total migration of the mobile phase.

1.3.10.2.2 Liquid Chromatography

In liquid chromatography (LC), a constant flow of polar mobile phase (the solvent) carries the
carotenoid mixture (the solute) through a narrow, closed column coated with the non-polar
stationary phase (Rivera and Canela-Garayoa 2012). Repeated adsorption/desorption with the
stationary phase separates carotenoids over the length of the column, with purified carotenoids
being detected via UV-visible spectroscopy as they elute from the column, and collected for
further analysis (Figure 1.8) (Abate-Pella et al. 2017; Cortés-Herrera et al. 2019). The retention
time of each carotenoid within the LC column is recorded as they elute, and directly reflects
their polarity, with higher retention times within the non-polar column denoting lower polarity
(Fanali et al. 2012). Similar to TLC, this chromatographic separation allows purification of
individual carotenoids from the pigment complement, and speculation of their polarities from

retention times in the LC system.

The efficacy of separation by LC is determined by the breadth of interactions between

carotenoid molecules and stationary phase particles, which increases with increasing column
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length and stationary phase density, as well as decreasing stationary phase particle size
(Bijttebier et al. 2014). Different forms of LC, including high-performance liquid
chromatography (HPLC) and ultra-HPLC (UHPLC) differ notably in these column features,
resulting from their different system designs (Bijttebier et al. 2014). Consequently, their

efficacies in carotenoid separation differ.
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Figure 1.8: Schematic representation of the separation of crude carotenoid mixtures into purified
fractions via LC. Separated carotenoids are detected via UV-visible spectroscopy as they exit the
column, and their retention times are recorded.

1.3.10.2.3 High-Performance Liquid Chromatography

High-performance liquid chromatography is considered the gold standard for chromatographic
separation of carotenoids, and is frequently used in carotenoid analyses within the literature
(Britton et al. 1995b; Britton et al. 2004; Amorim-Carrilho et al. 2014; Takaichi 2014). Under
HPLC, a high-pressure pump is used to drive the mobile phase (containing the carotenoid
mixture) through the column (Rodriguez-Amaya and Kimura 2004; Barba et al. 2006; Corradini
et al. 2011; Rivera and Canela-Garayoa 2012). This high pressure allows HPLC to use small
stationary phase particle sizes (3 — 5 um), long column lengths and high densities of stationary
phase particle packing, granting it high resolution in carotenoid separation over the column

length (Snyder et al. 1997; Doyle and Dorsey 1998; Corradini et al. 2011). Indeed, HPLC has
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shown sufficient resolution to separate carotenoids from their geometrical isomers or derivatives
which demonstrate only minor polarity distinctions (Mandelli et al. 2012; Bijttebier et al. 2014;
Maurer et al. 2014). Application of HPLC utilising columns coated with octadecyl silane (C18)
stationary phases are routine in carotenoid separation, while those using of triacontyl (C30)
stationary phases provide even higher resolution, and are currently the gold standard for
carotenoid purification (Fong et al. 2001; Mandelli et al. 2012; Rivera and Canela-Garayoa
2012; Bijttebier et al. 2014; Giuffrida et al. 2016).

1.3.10.2.4 Ultra-High Performance Liquid Chromatography

Ultra-high performance liquid chromatography is a recent development of HPLC utilising
higher back-pressures to drive the mobile phase through the column (Rivera and Canela-
Garayoa 2012; Fekete et al. 2014; Maurer et al. 2014; Walter and Andrews 2014). This UHPLC
uses pressures two — three fold higher than standard HPLC, allowing it to utilise even smaller
stationary phase particles (< 2 pum compared to the standard 5 um of HPLC), and higher-density
packing of these particles (Bohoyo-Gil et al. 2012; Rivera and Canela-Garayoa 2012; Bijttebier
et al. 2014; Fekete et al. 2014; Maurer et al. 2014). These features have led to as high as two-
fold higher resolutions in separation of carotenes and xanthophylls in UHPLC systems
compared to standard HPLC (Chauveau-Duriot et al. 2010). In bacterial carotenoid analyses,
this system has demonstrated the capacity to separate carotenoids from their geometrical
isomers in extracts of A. agilis, A. psychrochitiniphilus and Zobellia laminarie (Silva et al.
2019). However, UHPLC columns have not yet received the same chemical optimisation for
carotenoid analyses as demonstrated by C30 HPLC columns (Bijttebier et al. 2014). As a result,
they are of lower specificity in separation of extracts containing widely varying polarities of

carotenes/xanthophylls (Bijttebier et al. 2014).

1.3.10.3 Structural Identification — Mass Spectrometry

Carotenoids are identified post-purification through structural elucidation. Most typically, this is
achieved through a combination of structural information from UV-visible spectroscopy
(Section 1.3.10.1) and carotenoid fragmentation patterns generated under mass spectrometry
(MS) (Britton et al. 2004; Takaichi 2014).
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In MS, purified carotenoids of interest are ionised and fragmented, with the charged ions
generated subsequently separated via their mass/charge ratios (m/z), and abundances determined
(Dass 2007a; Hoffman and Stroobant 2007; Gross 2017a). The molecular ion is represented by
the ion with the highest m/z value on the mass spectrum, and represents the mass of the intact,
ionised analyte. From this mass-value, the molecular mass of the carotenoid may be determined
and related to known structures for identification (Dass 2007b). Both the m/z of the molecular
ion, and its fragmentation patterns, can be used for carotenoid identification (Britton et al.

2004).

Carotenoid MS typically uses a positive-mode atmospheric pressure chemical ionisation (APCI)
ionisation source for fragmentation (Rivera and Canela-Garayoa 2012). This APCI provides low
fragmentation intensity, thus clear resolution of molecular ions (denoted [M+H]" under positive-
mode APCI), base peaks (the most abundant fragment ion of the spectrum) and fragmentation
patterns (Breemen et al. 1996; van Breemen et al. 2012; Rivera et al. 2014). Carotenoid
molecules produce replicable patterns of structural fragmentation under mass-spectrometry,
easing identifications through comparisons to known mass spectra (Breemen et al. 1996; van
Breemen et al. 2012). For example, fragment ions corresponding to m/z values of [M+H - 921"
(an m/z value 92 below the molecular ion) are common in carotenoid spectra, and result from
the fragmentation of extended carotenoid chromophores (Rivera and Canela-Garayoa 2012).
Fragmentation patterns of xanthophylls possessing hydroxyl groups are typified by ion peaks at
sequential m/z values of [M+H - 18] %, [M+H - 18 - 18] etc., representing progressive losses of
H,O from the carotenoid structure, with base peaks often corresponding to the [M+H - 18] * ion
(van Breemen et al. 2012; Kopec et al. 2012; Rivera et al. 2014). Mass spectra of carotenoids
are thus structurally informative, replicable and distinct, and are consequently widely used in
their unambiguous identification. An example carotenoid mass-spectrum, and how this

spectrum can be structurally interpreted, is provided in Figure 1.9.

Tandem MS is a specific execution of MS which allows for the selection of an ion of a
particular size from the sample prior to fragmentation, enabling exclusive production of its
fragmentation pattern (Hoffman and Stroobant 2007; Gross 2017b). By selecting a molecular
ion of a particular m/z prior to its fragmentation, tandem mass-spectrometry provides high
selectivity to unambiguously demonstrate the occurrence of a specific carotenoid within a

sample, as a mass-spectrum will only be produced if the selected molecular ion is present

(Gross 2017b).
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Figure 1.9: Example APCI mass spectrum produced from fragmentation of the carotenoid bacterioruberin.
Peaks corresponding to the molecular ion of bacterioruberin (m/z 741) and ion peaks denoting fragments
which have lost a single hydroxyl group ([M+H - 18]+) or two hydroxyl groups ((M+H — 18 - 18]+) are
denoted on the figure. Breakages of hydroxyl group bonds are denoted by thick red lines on the carotenoid
structure. The mass-spectrum analysed here was reproduced from the study of Flores et al. (2020).

1.3.11 Summary of the Literature Review

This literature review has discussed how solar irradiance acts as a selector for bacterial tolerance
systems in regions where it reaches biologically stressful intensities. Of these tolerance systems,
it has highlighted the contribution of carotenoid pigmentation towards the bacterial irradiation-
resistome, and narrowed in scope to those pigments of genus Arthrobacter. The lack of
adequate study of carotenoid photoprotection within Arthrobacter has been described, with the
pink-pigmentation of Arthrobacter sp. NamB2 emphasised as a valuable model to examine this

protective role.

Accepted methods of bacterial carotenoid identification have been outlined and will be
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employed in initial identification of the pigmentation produced by Arthrobacter sp. NamB2
under Research Question One of this thesis (Chapter 2), allowing further speculation of its
biological function. The connection between light-induced carotenoid production and cellular
photoprotection has been described and will be explored here under Research Question Two
(Chapter 3) for evidence of the photoprotective role of pigmentation in Arthrobacter sp.
NamB2. Finally, the protection afforded to bacteria by carotenoids under differing UV
wavelengths, and the requirement of specific, species-level pigment deprivation studies to
demonstrate this, has been emphasised, and will be explored under Research Question Three
(Chapter 4) to denote unambiguously the contribution of Arthrobacter sp. NamB2’s

pigmentation to its UV-resistome.
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Chapter 2 Identification of the Pigment Complement of Arthrobacter
sp. NamB2

2.1 Introduction

2.1.1 Pigment Identification and Biological Significance

Identifying the pigmentation produced by bacteria shapes our understanding of the
physiological function which these pigments serve within the organism. The pigmentation of
heterotrophic bacteria aids their survival via membrane-stabilisation, radiation screening or
ROS-quenching (Biidel et al. 1997; Rajagopal et al. 1997; Chattopadhyay and Jagannadham
2001; Wynn-Williams and Edwards 2002; Selvameenal et al. 2009). Particular pigment classes
correspond to different physiological functions, such as scytonemin and melanin providing UV-
screening, and carotenoids serving photoprotection (Krinsky 1978; Garcia-Pichel and
Castenholz 1993; Cockell and Knowland 1999; Alcaino et al. 2016). As pigment production
requires a substantial energy commitment, and desert environments are metabolically restricted,
the maintenance of pigment production by desert heterotrophic bacteria suggests their pigments
are physiologically important (Krinsky 1978; Biidel et al. 1997; Bay et al. 2018; Leung et al.
2020). Identification of these bacterial pigments is thus the first step towards understanding this

import.

Arthrobacter sp. NamB2, isolated from Namib Desert soil, produces a pink pigmentation
(Buckley 2020). As discussed in Section 1.3.7.3, pink pigmentation in Arthrobacter is
associated with the production of carotenoids, particularly bacterioruberin (Fong et al. 2001;
Dieser et al. 2010; Flegler et al. 2020). Bacterioruberin is an acyclic, Cso xanthophyll possessing
an extended chromophore of thirteen c.b.d., yielding a pink colour (Schwieterman et al. 2015;
Yang et al. 2015). This carotenoid is responsible for the pink colouration in a variety of
Arthrobacter species, including A. agilis and A. bussei (Fong et al. 2001; Schabereiter-Gurtner
et al. 2001; Dieser et al. 2010; Tescari et al. 2018; Flegler et al. 2020). Bacterioruberin-
producing Arthrobacter are commonly isolated from high-irradiance desert environments, with
their production of bacterioruberin thought to support their UV-irradiation resistomes (Fong et
al. 2001; Dieser et al. 2010; Silva et al. 2019). Indeed, bacterioruberin is known to provide
substantial PAR and UV tolerance to organisms outside of Arthrobacter (Section 1.3.8.1), and

identification of this pigment within the genus has been used to suggest a similar physiological
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importance. As such, identifying whether the pigmentation of Arthrobacter sp. NamB2 is
carotenogenic, and related to bacterioruberin, would serve as a strong first step in hypothesis

formulation regarding its potential contribution to the irradiation-resistome of this organism.

2.1.2 Identification of Bacterial Pigment Complements

The identification of bacterial pigment complements within the literature follows a common
workflow, a workflow similarly applied in prior investigations of Arthrobacter (Fong et al.
2001; Nugraheni et al. 2010; Sutthiwong, Caro, et al. 2014; Silva et al. 2019; Flegler et al.
2020). Treatment of bacteria with high-purity alcohols such as methanol is used to achieve total
pigment extraction (Fong et al. 2001; Squillaci et al. 2017; Saini and Keum 2018). These crude
pigment extracts are first screened for the presence of carotenoids via UV-visible spectroscopy,
with the appearance of three-peaked carotenoid spectra used to confirm the pigmentation as
carotenogenic, enabling subsequent directed pursuit of pigment identity using carotenoid-
specific identification methods (Dieser et al. 2010; El-Banna et al. 2012; Vila et al. 2019). As
bacterial pigment complements typically comprise complex mixtures of carotenoids, the
purification of individual carotenoids from this mixture via chromatography is necessary for
their identification (Niessen 2006; Rivera et al. 2011). Chromatographic separation of the
complement via TLC and/or HPLC is thus used to purify individual carotenoids and provide
information regarding their polarities (Poole 2003). Finally, the individual carotenoids separated
by chromatography are identified using both their fine-structures under UV-visible
spectroscopy, and structural information from mass-spectrometry (Britton et al. 1995b; Squillaci
et al. 2017). The utility of each of these methods in carotenoid analyses has been discussed at

length within Section 1.3.10.

Previously, such methods have demonstrated the pigment complements of pink/red
Arthrobacter to comprise between five — seven polarity-distinct carotenoids of equal
conjugation lengths, representing bacterioruberin and a limited diversity of its
glycosylated/dehydrated variants (Fong et al. 2001; Silva et al. 2019; Flegler et al. 2020). The
structures of these commonly isolated carotenoids are displayed in Figure 2.1. Bacterioruberin-
producing Arthrobacter consistently demonstrate these low variety pigment complements,
comprising only this limited pool of bacterioruberin-associated carotenoids (Mandelli et al.
2012; Squillaci et al. 2017; Flores et al. 2020). Haloarchaea — prominent producers of
bacterioruberin — demonstrate this same trend, with pigment complements exclusively
comprised of these molecules (Mandelli et al. 2012; Squillaci et al. 2017; Flores et al. 2020).
Other carotenoids outside of those listed have not shown co-isolation from bacterioruberin-

containing pigment complements of Arthrobacter, and are highly uncommon in complements of
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other bacterioruberin-producing organisms (Fong et al. 2001; Silva et al. 2019; Flegler et al.
2020). The presence of bacterioruberin within the pigment-complement of an organism
therefore strongly indicates the remainder of the complement will be comprised of these

common glycosylated/dehydrated variants.

Bacterioruberin

Mono-anhydrobacterioruberin (MABR)

Bis-anhydrobacterioruberin (BABR)

Tris-anhydrobacterioruberin (TRABR)

: /jil:r o Bacterioruberin Diglucoside

Figure 2.1: Chemical structures of bacterioruberin and its commonly co-isolated variants
from bacterioruberin-producing organisms, with polar groups highlighted in red.
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2.1.3 Pigment Identification in Namib Desert Organisms

While carotenoid pigment complements have been reported for heterotrophic bacteria from soils
of the Atacama, Gobi and Antarctic deserts, and are well explored as adaptive strategies of these
organisms to the high-irradiation stress of their environments, no study has yet been performed
for bacteria of the Namib Desert (Dieser et al. 2010; Yuan et al. 2012; Buckley 2020; Cowan et
al. 2020; Flores et al. 2020). This is a gap in our characterisation of the tolerance systems
utilised by edaphic desert bacteria, as the Namib is subject to a demonstrably biologically-
stressful intensity of irradiance analogous to these studied environments, and presents soil
bacterial communities with clear maintenance of pigment production (Warren-Rhodes et al.

2013; Ledn-Sobrino et al. 2019; Buckley 2020).

This chapter thus sought to determine the identity of the pink pigmentation produced by
Arthrobacter sp. NamB2. It was hypothesised that this pigmentation was based around
bacterioruberin — similarly to other Arthrobacter — thus would be comprised of the base
bacterioruberin alongside a number of its dehydrated/glycosylated variants. Figure 2.2 shows
the workflow used to resolve the identity of pigmentation within this study. To characterise first
whether the pigment complement was carotenogenic, pigmentation was extracted from
Arthrobacter sp. NamB2 via treatment of cells with high-purity methanol, and subject to
scanning UV-visible spectroscopy in examination for carotenoid three-peaked spectra (Figure
2.2 — A). Chromatography employing TLC and HPLC separation were used to denote the
number and chromatographic properties of individual compounds comprising the pigment
complement, and provide purification for their subsequent identification (Figure 2.2 — B).
Purified pigments from the HPLC-analysis were identified via mass-spectrometry, while TLC-
separated pigments were identified from comparisons of their pigment polarities to control

carotenoids of known structure (Figure 2.2 — C).
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Figure 2.2: Schematic workflow of pigment-analysis performed within this chapter. ‘Pigment extract’ denotes the
crude methanolic pigment extract from cells of Arthrobacter sp. NamB2.
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2.2 Methods

A consistent protocol was used to cultivate and extract pigmentation from cultures of
Arthrobacter sp. NamB2 before analysing these pigment extracts using UV-visible
spectroscopy, TLC or HPLC/MS. This protocol followed a workflow of cell revival and growth,

with subsequent cell harvest and pigment extraction.

2.2.1 Bacterial Cell Growth and Pigment Extraction

For cell revival, 300 puL of one glycerol stock of Arthrobacter sp. NamB2 was used to inoculate
5.0 mL of nutrient broth (Fort Richard Laboratories Ltd, New Zealand). This culture was grown
at 20 °C with 25 rpm agitation for 72 hours to achieve stationary phase at an optical density
ODgo of approximately 0.5. This broth culture was used to inoculate triplicate nutrient agar
plates (BD Difco, USA), by spread plating 100 uL onto each plate. These plates were
subsequently incubated for 72 hours at 20 °C to achieve sufficient cell growth for pigment

extraction.

For cell harvest, colonies were reverse spread plated from each nutrient agar plate by adding 5.0
mL of nutrient broth to the plate and scraping the colonies from the agar’s surface into the broth
suspension using a plastic spreader. This broth suspension was collected via aspiration into a 50
mL centrifuge tube. The cell suspensions from all three plates were combined into the same
centrifuge tube to increase cell density. The cell pellet was obtained via centrifugation at 7,745
x g for 15 minutes (4 °C). The supernatant nutrient broth was discarded, the cell pellet was
washed with 5.0 mL of distilled water, and re-pelleted via centrifugation (7,745 x g, 15 minutes,

4 °C). Supernatant water was aspirated from around the cell pellet and discarded.

For pigment extraction, 7.5 mL of > 99.9 % HPLC-grade methanol was added to the cell pellet,
with gentle physical agitation used to suspend the pellet within the methanol phase. All tubes
and equipment from this stage were wrapped with two layers of aluminium foil to prevent light-
mediated isomerisation or degradation of the pigment (Britton et al. 1995b). Gentle physical
agitation of the cell pellet was used to facilitate pigment extraction via methanol. Following
agitation, the cells were re-pelleted by centrifugation at 7,745 x g for 15 minutes (4 °C). The
pink methanolic supernatant (containing the pigment complement) was collected in a separate,

aluminium foil-wrapped 50 mL centrifuge tube via aspiration. In cases where the pellet still
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demonstrated a visible pink colour, further extractions were performed with 3.0 mL aliquots of
> 99.9 % methanol until both pellet and supernatant (post-centrifugation) were colourless, to
ensure total pigment extraction. The supernatant(s) from these further extractions were pooled

with the supernatant from the original extraction.

The total pink methanolic pigment extract was dried to a solid via use of a rotary-evaporator
(BUCHI Rotovapor® R-300, BUCHI Labortechnik AG, Switzerland) operated at 40 °C, and
protected from light by wrapping the apparatus with aluminium foil. The dried pigment extract
obtained from rotary evaporation was used as the starting material for the subsequent pigment

analyses.

2.2.2 Ultraviolet-Visible Spectroscopy

To identify whether the pigment of Arthrobacter sp. NamB2 belonged to the carotenoid
pigment class, a UV-visible scanning spectrum was produced for the crude pigment extract in

methanol.

The dried pigment extract from Arthrobacter sp. NamB2 (prepared as described in Section
2.2.1) was redissolved in 2.0 mL of > 99.9 % HPLC-grade methanol. This concentrated extract
was subject to a UV-visible scanning absorption spectrum from 350 — 800 nm using an
Ultrospec 7000 UV-visible spectrophotometer (Cytiva, USA), with HPLC-grade methanol as a
blank. This experimental process was repeated with three biological replicates to provide three
independent UV-visible scanning-spectra of the pigment extract, to analyse the consistency of

its spectral response.

The results of this analysis demonstrated the pigment complement of Arthrobacter sp. NamB2
was carotenogenic (outlined in Section 2.3.1). Identification of the pigment complement was

thus pursued in line with carotenoid-specific identification methods.

2.2.3 Thin-Layer Chromatography Analysis

Thin-layer chromatography was used to separate the pigment complement of Arthrobacter sp.

NamB2 into its purified fractions. This separation allowed the enumeration of the number of
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individual compounds comprising the pigment complement, and provided their purification for
subsequent analysis of chromophore lengths and spectral fine structures via UV-visible
spectroscopy. The migration of each fraction was compared to co-analysed spinach carotenoid
controls of known structure to analyse their relative polarities, and draw structural inferences for

the carotenoids of Arthrobacter sp. NamB2 from this.

2.2.3.1 Chromatographic Separation via TLC

The dried bacterial pigment extract (prepared as per Section 2.2.1) was re-dissolved in 1.0 mL
of > 99.9 % HPLC-grade methanol. A control extract was prepared from fresh spinach leaves
using the method of Sjursnes et al. (2015); with a mixture of hexane and acetone recovering
both carotenoids and chlorophylls from the spinach. Each extract was carefully applied as a
straight-streak 1.5 cm from the bottom of a commercial silica gel TLC plate (TLC Silica gel 60
Fas4, Merck Millipore, USA) using a 0.2 mm capillary tube. Five layers of the concentrated
pigment extract were applied to same streak, each layer being allowed to dry entirely between
applications. The bacterial and spinach control extract were applied side by side, each taking up
approximately half the plate. Simultaneous analysis of this spinach control alongside the
bacterial extract enabled both the verification of successful TLC-separation, and allowed
comparisons of polarities between pigments of Arthrobacter sp. NamB2 and spinach

carotenoids of known structure.

Upright development of the TLC plate was carried out in an aluminium foil-wrapped 1.0 L
beaker using a watch-glass as a lid, with the mobile phase filling approximately 1.0 cm of the
beaker at TLC start-time. The mobile phase was a 7:3 mixture of hexane:acetone (Sjursnes et al.
2015). Development proceeded until the solvent front reached 1.0 cm from the top of the TLC
plate. The TLC plate was subsequently removed from its chamber and kept in a minimal light
environment while pigment spots were labelled and migrations of these spots from the origin
recorded. Retardation factors (Rf) modelling the migrations of the spinach and Arthrobacter sp.

NamB2 carotenoids were calculated for each individual pigment spot as per Equation 2.1.
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Equation 2.1: Calculation of Retardation Factors (Rf) of Individual Pigment Spots as Separated
via TLC

Retardation Factor = M) / Msr)
Where:
M) = Migration distance of the pigment spot from the origin.

M(sr) = Migration distance of the solvent-front from origin.

2.2.3.2 Spectral Characterisation of TLC-Separated Pigments

Following development, the separated pigment fractions of the Arthrobacter sp. NamB2
pigment complement were individually scraped from the TLC plate, and dissolved in 1.0 mL of
>99.9 % HPLC-grade acetone within 1.5 mL microcentrifuge tubes. Gentle physical agitation
allowed re-dissolution of carotenoids within the acetone. Tubes were centrifuged at 15,000 x g
for 15 minutes (4 °C) to separate purified pigments into the acetone layer from the silica gel. A
scanning UV-visible absorption spectrum from 350 — 800 nm was recorded for each purified
pigment fraction in acetone, using an Ultrospec 7000 UV-visible spectrophotometer (Cytiva,

USA), and an HPLC-grade acetone blank.

Spectral fine structures of purified pigment fractions were determined from their UV-visible
scanning spectra using the ratio calculation of Britton et al. (1995b) as presented in Equation
2.2. Cis-peak intensities of purified pigment spots were determined via the standard calculation

of Britton et al. (1995b), as presented in Equation 2.3.

Equation 2.2: Calculation of the Spectral Fine Structure of Purified Carotenoids from their UV-
Visible Spectra

Spectral Fine Structure (%) = ((Abs(III) - Abs(Trough)) / (Abs(II) - Abs(Trough))) x 100
Where:
Abs(III) = Absorbance of peak III
Abs(II) = Absorbance of peak II

Abs(Trough) = The lowest absorbance measurement between peaks II and III
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Equation 2.3: Calculation of the Cis-Peak Intensity of Purified Carotenoids from their UV-
Visible Spectra

Intensity(cis) (%) = (AbS(cis-peak) / AbS(amax)) X 100
Where:
Intensity cis) = Cis-peak intensity
Abscis-peak) = Absorbance intensity of the highest-absorbance cis-peak

Absamax) = Absorbance intensity of peak Il

2.2.4 High-Performance Liquid-Chromatography/Mass-Spectrometry Analyses

To provide a separate method of chromatographic separation and a higher-resolution
identification of individual compounds comprising the pigment complement of Arthrobacter sp.
NamB2, a coupled HPLC/MS analysis was performed. The HPLC analysis was used to separate
the carotenoids of Arthrobacter sp. NamB2 into purified eluents on the basis of their polarity.
Mass spectrometry of each purified HPLC-eluent was used to identify the individual pigments

comprising the complement.

2.2.4.1 High-Performance Liquid-Chromatography Separation of Pigment

Complement

The dried pigment extract of Arthrobacter sp. NamB2 (prepared as per Section 2.2.1) was
redissolved in 2.0 mL of > 99.9 % HPLC-grade methanol, and transferred through a 0.2 um

filter (removing cellular impurities) to a foil-wrapped glass vial for HPLC analysis.

The HPLC analysis was carried out using an Agilent 1260 Infinity Quaternary HPLC System
(Agilent, Santa Clara, USA) containing a 1260 quaternary pump, 1260 Infinity autosampler, and
1260 Infinity thermostatted column compartment. Detection of individual components as they
eluted from the HPLC-column relied on their UV-visible absorption at specified wavelengths as
measured via a 1260 Infinity diode array detector (DAD) (Agilent, Santa Clara, USA).

Wavelengths of DAD detection were chosen based on prior UV-visible spectral responses from
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purified TLC fractions, for the detection of compounds demonstrably relevant to the pigment
complement. The UV-visible carotenoid spectra produced by individual TLC pigment fractions
showed consistent peaks at approximately 460 (I), 494 (1I), and 530 nm (III) (Section 2.3.2.2).
The DAD was thus first configured to detect eluents at a wavelength of 494 nm as they exited
the HPLC column. The DAD detection was also calibrated for absorbance at 460 and 530 nm to
demonstrate if eluents from the HPLC-column provided comparable absorption maxima to

those characterised by TLC analyses.

High-performance liquid-chromatography used an XSelect charged surface hybrid C18 (2.1 x
100mm, 3pum) reverse-phase column (Waters™, Milford, USA). The flow rate of the mobile
phase was calibrated to 0.4 mL/min, with a sample injection volume of 5 uL.. Mobile phase A
was composed of water containing 0.1% (v/v) formic acid, while mobile phase B was
comprised of > 99.9 % HPLC-grade methanol. The initial gradient employed was a 20:80
mixture of mobile phase A:B, respectively. The proportion of mobile phase B was increased to
90 % from 2-6 minutes and held for 2 minutes, then increased to 100 % from 8-10 minutes and
held for 3 minutes. From 13 — 14 minutes mobile phase B was decreased to 80 %, with the

HPLC run concluding at 20 minutes.

2.2.4.2 Mass Spectrometry of the Separated Pigment Complement

Mass spectrometry of the purified HPLC eluents allowed the identification of individual
compounds comprising the pigment complement. The HPLC system was connected to a 6420
triple quadrupole mass spectrometer (Agilent, Santa Clara, USA) containing a multimode
ionisation source. Purified eluents from the HPLC analysis were thus directly injected into the
mass spectrometer for production of mass fragmentation spectra corresponding to each. Positive
mode APCI was used for molecular ionisation, with ionisation conditions employing a capillary
voltage of 2 kV, drying gas temperature of 300 °C, drying gas flow of 5 L/min, vaporiser
temperature of 250 °C, nebuliser pressure of 50 psi and a corona current of 4 pA. The positive

ion scan for detection of fragment ions was performed with a scan range of m/z 100 — 1,000.

Contextual evidence and findings from analyses performed prior to this MS suggested that the
pigment extract contained bacterioruberin. To unambiguously demonstrate the presence of
bacterioruberin within the pigment complement, a product ion scan was performed on the most
abundant HPLC-eluent (eluent IV - see Section 2.3.3.1) via tandem MS, selecting for a parent

ion of m/z 741.5; the reported molecular ion mass of bacterioruberin (Fong et al. 2001). The
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positive ion scan for detection of its fragmentation pattern was performed with a scan range of

m/z 100 — 1,000.
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2.3 Results

2.3.1 Carotenoid Screening via UV-Visible Spectroscopy

The pigment extract of Arthrobacter sp. NamB2 was screened for the presence of carotenoids
via scanning UV-visible spectroscopy. Three independent analyses demonstrated that the
pigment extract generated a characteristic three-peaked absorbance response consistent with
carotenoids, with peaks of maximal absorbance at 466 (1), 493 (I, Amax) and 526 nm (III)
(Figure 2.3). Two additional peaks were observed at approximately 369 and 386 nm, likely
corresponding to carotenoid cis peaks. No additional peaks of significant magnitude were
observed on scanning spectra outside of these carotenoid-associated responses. These findings
indicated that the pink pigment complement of Arthrobacter sp. NamB2 was carotenogenic.

Consequently, the analysis of the pigment complement as a carotenoid was pursued.
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Figure 2.3: Example UV-Visible scanning spectrum of crude pigment extracts from Arthrobacter sp.
NamB2 prepared in methanol. Wavelengths corresponding to peaks of the three peaked carotenoid
spectrum are labelled, as are wavelengths corresponding to cis peaks.

2.3.2 Thin-Layer Chromatography of Crude Pigment Extracts

Thin-layer chromatography of the crude pigment extract from Arthrobacter sp. NamB2 was
used to separate the individual carotenoids comprising the pigment complement. This allowed
enumeration of the number of individual carotenoids comprising the complement, and purified
each for subsequent structural characterisation via UV-visible spectroscopy. Structural
information on TLC-separated carotenoids was further inferred by comparing their migrations

(thus polarities) to those of the control spinach carotenoids.
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2.3.2.1 Chromatographic Separation via TLC

Across duplicate successful TLC experiments, the crude pigment extract of Arthrobacter sp.
NamB2 separated into six (TLC-2) or seven (TLC-1) pink-coloured fractions (Figure 2.4).
Some fractions that were less abundant were observed immediately at the end of the experiment
but degraded prior to photography. Spinach carotenoids were used as a control to verify TLC-
separation, and confirmed the successful TLC-separation through the formation of four distinct
bands (as expected) identified on the figure. Additional bands observed in the spinach control

represented chlorophylls.

Similar Rf values denote comparable polarities between carotenoids, thus similar numbers of
polar groups (Sherma and Fried 2003). Therefore, the TLC separation of spinach carotenoids of
known structures alongside the unknown carotenoids of Arthrobacter sp. NamB2 was used to
draw structural inferences regarding the number of polar groups within the individual
carotenoids of the complement (Figure 2.4). The Rf values determined for each pigment

fraction and spinach control carotenoid are presented in Table 2.1.

TLC-1 TLC-2
Solvent
B-carotene (0) —» — B-carotene (0)
Cryptoxanthin (1) —
Lutein/Zeaxanthin (2) —»
T ————— .
Violaxanthin (4) =~ —— Cryptoxanthin (1)
Lutein/Zeaxanthin (2)
A Violaxanthin (4)
. e
Origp —» - 1 |
Spinach Control NamB2 Extract | NamB2 Extract Spinach Control

Figure 2.4: Overhead photographs of silica TLC plates following development with a mobile phase of
7:3 hexane:acetone. Development of plates occurred in a direction corresponding to an ascent of the
page. Fractions labelled that are not visible within the photograph(s) were observed visually but
degraded prior to photography. Identities of the spinach control carotenoids are denoted on the figure,
with the number of polar groups within each control carotenoid reported in brackets.
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Higher Rf values on silica-gel TLC plates denote decreasing polarities of the given carotenoid.
Across both TLC analyses, fractions one, two and three of the Arthrobacter sp. NamB2 pigment
complement had lower Rf values than any spinach carotenoid, implying they had higher
polarities, and thus more than four polar groups (Figure 2.4, Table 2.1). Fractions four and five
consistently co-migrated with spinach violaxanthin and lutein/zeaxanthin, suggesting that these
have four and two polar functional groups, respectively (Sjursnes et al. 2015). Pigment fraction
six was short-lived and unique to TLC-1, appearing as a faint band directly ahead of fraction
five. Fraction seven of TLC-1 (corresponding to fraction six of TLC-2) demonstrated a
migration and Rf higher than that of spinach’s cryptoxanthin, but lower than p-carotene. This
suggested that fraction seven possessed a higher number of polar groups than p-carotene (zero
polar groups), but had a lower polarity than cryptoxanthin (one polar group), thus may be
influenced by more subtle modifications in polarity. This fraction was also short-lived upon

removal of the TLC plate from the developing chamber, and rapidly became colourless.

These analyses demonstrated Arthrobacter sp. NamB2’s pigment complement possessed six —
seven polarity-distinct pigment fractions. To determine whether each of these fractions was
carotenogenic, and provide structural information on each from their spectral fine structures and
chromophore lengths, each TLC-purified pigment fraction was recovered, and scanning UV-

visible spectra prepared.

Table 2.1: Retardation factors, spectral fine structures, and cis-peak intensities determined for each TLC-
separated pigment fraction. Retardation factors of spinach control carotenoids are listed below those of
the Arthrobacter sp. NamB2 pigment fractions. N/A values denote those samples which failed in
recovery/spectral response following TLC development. The value shown in red was considered an
outlier.

TLC Pigment Retardation Factor Spectral Fine Cis-Peak Intensity
Fraction (Rf) Structure (%) (%)
TLC-1 TLC-2 TLC-1 TLC-2 TLC-1 TLC-2
One 0 0 52.9 55 131 35.71
Two 0.08 0.11 47 53 23.86 27.36
Three 0.18 0.13 50 53 52.94 27.36
Four 0.51 0.28 47.5 53.6 27.91 28.35
Five 0.59 0.39 48.46 N/A 43.9 N/A
Six 0.65 0.61 N/A N/A N/A N/A
Seven 0.86 - N/A - N/A -
Violaxanthin 0.53 0.28
Lutein/Zeaxanthin 0.61 0.37
Cryptoxanthin 0.67 0.50
B-carotene 1.00 1.00
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2.3.2.2 Spectral Characterisation of TLC-Separated Pigments

Several pigment fractions were not recovered from the TLC plates and therefore could receive
spectral characterisation under UV-visible scanning spectrophotometry. Pigment fractions six
and seven of TLC-1, and fraction six of TLC-2 degraded rapidly upon removal of TLC plates
from the developing chamber, resulting in a loss of these fractions. Pigment fraction five of
TLC-2 did not produce a UV-visible spectrum of sufficient absorbance or peak resolution for

confident analysis.

All remaining fractions were recovered and produced three-peaked UV-visible scanning spectra
consistent with the carotenoid class, with matching absorbance maxima at approximately 466
(D), 498 (11, Amax), and 530 (III) nm. These spectra were consistent with findings from Section
2.3.1, and suggested that all recovered pigment fractions were carotenoids of uniform
chromophore lengths. Examples of these spectra are shown in Figure 2.5. Wavelengths of
absorption maxima were consistent between corresponding pigment fractions across the TLC
replicates. The absorption intensities produced by pigment fraction two (TLC-1) and four (TLC-
2) were the highest of the recovered fractions, followed by fraction four (TLC-1) and two (TLC-
2), then fractions one, three and five (both TLC analyses). As the absorption intensities of
carotenoids are directly proportional to their concentrations (Section 1.3.10.1), these intensities
reflected the relative abundance of each of these carotenoid fractions within the pigment
complement of Arthrobacter sp. NamB2. This suggested that fraction four and fraction two

were the most abundant carotenoids within the pigment complement.
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Figure 2.5: Scanning UV-visible absorbance spectra of TLC fraction two (A) and four (B) from the
pigment complement of Arthrobacter sp. NamB2 in acetone. Wavelengths corresponding to the three-
peaked carotenoid absorbance spectrum are indicated on each figure. The specific TLC experiment
each spectrum is derived from is shown in black (TLC-1) or red (TLC-2).

Spectral fine structures of recovered pigment fractions are presented alongside their cis-peak
intensities within Table 2.1. Fine structures of pigment fractions ranged between approximately
47 — 55 %, but were largely consistent between matching pigment fractions across TLC-
replicates. A mixture of carotenoid cis-isomers was present within each TLC-fraction. This was
concluded from the presence of cis-peaks occurring at 369 and 386 nm in the UV-visible
spectrum of each recovered TLC-fraction (Tan and Soderstrom 1989; Britton et al. 1995a). The
cis-peak intensities of individual carotenoids varied from 23 — 53 %, with some variability
observed between matching pigment fractions of TLC replicates (i.e. TLC fraction three
showing between 27 — 52 % cis-peak intensity). The extreme outlier of a cis-peak of intensity
131 % as reported by fraction one of TLC-1 was disregarded, as it was likely due to the high

intensity background produced in the UV-visible spectrum of this pigment, as opposed to any
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extreme isomerisation. The presence of cis-peaks indicated that a mixture of cis-isomers was
present within each recovered TLC-fraction, which rendered their spectral fine structures
unreliable for carotenoid identification. The spectral-fine structures of these carotenoids were

thus not considered of sufficient resolution for identification here.

Chromatographic separation via TLC indicated that the pigment complement of Arthrobacter
sp. NamB2 comprised six — seven polarity-discrete pigment fractions. Some fractions, for
example fractions four and five, demonstrated polarities matching those of spinach carotenoids.
Scanning UV-visible spectra of the recovered pigment fractions indicated they were carotenoids
of uniform chromophore lengths. For separate validation of these structural and
chromatographic features, HPLC/MS analysis of Arthrobacter sp. NamB2’s pigment

complement was applied.

2.3.3 Analysis of Crude Pigment Extract via HPLC/MS

An HPLC/MS analysis was used to separate the individual constituents of the pigment
complement based on polarity (HPLC), and subsequently identify each HPLC-separated

pigment fraction on the basis of their mass-fragmentation patterns (MS).

2.3.3.1 High-Performance Liquid-Chromatography Separation of Pigment

Complement

The DAD responses for the HPLC analysis are presented in Figure 2.6, and demonstrate
absorbance peaks corresponding to the retention times of each compound of the pigment
complement within the HPLC-column. Higher retention times under reverse-phase HPLC
analysis reflect a decreasing polarity of the analytes. The 494 nm response of the DAD indicated
that HPLC-separation resolved eight distinct eluent peaks from the pigment complement
(henceforth eluent peaks I — VIII) eluting at 9.41, 10.48, 11.76, 12.11, 12.56, 12.93 and 13.33
minutes respectively (Figure 2.6-A). These same elution times and number of peaks were
obtained from the DAD operating at 460 and 530 nm (Figure 2.6-B and -C respectively),
suggesting that each of these eight eluents absorbs strongly at 460, 494 and 530 nm. This
absorbance pattern for each eluent was consistent with earlier-characterised carotenoid spectra
from this pigment complement (Figures 2.3, 2.5). The number and spectral responses of the

HPLC-eluent peaks thus implied the presence of at least eight compounds of distinct polarity
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Absorbance

within the pigment complement, each absorbing strongly at 460, 494 and 530 nm, with

absorbance at 494 nm consistently the highest.

The HPLC column retention times and DAD absorbance intensities revealed consistency in the
chromatographic separation achieved from the HPLC and TLC. Similarly to the TLC analysis,
three highly polar fractions (eluents I — III) of high absorbance, thus abundance, directly
preceded the most abundant fraction of the pigment complement (eluent IV), which itself
preceded four fractions of lower polarity and comparatively low abundance (eluents V — VIII).
This consistency between the HPLC and TLC-mediated separation supported that the pigment
complement of Arthrobacter sp. NamB2 contained between six — eight individual pigment
fractions. There was notable peak overlap between eluent peaks IV, V and VI, indicating low-
resolution separation of these compounds. Eluent IV consistently demonstrated the highest
absorbance of the complement, followed by eluents 11, VI, I, V, VII, VIII and III (Figure 2.6-
A).
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Figure 2.6: HPLC-DAD responses produced from carotenoid extracts of Arthrobacter sp. NamB2. Each
figure denotes the intensity of the DAD-absorption response (y-axis) of each eluent compound as it
eluted from the HPLC-column at each time-point (x-axis) given respective wavelengths of DAD
acquisition. DAD-response of carotenoid eluents was calibrated at A: 494 nm. B: 460 nm. C: 530 nm.
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2.3.3.2 Mass-Spectrometry Analysis of Pigment Complement

To identify the individual compounds comprising the pigment complement of Arthrobacter sp.
NamB2, each HPLC-separated eluent was subject to positive-mode APCI-MS as they exited the
HPLC column. This generated eight discrete mass-spectra, each corresponding to an individual
HPLC-eluent. An example mass spectrum, corresponding to HPLC eluent IV, is provided in
Figure 2.7, and all other MS scanning spectra produced are available in Appendix 1;
Supplementary Figures 1A — 1G. Speculative molecular ion peaks and prominent peaks of the
mass spectrum produced for each HPLC-eluent are presented in Table 2.2. Prominent ion peaks
were identified as those demonstrating both notable abundance within the mass-spectrum, and
possessing an m/z > 550, thus being potentially significant as carotenoid molecular ions or

major fragmentation products (Rivera et al. 2014).

Common xanthophyll-fragmentation patterns (sequential m/z decreases of m/z 18 from the
molecular ion (Section 1.3.10.3)) were observed in the mass-spectra of several eluents,
suggesting fragmentations from molecular ions of m/z 741.5, 723.5 or 687.4 (i.e. HPLC-Eluents
I-1I, IV-VI). Several of these molecular ion masses and fragmentation patterns aligned with
those known for bacterioruberin and its commonly co-isolated variants, including
bacterioruberin monoglycoside (m/z 903.4 — Eluent I11), MABR (m/z 723.5 — Eluent II)) and
BABR (m/z 705.5) (Flores et al. 2020). lon peaks corresponding to the molecular ion of
bacterioruberin (m/z 741.5) and common fragment ions of its xanthophyll fragmentation pattern
(i.e. m/z 723.5, 705.5, 687.5) were observed in the mass-spectra produced for HPLC-eluents IV,
V and VI, strongly suggesting the presence of bacterioruberin within each of these eluents (van

Breemen et al. 2012; Rivera et al. 2014; Silva et al. 2019).

Eluent III, consistent with its low DAD response, produced a mass-spectrum predominating in
low-abundance ion peaks with poor peak resolution, and was likely not a major constituent of
the pigment complement. Issues in peak resolution were observed for Eluents VII and VIII, with
peaks such as m/z 685.4 (eluent VII) poorly separated from neighbouring peaks at 686.4 and
687.5. This poor peak resolution made the identification of molecular ion peaks within each of

these spectra difficult.
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Figure 2.7: Positive mode APCI-MS scan of HPLC-eluent IV. The y-axis denotes ion abundance, and the x-
axis the mass/charge ratio of each of the fragment ions. Truncation of the mass spectrum at m/z 780 is used
to provide clarity of peaks, as additional fragment peaks were not evident above this m/z.

Table 2.2: Retention times of individual HPLC-eluents, and prominent fragment ions identified from
mass-spectra of these HPLC-eluents. Putative molecular ions were identified from mass-peaks
demonstrating maximal m/z values and high abundance on each mass-spectrum. Ion peaks corresponding
to xanthophyll-related fragmentation ions are underlined.

HPLC-Eluent

HPLC-Retention

Putative Molecular

Prominent Ions (m/z)

Peak Time (minutes) Ion (m/z)
Eluent I 9.41 809.2 6874, 669.3, 629.4, 537.4
885.5, 867.4, 827.4, 123 4.
Eluent IT 10.48 9255 705.6, 637.5. 665.5, 647.5.
629.4
Eluent ITI 11.33 579.3 5513, 537.4, 5233
7414, 723.5, 705.5, 687.5.
Eluent IV 11.76 763.5 654 612
885.5, 827.4, 763.5, TAL5.
Eluent V 12.11 925.6 723.3. 705.4, 687.4, 647 4.
629.4
763.4, 741.5, 723.5, 705.5.
Eluent VI 12.56 885.4 683.4. 665.5. 647.4. 6293
Eluent VII 12.93 887.5 8474, 685.4, 649.4, 611 .4
745.4,725.5, 705.5, 687.4,
Eluent VIII 13.33 9275 647.4. 629.5. 603.4, 563 4.
551.4
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2.3.4 Tandem MS Analysis for Bacterioruberin

Previous evidence from pink-pigmented Arthrobacter suggested that the pigment complement
responsible for the pink-pigmentation of Arthrobacter sp. NamB2 would be based around the
carotenoid bacterioruberin. This hypothesis was supported by the presence of several mass-
fragmentation patterns consistent with bacterioruberin as described under the previous section.
To determine unambiguously whether the pigment complement of Arthrobacter sp. NamB2
contained bacterioruberin, a product ion scan was specifically performed examining the most
abundant HPLC-eluent (eluent IV) via tandem MS, with transmission set to an m/z of 741.5; the
reported molecular ion mass of bacterioruberin (Fong et al. 2001). The mass spectrum resulting
from this scan is presented in Figure 2.8. This scan reported a mass spectrum in which a
fragment of m/z 741.5 represented the molecular ion peak, with a smaller fragment observed
most relevantly at m/z 723.2, representing the [M+H - 18] * ion. The occurrence of these peaks
together is distinctive for bacterioruberin, unambiguously indicating its presence within eluent

IV (Silva et al. 2019).
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Figure 2.8: Tandem MS scan of HPLC-eluent IV, eluting at 11.76 minutes. The target molecular
ion mass was 741.5 m/z, corresponding to the mass of bacterioruberin. The y-axis denotes the
relative abundance of fragment ions, while the x-axis corresponds to the mass/charge ratio of these
fragment ions.
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2.4 Discussion

Carotenoid pigmentation of edaphic desert bacteria contributes to their irradiation resistomes,
and has been characterised in this role in organisms from a variety of desert systems (Silva et al.
2019; Flores et al. 2020). The pigmentation of Arthrobacter sp. NamB2 was suspected to serve
a similar function in irradiation-tolerance based on the isolation of this bacterium from Namib
Desert soil, and prior conclusions on the utility of carotenoids within this genus (Ii et al. 2019;
Silva et al. 2019). As the pigmentation of this organism is currently unexplored, its
identification was thus the first step in speculating this physiological role. As such, this chapter
sought to identify the pink pigmentation of Arthrobacter sp. NamB2, both in terms of its broad
pigment class, as well as the specific characterisation of individual compounds comprising the
pigment complement. It was hypothesised that this pigmentation was based around the
production of the carotenoid bacterioruberin and its dehydrated/glycosylated variants, as is

common within pink-pigmented Arthrobacter.

2.4.1 The Pigmentation of Arthrobacter sp. NamB2 is Carotenogenic

The pink-pigmentation of Arthrobacter sp. NamB2 is carotenogenic, as shown through its
production of distinctive carotenoid spectra under UV-visible spectroscopy. Scanning UV-
visible spectroscopy of crude pigment extracts from this organism consistently generated three-
peaked absorbance responses with maxima at 466 (1), 493 (II, Amax), and 526 (III) nm (+/-2 nm)
(Figure 2.3). Production of three-peaked absorbance spectra between 400 — 600 nm is unique to
the carotenoid pigment class, and thereby demonstrated that the pigment complement of
Arthrobacter sp. NamB2 was carotenogenic (Britton et al. 2004; Kopec et al. 2012; Sutthiwong,
Fouillaud, et al. 2014; Rodriguez-Amaya 2016). This spectral response further eliminated
alternative photoprotective pigment classes commonly found in desert organisms such as
scytonemins and mycosporine-like amino acids, as these would produce peaks at wavelengths
within the 350 — 400 nm region (Garcia-Pichel et al. 1992; Abed et al. 2010; Pathak et al. 2015).
These alternative pigments would have been extracted by the high-purity methanol treatment
applied here, thus would have produced their spectral responses if present (Pathak et al. 2015).
Therefore, it was concluded that the pink pigmentation of Arthrobacter sp. NamB2 belonged to

the carotenoid class.

Pink/red pigmentation in the genus Arthrobacter is almost exclusively attributed to carotenoids,

with no known exceptions under standard growth conditions (Reddy et al. 2002; Imperi et al.
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2007; Dieser et al. 2010; Sutthiwong, Fouillaud, et al. 2014; Tescari et al. 2018; Flegler et al.
2020). Indeed, the pigment complements of pink-pigmented A. agilis, A. bussei, A. roseus,
Arthrobacter sp. G20 and Arthrobacter MN05-02 have all been identified as carotenogenic
(Fong et al. 2001; Reddy et al. 2002; Afra et al. 2017; Flegler et al. 2020). Consequently, the
demonstration that the pink-pigmentation of Arthrobacter sp. NamB2 was a carotenoid was

unsurprising, and consistent with other members of this genus.

2.4.2 The Pigment Complement of Arthrobacter sp. NamB2 Comprises Multiple

Carotenoids

Through chromatographic separation, the pigment complement of Arthrobacter was found to
comprise between six — eight polarity-distinct carotenoids. Both TLC and HPLC demonstrated a
separation of the pigment complement wherein three highly polar fractions preceded the fraction
of highest abundance (TLC-fraction four, HPLC eluent IV), which itself preceded between two
— four compounds of lower polarity. These results indicated a consistency between the two
chromatography systems, and a tacit reliability that the pigment complement of Arthrobacter sp.
NamB2 comprises six — eight polarity-distinct compounds. The separation of pigment
complements into multiple polarity-distinct fractions is typical of carotenogenic bacteria
(Hodisan et al. 1997; Lysenko et al. 2011; Rezaeeyan et al. 2017). Indeed, other carotenogenic
Arthrobacter, including Arthrobacter psychrochitiniphilus, Arthrobacter sp. M3 and
Glutamicibacter arilaitensis (previously Arthrobacter arilaitensis) each contain five — six
polarity-distinct carotenoids within their pigment complements (Arpin, Liaaen-Jensen, et al.
1972; Giuffrida et al. 2016; Silva et al. 2019). Bacterioruberin-based pigment complements
from Arthrobacter and Haloarchaea have demonstrated similar chromatographic separations
into six — twenty three polarity-distinct carotenoids (Arpin, Liaaen-Jensen, et al. 1972; Mandelli
et al. 2012; Giuffrida et al. 2016; Squillaci et al. 2017; Silva et al. 2019). The separation of the
pigment complement of Arthrobacter sp. NamB2 into six — eight constituents here was thus
expected, and demonstrated the complement as comprised of a number of polarity-distinct

compounds as opposed to a single carotenoid.

The compounds comprising the pigment complement of Arthrobacter sp. NamB2 were
carotenoids of distinct polarity, but uniform chromophore lengths. Spectroscopic data from both
the separated pigment spots of the TLC (UV-visible spectroscopy) and the HPLC eluents
(DAD-detection maxima) confirmed that each constituent of the pigment complement produced
a three-peaked UV-visible spectrum with absorption maxima at approximately 465 (1), 494 (11,

Amax), and 530 nm (III). The production of distinctive three-peaked UV-visible spectra
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confirmed each of these constituents as carotenoids, while the consistent wavelength position of
these absorption maxima indicated their uniform chromophore lengths (Britton et al. 1995a).
Production of three-peaked spectra with absorbance maxima at approximately 460 (I), 492 (II)
and 525 (III) nm corresponds to carotenoids containing chromophores of 13 conjugated double
bonds (Takaichi and Shimada 1992; Britton et al. 1995a; Rodriguez-Amaya and Kimura 2004).
The consistent spectral responses of the pigment fractions separated by TLC and HPLC, and the
positions of absorption maxima within these spectral responses, demonstrated under two
separate analyses that the pink-pigmentation of Arthrobacter sp. NamB2 was comprised

exclusively of carotenoids containing a 13 c.d.b. chromophore, though each distinct in polarity.

Pigment complements comprised exclusively of polarity-distinct 13 c.d.b. carotenoids are
consistent with prior studies of Arthrobacter, specifically those producing bacterioruberin.
Pigment complements of pink-pigmented 4. agilis and A. bussei consistently comprise five —
seven polarity-distinct carotenoids, each being bacterioruberin or one of its
dehydrated/glycosylated variants (Fong et al. 2001; Silva et al. 2019; Flegler et al. 2020). While
each of these variants are polarity-distinct, thus separable via chromatography, their
chromophores are of equal conjugation lengths, thus all produce UV-visible spectral responses
consistent with 13 c.d.b. carotenoids, and identical to those observed in Arthrobacter sp.
NamB2 (Fong et al. 2001; Silva et al. 2019; Flegler et al. 2020). Separation of the pigment
complement of Arthrobacter sp. NamB?2 into six — eight fractions all presenting as 13 c.d.b.
carotenoids was thus consistent with other pink Arthrobacter, and reinforced that the pigment
complement was comprised of carotenoids associated with bacterioruberin. This finding was

thus consistent with the hypothesis set out by this chapter.

The diagnostic potential of UV-visible spectroscopy in carotenoid identification is limited, and
it cannot be used in unambiguous identification as these spectra only reflect chromophore
lengths. Other 13 c.d.b. carotenoids including spirilloxanthin, oscillaxanthin and rhodoxanthin
are also pink in colouration, and produce UV-visible spectral responses identical to
bacterioruberin, as their chromophores are of the same length (Lutnaes et al. 2002; Tao et al.
2005; Takaichi et al. 2009; Zhang et al. 2012; Tani et al. 2014; Niedzwiedzki et al. 2015). While
these pigments have not been isolated from Arthrobacter or closely related genera, it is not
possible to distinguish the carotenoids of Arthrobacter sp. NamB2 from these alternative
carotenoids on spectral responses alone, necessitating the unambiguous identification provided

by MS.
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2.4.3 The Pigment Complement of Arthrobacter sp. NamB2 Contains

Bacterioruberin

The pigment complement of Arthrobacter sp. NamB2 was unambiguously identified as
containing bacterioruberin via product ion scan under tandem MS, supporting the hypothesis of
this chapter. Tandem MS is highly specific and produces a mass spectrum only if the selected
molecule of interest is present (Hoffman and Stroobant 2007; Gross 2017b). A product ion scan
selecting for bacterioruberin within HPLC eluent IV produced a mass spectrum with a
molecular ion peak at an m/z of 741.5, and a pronounced [M+H - 18] " fragment ion peak at m/z
723.2, both typical and distinctive of bacterioruberin (Squillaci et al. 2017; Silva et al. 2019;
Flores et al. 2020). This unambiguously confirmed the production of bacterioruberin by
Arthrobacter sp. NamB2, and its presence within eluent IV (Squillaci et al. 2017; Silva et al.
2019; Flores et al. 2020).

The identity of HPLC eluent IV as bacterioruberin was supported by the high abundance of this
eluent, as it was the most abundant component of the pigment complement under the HPLC
analysis (Casasanta and Garra 2018). This is a common observation, as bacterioruberin
similarly represents the most abundant constituent in the bacterioruberin-based pigment
complements of K. rosea (72 % of the pigment complement) H. japonica (68.1 %) and H.
volcanii (81 %) (Jagannadham et al. 1991; Rennekleiv and Liaaen-Jensen 1992; Ronnekleiv
1995; Chattopadhyay et al. 1997). While no such quantitative analysis has yet been performed
in Arthrobacter, its predominance in the pigment complements of other bacterioruberin-

producing organisms further supports the identification as eluent IV here.

As the separation of the pigment complement by HPLC and TLC appeared consistent (prior
discussed), it was similarly supposed that TLC-fraction four also represented unmodified
bacterioruberin. This was supported by the matching migration observed between TLC fraction
four and violaxanthin, implying a matching polarity, and equal number of polar groups.
Violaxanthin has four polar groups, as does unmodified bacterioruberin, the only carotenoid of
common bacterioruberin-based pigment complements to have such (Britton et al. 2004; Yang et
al. 2015). Furthermore, TLC-fraction four was consistently the highest or second highest
abundance component of the complement, matching the aforementioned expectations of
bacterioruberin (Casasanta and Garra 2018). The presence of bacterioruberin within the pigment
complement was thus supported by the TLC-analysis, and was the likely identity of TLC-

fraction four.
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The knowledge that Arthrobacter sp. NamB2 produces bacterioruberin indicated its
pigmentation as consistent with other characterised pink-Arthrobacter such as A. bussei and A.
agilis (Fong et al. 2001; Flegler et al. 2020). Based on this information, the identity of
remaining pigments of the complement were speculated from MS data, supported by knowledge
of the limited diversity of carotenoids known to be co-isolated from bacterioruberin-producing

organisms.

2.4.4 Identification of other Carotenoids within the Pigment Complement

As aforementioned, carotenoids comprising the pigment complement of bacterioruberin-
producing organisms are limited to bacterioruberin itself and a restricted number of its
glycosylated/dehydrated variants. Arthrobacter producing bacterioruberin consistently
demonstrates pigment complements comprising only this carotenoid alongside a series of
bacterioruberin glycosides, and (in order of decreasing polarity) the dehydrated variants of
mono-anhydrobacterioruberin (MABR), bis-anhydrobacterioruberin (BABR) tris-
anhydrobacterioruberin (TRABR) and tetra-anhydrobacterioruberin (TABR) (Fong et al. 2001;
Silva et al. 2019; Flegler et al. 2020). Carotenoids outside of these listed have not been co-

isolated from bacterioruberin-containing pigment complements of Arthrobacter.

As discussed, TLC and HPLC demonstrated the pigment complement of Arthrobacter sp.
NamB2 comprised six — eight carotenoid fractions of distinct polarity, but all with chromophore
lengths of 13 c.d.b., suggesting that they may represent these different modified forms of
bacterioruberin. An effort was made to identify the compounds comprising the remainder of the
pigment complement of Arthrobacter sp. NamB2, using the knowledge that as the pigment
complement is based around bacterioruberin, it was likely consistent in composition with other

bacterioruberin-producing Arthrobacter.

2.4.4.1 Glycosidic Forms of Bacterioruberin

Bacterioruberin glycosides can possess up to four glucose molecule additions to the base
bacterioruberin structure (yielding bacterioruberin tetraglycoside), with the large number of
polar groups conferred by additional glucose molecules resulting in a substantially higher

polarity than the base bacterioruberin (Arpin, Fiasson, et al. 1972; Ertl et al. 2000; Fong et al.
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2001; Johnsson et al. 2002; Caron and Ermondi 2016; Louie et al. 2020). It has also been
reported that bacterioruberin glycosides are present in high concentrations within
bacterioruberin-based pigment complements, comprising as much as 30 and 35 %, respectively,

of pigment complements in studied bacteria (Arpin, Liaaen-Jensen, et al. 1972).

These features reflected key observations of TLC fractions one to three, and HPLC eluents I and
II. These fractions/eluents showed high polarities; with TLC fractions one to three
demonstrating low Rf values, suggesting higher polarities than any spinach carotenoid, or of
fraction four (bacterioruberin) (Sherma and Fried 2003). Indeed, Rf values of 0.00 and 0.03
have previously been observed for bacterioruberin diglycoside and monoglycoside respectively
on silica TLC, comparable to those observed here (Table 2.1) (Arpin, Liaaen-Jensen, et al.
1972). Similar observations were true for HPLC eluents I and II, which presented substantially
higher polarity than the bacterioruberin component (eluent IV). Furthermore, these
fractions/eluents were relatively high in concentration, presenting as the most abundant or
second-most abundant components of the pigment complement, consistent with expectations of

glycosides from bacterioruberin-producing bacteria (Arpin, Liaaen-Jensen, et al. 1972).

While the identity of the glycosides could not be determined confidently by TLC, MS did
confirm the presence of the bacterioruberin-monoglycoside molecular ion (m/z 903.4) (in low
abundance) and its common fragment ions (i.e. m/z 885.5, 867.4) in HPLC eluent II, but not
eluent I (Silva et al. 2019). The presence of the bacterioruberin-diglycoside (m/z 1,066) or tetra-
glycoside (m/z 1,386) within the pigment complement could not be confirmed as their
molecular ions were outside of the MS instrument’s scanning limit (1,000 m/z) (Fong et al.
2001; Silva et al. 2019). Conclusions regarding the presence/identity of glycosides within these
eluents (in particular HPLC eluent I) would be substantially strengthened by a wider detection
range for mass scanning (up to m/z 1,500) or specific product ion scans via tandem MS.
Nevertheless, TLC fractions one to three and HPLC eluents I and II likely represented
bacterioruberin glycosides. No characterisation of bacterioruberin-producing Arthrobacter has
yet reported an absence of bacterioruberin glycosides, thus their presence was expected here

(Fong et al. 2001; Silva et al. 2019; Flegler et al. 2020).

2.4.4.2 Dehydrated Bacterioruberin Variants

Dehydrated forms of bacterioruberin were also identified by TLC and HPLC/MS.

Bacterioruberin is commonly co-isolated from bacteria with a series of intermediate carotenoids
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of lower polarity, including MABR, BABR, TRABR and TABR (Mandelli et al. 2012; Squillaci
et al. 2017; Flores et al. 2020). Both HPLC and TLC-separation demonstrated the presence of a
series of carotenoid eluents/fractions of progressively lower polarity than bacterioruberin (TLC-
fractions five — seven, HPLC-eluents V — VIII), but which maintained spectral responses
indicating that they possessed the thirteen c.d.b. chromophore of bacterioruberin-associated

carotenoids, reflecting common observations of these dehydrated variants (Mandelli et al. 2012;

Squillaci et al. 2017; Flores et al. 2020).

On TLC, a number of these fractions showed migrations which matched spinach carotenoids,
providing some indication of their number of polar groups and identities. TLC-fraction five
aligned with lutein, suggesting it possessed two polar groups, thus was likely BABR (Fong et al.
2001). Given the position of TLC-fraction six (TLC-1), it was likely a di/poly-cis isomer of
BABR (Britton et al. 1995b). In TLC analyses, di/poly-cis isomers of carotenoids are appear as
faint, transient bands directly ahead of the predominant compound, hence its position just ahead
of fraction five, and its rapid loss following the TLC-analysis (Britton et al. 1995b). Further, as
carotenoid cis-isomers are considered artefacts of the extraction process, variable light/heat-
stimulated isomerisation occurring between the preparation of the pigment complement for each
TLC-analysis may explain its absence from TLC-2 (Rennekleiv and Liaaen-Jensen 1992;
Britton et al. 1995b; Alcaino et al. 2016). Identification of BABR but not MABR within the
pigment complement by TLC was unexpected, as MABR consistently comprises the higher
abundance component of bacterioruberin-based pigment complements in studies examining H.
salinarium, H. japonica and K. rosea (Kelly et al. 1970; Chattopadhyay et al. 1997; Yatsunami
et al. 2014). While no quantitative studies have yet been performed in Arthrobacter, this
unexpected finding may reflect the limitations of concluding carotenoid identity from TLC-
based polarity-comparisons between carotenoids of differing structural features (as between

bacterioruberins and spinach carotenoids), as further discussed in Section 2.4.5.2.

The TLC-fraction six (TLC-2) or seven (TLC-1) migrated to a point between cryptoxanthin
(one polar group) and B-carotene (zero polar groups). Based on the number of polar groups
alone, TRABR would be expected to co-migrate with cryptoxanthin while TABR would be
expected to co-migrate with B-carotene. The intermediate polarity of this fraction is poorly
explained by considering only functional group polarity, but did more strongly indicate the
pigment as TABR, with subtle structural features which modify carotenoid polarity likely
having an influence on this separation (Sherma and Fried 2003; Abdullah et al. 2019).
Carotenoids containing cyclic end-groups (as in -carotene) are less tightly adhered to polar

stationary phases than are acyclic carotenoids (as in dehydrated bacterioruberins), thus will
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migrate further (Sherma and Fried 2003; Barba et al. 2006; Daood et al. 2014; Haroon 2014).
Furthermore, chromophores provide carotenoids with slight polarity, with longer chromophores
providing a higher polarity (Lowry 1923; Hannay and Smyth 1946; Krinsky 1963; Kelly et al.
1970). The higher polarity of TABR relative to B-carotene would thus be provided via its longer
chromophore conjugation (13 against 11 c.d.b.) and lack of ring-structures, but would be
insufficient to match the polarity of cryptoxanthin as provided via its hydroxyl group (Ertl et al.
2000; Clark 2011; Daood et al. 2014; Haroon 2014; Abdullah et al. 2019). This conclusion is
supported by the study of Kelly et al. (1970), who found that TABR never produced a matching
Rf value with B-carotene (1.0) on silica TLC, instead ranging between 0.7 — 0.94, as observed
here (0.86). This suggests the minor structural contributions outlined may be valid in explaining

the lack of co-elution of TABR with B-carotene.

The HPLC/MS analysis supported the presence of dehydrated bacterioruberin variants within
the pigment complement, but its conclusions were limited by issues with the resolution of the
systems applied. The HPLC peaks of eluents V and VI overlapped with one another, and with
eluent IV, implying poor chromatographic separation of these compounds. The carotenoids of
eluents V and VI were considered most likely to be MABR and/or BABR, due to their lower
polarity than bacterioruberin (eluent IV) (Fong et al. 2001; Squillaci et al. 2017). While the
mass spectra produced from eluents V and VI did demonstrate peaks corresponding to the
molecular ions of both MABR and BABR (m/z 723.5, 705.5, respectively), these peaks may
have alternatively represented fragment ion peaks generated from unmodified bacterioruberin,
whose molecular ion peak (m/z 741.5) was also present within mass spectra generated for these
eluents (Fong et al. 2001; Squillaci et al. 2017). These mass spectra suggested that base
bacterioruberin was present within these eluents, despite its specific assignment to eluent IV
(Fong et al. 2001; Squillaci et al. 2017). This likely represented the presence of cis-geometrical
isomers of bacterioruberin co-eluting within these eluents. Bacterioruberin cis-isomers
demonstrate identical mass spectra to the natural trans-form, but show higher retention times
under HPLC (Orset and Young 2000; Nguyen et al. 2001; Yachai 2009; Squillaci et al. 2017,
Silva et al. 2019; Flores et al. 2020). Indeed, previous studies have reported co-elution of
bacterioruberin cis-isomers with MABR and BABR under similar HPLC systems, and the
formation of cis-isomers is known to have been pervasive within the analysis performed here
(as discussed in Section 2.4.5.1) (Mandelli et al. 2012; Squillaci et al. 2017; Flores et al. 2020).
Given that the masses of common fragment ions of bacterioruberin match those of the
molecular ions of MABR and BABR (i.e. m/z 723.5, 705.5), and that low-resolution mass-
spectrometry (as employed here) is not sensitive enough to unambiguously differentiate
molecular and fragment ions, it was not possible to conclude on the identity of carotenoids

comprising eluents V and VI (Hoffman and Stroobant 2007; Gross 2017c; Rochat 2018).
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However, as these eluents did demonstrate fragmentation patterns consistent with
bacterioruberin-based compounds, it is likely that they represented mixtures of bacterioruberin

isomers and dehydrated bacterioruberin variants (Squillaci et al. 2017).

The presence of TRABR and TABR could not be identified with confidence by HPLC/MS.
HPLC eluents VII and VIII demonstrated substantially lower polarities than other eluents,
suggesting they may represent these dehydrated bacterioruberin variants. While the mass-
spectrum of eluent VII indicated it was either TRABR or TABR, the low resolution of the mass-
spectrum meant that it was unclear which of the four peaks (m/z 685.4, 687.5, 668.5, 667.5)
represented the molecular ion, thus its identity could not be drawn clearly (Fong et al. 2001;
Asker et al. 2002; Mandelli et al. 2012; Flores et al. 2020). The molecular ion (m/z 705.5) and
fragmentation pattern of eluent VIII indicated this eluent was most likely BABR. However, the
identification of prior eluents would suggest eluent VIII to possess a lower polarity than
TRABR/TABR, which was inconsistent with expectations of BABR and chromatographic
theory. Fong et al. (2001) demonstrated that violations of chromatographic theory can occur
when analysing bacterioruberin pigment-fractions of low concentration. The low absorbance of
eluent VIII in DAD-responses demonstrated that this eluent was of low concentration,
suggesting it may confound chromatographic separation similarly, and provides some

justification for its identification as BABR.

The possibility that the 13 c.d.b. carotenoids produced by Arthrobacter sp. NamB2 were
carotenoids unrelated to bacterioruberin was dismissed via mass-spectrometry. The molecular
ion peaks of spirilloxanthin and oscillaxanthin (m/z 597.48 and 996 respectively) were not
detected in the mass-spectra generated from any HPLC eluent or in total ion scans, confirming
their absence from the complement (Hertzberg and Liaaen-Jensen 1969; Aakermann et al. 1992;
Britton et al. 2004; Chi et al. 2015). Other 13 c.d.b. carotenoids including rhodoxanthin, 3,4-
dehydrolycopene, and di-demethylspirilloxanthin were similarly discounted from a lack of
molecular/fragment ion peaks (Britton et al. 1977; Cyronak et al. 1977; Jansen et al. 1995;
Britton et al. 2004; Hudon et al. 2007; Takaichi et al. 2009). Mass-spectrometry thus dismissed
the presence of alternative 13 c.d.b. carotenoids, reinforcing bacterioruberin as responsible for

the pink-pigmentation of Arthrobacter sp. NamB2.

A summary of the identification of each TLC fraction and HPLC eluent is given in Table 2.3.
Both methods agreed on the presence of bacterioruberin glycosides and highlighted a carotenoid

of consistent chromatographic, absorption and mass-spectral properties with unmodified
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bacterioruberin. While both methods demonstrated fractions of consistent chromatographic or
MS properties to dehydrated bacterioruberin variants, their specific identifications were

contentious, or lacked the resolution required for definitive characterisation.

The pink pigmentation of Arthrobacter sp. NamB2 was thus carotenogenic, and specifically
based around the carotenoid bacterioruberin and a series of its dehydrated/glycosylated variants.
The identity of this pigment complement was consistent with other desert-isolated Arthrobacter,
including 4. agilis from soils and surface waters of Antarctic desert systems (Fong et al. 2001;
Dieser et al. 2010; Silva et al. 2019). This pigmentation has been further isolated from
Haloarchaea of other deserts such as the Atacama, and regions of comparable irradiation
(Baxter et al. 2007; Imperi et al. 2007; Flores et al. 2020). As bacterioruberin has demonstrated
protection of Haloarchaea from UV/PAR-irradiation mediated lethality, it is thus speculated
that bacterioruberin in Arthrobacter sp. NamB2 serves a similar protective role against the

irradiance of the Namib Desert (Dieser et al. 2010; Jones and Baxter 2017).

Table 2.3: Summary of speculative identities for individual pigment fractions comprising the pigment
complement of Arthrobacter sp. NamB2 as determined via HPLC/MS and TLC analyses.

HPLC Eluent Speculated Identity TLC Fraction Speculated Identity
(TLC-1 Numbering)

Eluent I Bacterioruberin glycoside Fraction One Bacterioruberin
glycoside

Eluent 1T Bacterioruberin mono- Fraction Two Bacterioruberin
glycoside glycoside

Eluent I11 Fragmentation product of Fraction Three Bacterioruberin
Eluent 1T glycoside

Eluent IV Bacterioruberin Fraction Four Bacterioruberin

Eluent V Bacterioruberin Fraction Five BABR

Geometrical isomers,
potential MABR/BABR

Eluent VI Bacterioruberin Fraction Six Geometrical isomer of
Geometrical isomers, BABR
potential MABR/BABR
Eluent VII TRABR/TABR Fraction Seven TABR
Eluent VIII BABR
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2.4.5 Limitations of this Analysis

2.4.5.1 Carotenoid Degradation and Isomerisation

Carotenoids are highly fragile to oxygen, heat and light, and their identification can therefore be
complicated by their degradation or isomerisation during extraction and analysis (Britton et al.
1995b). Carotenoids are highly sensitive to oxygen, and are rapidly destroyed on exposure
(Britton and Young 1993). A consequence of this could be seen here in the disparity between
the number of fractions resolved under HPLC and TLC — likely resulting from the differing
oxygen exposure of the carotenoids under each method. Carotenoids separated on TLC plates
are highly susceptible to oxygen, being directly exposed to open air on the plate’s surface
(Bidlingmeyer 1987; Britton and Young 1993). Given that ambient air exposure can yield losses
of as much as 10 % of total carotenoids during analysis, and that individual carotenoids within
the pigment complement may represent only 2 — 5 % of this complement, losses of entire
pigment fractions are a known risk under TLC-separation, as was the case here (Chattopadhyay
et al. 1997; Cernelic et al. 2013). The closed column system and comparatively high speed of
HPLC analysis means that samples have lower oxygen exposure during separation, reducing
degradation and more readily allowing the detection of low-abundance carotenoids (Kopec et al.
2012; Amorim-Carrilho et al. 2014; Butnariu 2016). Degradation of pigment fractions via
oxygen exposure was thus likely responsible for the different conclusions under HPLC and TLC

analyses regarding the number of compounds comprising the pigment complement.

Oxygen exposure during pigment extraction and sample preparation may have resulted in the
partial degradation of carotenoids in a manner confounding their identification. For example,
HPLC eluent III likely represents the result of carotenoid degradation as opposed to a distinct
constituent of the complement. The existence of eluent III as a low abundance, broad trailing
peak from eluent II in the HPLC suggested it was instead a series of degradation products from
eluent II, as opposed to a distinct carotenoid (Niessen 2006; Flores et al. 2020). To minimise
carotenoid degradation via oxygen during extraction and analysis, some carotenoid studies
perform all stages of analysis under inert gaseous atmospheres such as argon or nitrogen
(Britton et al. 1995a; Jagannadham et al. 2000; Britton 2008; Mandelli et al. 2012; Rodriguez-
Amaya and Kimura 2004). While exceeding the resources of the current study, this may be
employed in future analyses into this pigment complement to maximise the accuracy of its

1dentification.
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Carotenoids are easily isomerised into their cis-forms, which can further confound their
identification. Cis-isomers are formed as artefacts of extraction — from the exposure of
carotenoids to light or heat (Britton et al. 1995). Due to their low excitation energies,
carotenoids are highly sensitive to heat/light-stimulated isomerisation, making the formation of
cis-isomers unsurprising and difficult to control throughout carotenoid extraction and analysis
(Sherma and Fried 2003; Britton 2008). Such geometric isomerisation can confound
interpretation of a carotenoid’s spectral-fine structure (Takaichi and Shimada 1992; Ladislav et
al. 2004; Fanali et al. 2012). Indeed, base bacterioruberin can demonstrate fine structures from
33.0 — 65.0 % based on its geometric isomerisation, with a similar range reported for MABR
(34.5 - 54.0 %) (Rennekleiv and Liaaen-Jensen 1992; Ronnekleiv 1995; Mandelli et al. 2012;
Squillaci et al. 2017). These spectral fine structures overlap those of other 13 c.d.b. carotenoids
including oscillaxanthin (40 %) and spirilloxanthin (65 %), demonstrating the lack of specificity

these fine-structures provide for identification when cis-isomers are present (Britton et al. 2004).

Cis-peaks in carotenoid UV-visible scanning spectra denote the presence of carotenoid cis-
isomers, and were observed in the UV-visible spectra produced for all recovered TLC-fractions
here (Tan and Soderstrom 1989; Britton et al. 1995a). The presence of these peaks implied that
geometrical isomerisation had occurred during sample preparation or execution of the TLC
analysis, causing mixtures of geometrical isomers to be present within each TLC-fraction. As
the extent of the influence exerted by geometric isomerisation on the fine structures of each of
these pigment fractions was unknown, these fine structures could not be used for identification
of the TLC fractions. In this study, efforts were made to minimise carotenoid isomerisation in
line with well-established recommendations of Britton et al. (1995a), via minimisation of light-
exposure of the crude pigment extract at all stages and maintenance of temperatures below 40°C
(Rodriguez-Amaya 2016). However, the prevalence and mixtures of cis-isomers observed
within the TLC spectra implies a breakdown in this process (Ladislav et al. 2004; Meinhardt-
Wollweber et al. 2018).

2.4.5.2 Limitations of the TLC analysis

In formal carotenoid identification, TLC chromatographic properties of unknown carotenoids of
suspected identity are typically demonstrated alongside authentic carotenoid standards to
confirm their shared identities (Britton et al. 2004; Takaichi 2014). These comparisons avoid
influences on polarity caused by differing structural features between carotenoids and standards.
This formal identification was not employed here due to the lack of commercially available
authentic bacterioruberin standard, and the unknown identity of the pigment at the beginning of
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this analysis. The validity of polarity comparisons between the pigments of Arthrobacter sp.
NamB2 and spinach control carotenoids under TLC was imperfect here due to differences in
their structural features (Poole 2003). As chromophore extension and cyclisation can influence
carotenoid polarities, comparisons between carotenoids of differing conjugation lengths or
cyclic classes are cautioned (Krinsky 1963; Kelly et al. 1970; Poole 2003; Sherma and Fried
2003). Furthermore, the polarity conferred by a given functional group can be influenced by its
specific molecular environment, with allylic hydroxyls (as in lutein) providing lower polarity
than non-allylic hydroxyls (as in bacterioruberin) (Krinsky 1963; Sherma and Fried 2003; Caron
and Ermondi 2016). As such, the migration of the control carotenoids here (cyclic carotenoids,
11 c.d.b.) and bacterioruberins of Arthrobacter sp. NamB2 (acyclic carotenoids, 13 c.d.b.) were
potentially modulated by their differing structural features outside of the polarity strictly
provided by their functional groups (Ertl et al. 2000; Britton 2008; Caron and Ermondi 2016).
Consequently, simplifications of polarity to numeric comparisons of functional groups was
unlikely to accurately compare samples, and may have contributed to unexpected findings, such
as in conclusion of presence of BABR as opposed to MABR within the pigment complement
(Ertl et al. 2000; Britton 2008; Caron and Ermondi 2016). To develop this analysis further, the
crude pigment of Arthrobacter NamB2 should be run via TLC against the pigment extracts of a
known bacterioruberin producer, such as 4. bussei or A. agilis, as has been employed previously

(Fong et al. 2001; Flegler et al. 2020).

2.4.5.3 Limitations of the HPLC/MS Analysis

The lower resolution of HPLC analysis employed here hindered the specificity of subsequent
MS identification for a number of eluents. Indeed, the confounded mass spectra and
inconclusive identities of eluents V and VI were attributed to the co-elution of bacterioruberin
isomers with dehydrated variants of bacterioruberin within each of these eluents. Use of HPLC-
columns with a triacontyl (C30) stationary phase is considered the gold-standard for carotenoid
separation, and these columns have consistently outperformed octadecyl silane (C18) columns
(as applied here) in carotenoid resolution (Sander et al. 1994; Sander et al. 2000; Kopec et al.
2012; Bijttebier et al. 2014). This higher resolution is attributed to column features including
ligand length and the specific stationary phase chemistry of C30 chains, and these have
previously demonstrated the specificity necessary for clear separation of carotenoid geometrical
isomers (Sander et al. 1994; Sander et al. 2000; Rivera and Canela-Garayoa 2012; Bijttebier et
al. 2014). Furthermore, C30 HPLC columns have been applied in recent studies successfully
resolving bacterioruberin-based complements of 4. bussei and H. salinarium (Mandelli et al.
2012; Flegler et al. 2020). A C18 column was applied here due to its common application in

general bacterial carotenoid separation, but is of lower resolution, and does match stationary-
79



phases employed in some recent studies which have suffered from co-elution of bacterioruberins
(Fong et al. 2001; Squillaci et al. 2017; Flores et al. 2020). The chromatographic separation of
the Arthrobacter sp. NamB2 pigment complement may thus be improved by application of an

HPLC column of higher resolution.

Stepwise chromatographic separation of the pigment complement may also have improved
pigment resolution. Squillaci et al. (2017) and Flores et al. (2020) were able to separate
bacterioruberin-based carotenoid complements of Haloarchaea — including geometrical isomers
—into 17 — 23 distinct fractions at high resolution. Both achieved this through their use of
multiple stages of chromatographic separations of increasing resolution, such as in the
progression from HPLC separation to UHPLC separation of co-eluted HPLC-eluents as
described in Flores et al. (2020). Similar stepwise chromatography would improve separation of
the pigments comprising the complement of Arthrobacter sp. NamB2 for subsequent

identification (Britton et al. 1995b; Takaichi 2014; Squillaci et al. 2017; Flores et al. 2020).

The low-resolution MS employed here further limited pigment identification. The resolution of
a mass spectrometer denotes the minimal mass difference by which peaks of the mass spectrum
may be distinguished, with heightened accuracy at increasing resolutions (Gross 2017¢; Louie et
al. 2020). Low-resolution MS struggles to distinguish fragment peaks of similar masses, as was
observed in the mass spectrum of eluent VII (Lebedev and Cabrol-Bass 1998; Gross 2017c;
Rochat 2018). Issues with peak resolution were worsened here by the aforementioned HPLC co-
elution of bacterioruberin and its dehydrated derivatives as in eluent V and VI (Britton et al.
2004; Squillaci et al. 2017). High resolution MS is commonly applied in identifications of
carotenoid complements, including those of Arthrobacter and Haloarchaea, and would be
capable of distinguishing fragment peaks from molecular-ion peaks with a high level of
accuracy (Fong et al. 2001; Mandelli et al. 2012; Squillaci et al. 2017; Rochat 2018; Reis-
Mansur et al. 2019; Silva et al. 2019; Flores et al. 2020). Application of high-resolution mass-
spectrometry would have more clearly delineated fragment and molecular-ion peaks for

individual eluents here, and significantly enhanced the reliability of the MS-conclusions drawn.

Overall, while limited, the application of TLC and HPLC/MS did enable identification of the
pigment complement of Arthrobacter sp. NamB2 as bacterioruberin and its
glycosylated/dehydrated variants. These findings were consistent with common pigment
complements characterised within Arthrobacter and other bacterioruberin-producing organisms

(Fong et al. 2001; Mandelli et al. 2012; Squillaci et al. 2017; Flegler et al. 2020). Application of
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higher-resolution chromatographic separations of the pigment complement, followed by high-
resolution mass spectrometry, would provide a more robust characterisation of the pigment

complement of Arthrobacter sp. NamB2.

2.5 Conclusions and Next Steps

Identifying the pigmentation of heterotrophic bacteria provides information on the physiological
role(s) that these pigments are likely to serve the organism (Bay et al. 2018; Leung et al. 2020).
Arthrobacter sp. NamB2 had been identified previously as highly UV resistant, and it is
speculated that its pink pigmentation has a role in this phenotype (Buckley 2020). As the first
step in determining the physiological utility this pigmentation may provide Arthrobacter sp.

NamB2, this chapter explored the identity of its pigment complement.

The pigment was identified as carotenogenic, and comprised of a mixture of the carotenoid
bacterioruberin and its dehydrated/glycosylated variants common within bacterioruberin-based
pigment complements. The carotenogenic nature of the pigment was concluded from its
production of distinctive three-peaked carotenoid UV-visible spectra upon extraction (Britton et
al. 2004). Separate TLC/HPLC analyses indicated the presence of at least six — eight discrete
carotenoid compounds with chromophore lengths of thirteen c.b.d within the pigment
complement, which mass spectrometry further identified as bacterioruberin and a series of its
glycosylated/dehydrated variants. While high confidence in the presence of bacterioruberin is
emphasised, the specific identities of other carotenoids within the complement are more
ambiguous, due to limited resolution of the methods employed. Further analysis of this pigment
complement with higher-resolution instrumentation or multiple rounds of chromatography
would be necessary to confirm pigment identity consistent with the standards as set out by
Britton et al. (2004) and Takaichi (2014).

The production of carotenoid pigmentation, and in-particular bacterioruberin, by Arthrobacter
sp. NamB2 was consistent with Arthrobacter isolated from other desert systems (Fong et al.
2001; Dieser et al. 2010; Silva et al. 2019). The established role of carotenoid production by
desert bacteria as providing intrinsic irradiation-tolerance suggests a similar importance within
Arthrobacter sp. NamB2. These speculations were supported by the known contribution of
bacterioruberin to the UV-resistome of Haloarchaea (Jones and Baxter 2017). Consequently, it
was hypothesised that the pink, carotenoid pigmentation of Arthrobacter sp. NamB2 serves a

protective role against the substantial irradiance of the Namib Desert, and contributes
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meaningfully to its irradiation-resistome. Investigation of the photoprotective role conferred by
pigmentation of Arthrobacter sp. NamB2 was thus further explored via evidence of its

photoinducibility (Chapter 3) and specific contributions to its UV-resistome (Chapter 4).
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Chapter 3 Light Inducibility of Pigmentation in Arthrobacter sp.
NamB2

3.1 Introduction

3.1.1 Light-Responsive Carotenogenesis in Photoprotection

A variety of non-phototrophic bacteria which use carotenoids for photoprotection demonstrate
light-responsive carotenoid production (Purcell and Crosson 2008). As carotenoid biosynthesis
is a substantial energy commitment, the induction of carotenogenesis as a response to light
stress allows production only when this commitment is strictly required (Young 1993; Tisch and
Schmoll 2010; Llorente 2016). While relatively rare, examples of this phenomenon exist in
organisms including Deinococcus radiodurans, Myxococcus xanthus, Flavobacterium,
Mycobacterium, Streptomyces and Corynebacterium glutamicum, all of which demonstrate both
a reliance on carotenoids for photoprotection, and a coinciding light-inducibility of their
carotenogenesis (Rilling 1962; Mathews 1963; Burchard and Dworkin 1966; Howes and Batra
1970; Weeks et al. 1973; Koyama et al. 1974; Browning et al. 2003; Takano, Asker, et al. 2006;
Heider et al. 2012; Takano 2016; Silva et al. 2019; Sumi et al. 2019). Connections between
carotenoid photoprotection in non-phototrophic bacteria and light-induced carotenogenesis
means that demonstrating light-responsive carotenoid production acts as evidence for the

bacterial employ of carotenoids for irradiation-tolerance (Takano 2016).

It was of interest to determine whether Arthrobacter sp. NamB2 undergoes light-responsive
carotenogenesis. Arthrobacter sp. NamB2 has been found within this thesis to produce
carotenoid pigmentation based around the carotenoid bacterioruberin (Chapter 2). Given the
irradiation-tolerance conferred by carotenoid pigments in other desert bacteria, and the previous
demonstration of photoprotection by bacterioruberin in Haloarchaea, a similar photoprotective
role of the carotenoids in Arthrobacter sp. NamB?2 is suspected (Jones and Baxter 2017). This
role of pigmentation is speculative, and demonstration of light-responsive carotenogenesis by
Arthrobacter sp. NamB2 would thus serve as strong evidence of the function of its pigmentation

in irradiation-protection.
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3.1.2 Investigations of Light-Induced Carotenogenesis

Studies examining light-induced carotenogenesis quantify and compare the total carotenoid
content of organisms grown under differing light intensities (Burchard and Hendricks 1969;
Sumi et al. 2019). Cultures are typically grown at a range of static PAR intensities, with
extraction, quantification and comparisons of total carotenoid content between cultures at the
end of growth cycles used to determine whether total organismal pigment production is
significantly influenced by light-exposure (Rilling 1962; Mathews 1963; Burchard and
Hendricks 1969; Sumi et al. 2019). In broth cultures, PAR intensities used to examine light-
inducibility of non-phototrophic bacteria extend up to 200 umol m? s, while solid-media
experiments tend towards lower exposures of 2.0 — 50 pumol m™ s™' (Davis et al. 1999; Takano et

al. 2005; Ortiz-Guerrero et al. 2011; Takano et al. 2015; Sumi et al. 2019).

Quantitative carotenoid analyses rely on the Beer-Lambert law (Kopec et al. 2012; Rodriguez-
Amaya and Kimura 2004). This law dictates that the concentration of a wavelength-absorbing
species in solution is directly proportional to its absorbance as light passes through a one-
centimetre pathlength of the solution (Swinehart 1962; Parnis and Oldham 2013; Casasanta and
Garra 2018). As carotenoids in solution obey the Beer-Lambert Law, their concentrations are
directly proportional to their absorbance at Amax, and can thus be determined simply from UV-
visible scanning spectra (Liaaen-Jensen and Jensen 1971; Britton et al. 1995a; Britton et al.
2004; Machmudah and Goto 2013). Application of a standard calculation using the Amax
absorbance of crude bacterial pigment extracts and a generalised molar extinction coefficient
can thus be used to quantify the total carotenoid content within these extracts as a value in
milligrams, with standardisation to cell dry-weights enabling the comparison of pigment
contents between cultures (Young and Britton 1993; Britton et al. 1995a; Lichtenthaler and

Buschmann 2001; Rodriguez-Amaya and Kimura 2004; Rodriguez-Amaya 2016).

3.1.3 Regulators Controlling Light-Responsive Carotenogenesis

Exploration of bacterial genomes for homologues to known regulators controlling light-
responsive carotenoid production is a valid in silico method for speculating light-induced
carotenogenesis (Takano et al. 2005; Takano et al. 2015; Sumi et al. 2019). These in silico
analyses enable phenotypic demonstrations of light-responsive carotenogenesis to be related to
an organism’s genotype, and have been used in a number of recent screening studies (Takano

2016; Sumi et al. 2019).
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Knowledge of the regulators involved in light-responsive carotenogenesis of non-phototrophic
bacteria is limited. The best understood molecular mechanisms controlling carotenoid
biosynthesis are those using transcriptional repressor proteins CrtR and LitR (Takano 2016;
Sumi et al. 2019). The CrtR regulator is a member of the multiple antibiotic resistance regulator
(MarR) family of transcriptional repressors, while LitR is a mercuric resistance (MerR) family
repressor, with specific regulatory activities as described prior (Section 1.3.6). These proteins
repress carotenoid production under dark conditions, but lose their ability to bind to DNA when
exposed to light, allowing transcription of genes involved in carotenoid biosynthesis (Takano et
al. 2015; Sumi et al. 2019). Other light-responsive carotenoid regulators have been identified in
non-phototrophic bacteria, such as the bacteriophytochrome of D. radiodurans, but lack
functional characterisation (Davis et al. 1999). Discovery of genes homologous to /iR and crtR
in bacterial genomes has been used to support conclusions regarding light-responsive
carotenogenesis (Takano 2016; Sumi et al. 2019). Genomic context of these genes is also an
important criterion, as close proximity between the /iR and crtR genes to their regulated
carotenoid genes is required for regulatory action, and must also be observed for their regulation
of carotenogenesis to be considered likely (Takano 2016; Sumi et al. 2019; Henke et al. 2020).
The availability of the Arthrobacter sp. NamB2 genome provides an opportunity to identify /itR
and crtR homologues, and to explore possible mechanisms for light induced bacterioruberin

production (Buckley et al. 2019).

3.1.4 Light-Induced Carotenogenesis in Arthrobacter and close relatives

Carotenogenesis in some Arthrobacter is environmentally-responsive and connected to
physiological adaptation (Fong et al. 2001; Dieser et al. 2010). For example, bacterioruberin
production in A. agilis is temperature-responsive, with lower growth temperatures increasing the
total bacterioruberin synthesis in service of membrane stabilisation (Chattopadhyay and

Jagannadham 2001; Fong et al. 2001).

While light-responsive carotenogenesis has been demonstrated in many close relatives of
Arthrobacter within Micrococcaceae, studies within the genus itself are limited (Sumi et al.
2019). Studies reporting that A. agilis, Arthrobacter sp. 21022 and Arthrobacter sp. PAMC
25486 lack light-induced carotenogenesis have failed to provide formal quantifications of
pigment content, light exposure conditions, light sources or irradiation times, information

considered important for complete characterisations of photoresponses (Bjorn 2008a; Bjorn
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2008b; Tescari et al. 2018; Sumi et al. 2019). The limitations of these prior studies suggests that
light-responsive carotenogenesis in Arthrobacter is currently underexplored, and worthy of

investigation in a manner addressing these limitations.

Surprisingly, light-induced carotenogenesis has not been studied in desert bacteria. This is
unexpected as there is increasing evidence of the connections between the photoprotective
function of carotenoids in bacteria and their light-responsive production (Takano 2016; Sumi et
al. 2019). Articles such as Takano (2016) stress the importance of maintaining light-inducible
carotenogenic systems as a component of the photoprotective machinery within bacteria subject
to prevalent irradiation exposure. As edaphic desert organisms frequently produce carotenoids
as photoprotectants, and are exposed to constant stress from high light, the maintenance of light-
responsive carotenogenesis would, therefore, be expected, and is worthy of study (Dieser et al.

2010; Wierzchos et al. 2015; Silva et al. 2019; Flores et al. 2020).

The intent of this chapter was therefore to determine whether Arthrobacter sp. NamB2
demonstrated light-responsive carotenogenesis, consistent with the suspected function of its
bacterioruberin pigment in photoprotection. The first aim of this study was to test the light-
inducibility of bacterioruberin production. Light-inducibility assays were performed by
comparing the total carotenoid content produced by cultures of Arthrobacter sp. NamB2 grown
under a series of PAR-light intensities known to stimulate light-responsive carotenogenesis in
other non-phototrophic bacteria. The light intensities selected focussed first upon low-intensity
PAR in line with those demonstrated to induce carotenogenesis in Micrococcales and
Actinobacteria, and were increased in intensity in an attempt to reach carotenogenesis saturation
(Davis et al. 1999; Takano et al. 2005; Ortiz-Guerrero et al. 2011; Sumi et al. 2019). The second
aim of this chapter was to explore the Arthrobacter sp. NamB2 genome for the presence of
homologous sequences to known regulators controlling light-responsive carotenoid production
in non-phototrophic bacteria. This was done to identify possible mechanisms by which the light-

induction may be occurring, and validate conclusions drawn from the light-inducibility assays.
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3.2 Methods

3.2.1 Light-Inducibility of Carotenoid Pigmentation in Arthrobacter sp. NamB2

The light-inducibility of pigmentation in Arthrobacter sp. NamB2 was tested by growing
cultures at a range of static PAR intensities shown to induce carotenogenesis in recent
investigations of non-phototrophic bacteria (Davis et al. 1999; Takano et al. 2005; Ortiz-
Guerrero et al. 2011; Sumi et al. 2019). The total pigment content produced by each of these
cultures was quantified and compared for evidence of differences attributable to light-

responsive carotenoid production.

3.2.1.1 Cell Revival and Light-Exposure

Figure 3.1 shows the workflow used for the growth of Arthrobacter sp. NamB2 cultures in
different light intensities. For cell revival, 200 uL of one glycerol stock of Arthrobacter sp.
NamB2 was inoculated onto nutrient agar via spread plate and grown at 20 °C for 72 hours.
Following growth, the bacterial lawn was reverse spread plated from the nutrient agar by adding
5.0 mL nutrient broth to the plate, and scraping the colonies from the agar’s surface into the
broth suspension using a plastic spreader. This broth culture was subsequently recovered,
adjusted to an ODgg of 0.5 using nutrient broth, and used to inoculate a total of nine nutrient
agar plates via spread plate (100 pL per plate). These plates were incubated under illuminance
from a 36 watt white light-emitting diode (LED) bulb (OSRAM, Munich, Germany) with three
plates each receiving white light at their relevant intensities over the entire period of incubation,

as outlined below.

The light-exposure experiment was performed twice, once comparing cultures grown under
incident PAR intensities of 0, 5 and 10 pmol m™ s™', and once comparing 0, 50 and 100 pmol m"
25!, The execution of two separate experiments was necessitated by limited incubator space
disallowing simultaneous examination of all light-intensities. The 0 pmol m™ s™' light exposure
condition was provided by wrapping the nutrient agar plates in two layers of aluminium foil to
prevent light penetration. Incident light upon the surface of the agar plates was controlled by
changing the distance between the bulb and plates. Incident light intensities were verified at the
surface of the agar plates using a PASCO PS-3213 wireless light sensor (PASCO Scientific,
Roseville, USA). Each culture was grown at its respective light-intensity at 20 °C for 72 hours

prior to cell harvest for pigment extraction. Temperature effects of the lamp upon irradiated
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cultures were not considered significant, as the LED bulb was found to impart minimal heat on
the plate’s surface relative to the holding temperature of the incubator (as examined via

preliminary studies).

Arthrobacter sp.
NamB2 Glycerol
Stock

[ 200 pL — Spread Plate ]
v

=

5.0 mL Reverse
Spread Plate

v

Cell-Suspension
(ODggo =0.5)

\ [ 100 pL — Spread Plate ]

Bl S ===

3 x Nutrient Agar 3 x Nutrient Agar 3 x Nutrient Agar
Plates Plates Plates

0 pmol m? s 5 or 50 pmol m? s 10 or 100 pmol m2 s

Figure 3.1: Schematic representation of the light-inducibility experiments performed. Light conditions
compared were analysed in two separate executions of the experiment (once comparing cultures grown at
0, 5 and 10 umol m s! and once comparing 0, 50 and 100 umol m2 s™').

Following 72 hours of growth at their given light intensities, cultures were harvested from each
nutrient agar plate through addition of 5.0 mL nutrient broth to the plate, and scraping the
colonies from the agar’s surface into the broth suspension using a plastic spreader. Each broth
suspension was aspirated and collected in pre-weighed, separate 50 mL centrifuge tubes. Cells
were pelleted via centrifugation at 7,745 x g for 15 minutes (4 °C). The supernatant was
discarded from the cell pellet, which was subsequently washed with 5.0 mL of distilled water,
and re-pelleted via centrifugation (7,745 x g, 15 minutes, 4 °C). Water was carefully removed

from the area around the pellet via aspiration, and centrifuge tubes containing the cell pellets
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were placed in a drying oven at 60 °C for 24 hours to dry the pellet to a constant mass.
Following the drying period, cell dry mass was measured, and pellets re-hydrated with 2.0 mL
of distilled water to ease subsequent pigment extraction. Cells were re-pelleted via
centrifugation (7,745 x g, 15 minutes, 4 °C), with the re-hydrating supernatant water carefully

removed via aspiration.

3.2.1.2 Pigment Extraction and Carotenoid Quantification

To quantify the pigment content of cultures grown under different light-conditions, total
pigment extractions were performed on the cell pellets obtained from each culture grown under
each PAR-intensity. Each of these pigment extracts were subsequently examined via UV-visible

spectroscopy to quantify the total carotenoid production by each culture.

For pigment extraction, 3.0 mL of > 99.9 % HPLC-grade methanol was added to each
rehydrated cell pellet, with gentle physical agitation used to suspend the pellet within the
methanol phase. The pigment extraction method described in Section 2.2.1 was then followed,
but extracting with 3.0 mL aliquots of methanol, and without final rotary evaporation of the
pigment extracts. Extraction was continued until both pellet and supernatant (post-
centrifugation) lacked visible pink colour. Pigment extracts were subject to a final
centrifugation at 7,745 x g for 15 minutes (4 °C) to remove remaining cellular particulates from

the suspension prior to UV-visible absorption readings.

A scanning UV-visible spectrum from 350 — 800 nm was generated for the total pigment extract
recovered from each culture grown at each light-intensity. These UV-visible spectra were
generated using an Ultrospec 7000 UV-visible spectrophotometer (Cytiva, USA), with HPLC-
grade methanol used as the blank. The wavelength of absorption corresponding to Amax, and
absorbance reading at this Amax Wavelength was recorded for each extract for subsequent
pigment-quantification. To maintain accuracy of the instrument, samples were diluted where
appropriate with HPLC-grade methanol to ensure final absorbances at Amax Were between 0.2

and 1.0.

The carotenoid content (mg) of each replicate culture grown under each light-intensity was
calculated from the absorbance values of their pigment extract at Amax using the standard

calculation for total carotenoid content as displayed in Equation 3.1. An average extinction
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coefficient of 2,500 M'cm™ was used, as is standard for total carotenoid mixtures (Liaaen-
Jensen and Jensen 1971; Flores et al. 2020). Using the dry-weight of cell pellets from which the
pigment was extracted, the total pigment content of each culture in milligrams of carotenoid per

gram of cell dry mass (mg/g) was determined.

Equation 3.1: Calculation of Carotenoid Content in Pigment Extracts from UV-visible

Absorbance Intensities (Liaaen-Jensen and Jensen 1971)

Carotenoid Contentmg) = Axmax X Vol x Df x (10/2500)
Where:

Asmax = Absorbance of the carotenoid extract at Amax

Vol = Volume of methanolic carotenoid extract (mL)

Df = Dilution factor

3.2.1.3 Statistical Analysis

The total pigment content of cultures grown under each intensity of PAR-irradiance was
compared to determine whether growth under differing illumination conditions stimulated a

significant difference in total carotenoid production.

Milligrams of carotenoid pigment per gram of cell dry mass (henceforth ‘pigment content’) was
calculated for each plate (of triplicate) grown under each light condition. For statistical analyses,
the total pigment content of cultures from both experimental executions (Comparing 0, 5, 10
pumol m? s and 0, 50, 100 pmol m™ s™! conditions) were examined together, giving five
experimental conditions total. The 0 pmol m™ s condition thus possessed six replicate pigment

content readings, while each other condition possessed three.

Evidence of a statistically-significant difference (p value < 0.05) in mean pigment content
between cultures grown under different light intensities was examined using analysis of
variance (ANOVA) testing. Post-hoc analysis via Tukey’s honest significant difference
(Tukey’s HSD) testing was used to determine whether the total pigment content was

significantly different between any two light conditions (p value < 0.05). The assumption of
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homoscedasticity was verified via Bartlett’s testing of input data. Normality in distribution of
pigment contents of cultures grown under each light intensity was verified using Shapiro-Wilks
normality testing in R (R Core Team 2020). The appropriateness of the ANOVA model was
examined via the generation of standard diagnostic plots for the model in R (R Core Team
2020).

3.2.2 Identification of Candidate Light-Responsive Carotenogenesis Regulators

in Arthrobacter sp. NamB2

To determine if there was a genetic basis for light-induced carotenogenesis in Arthrobacter sp.
NamB2, and to relate observations from light-inducibility experiments to genomic features, the
available genome assembly of Arthrobacter sp. NamB2 (GenBank; GCA 005281365.1) was
explored for the presence and genomic context of sequences encoding proteins similar to the
light responsive carotenogenesis regulators CrtR, LitR and D. radiodurans bacteriophytochrome
(Davis et al. 1999; Takano et al. 2005; Sumi et al. 2019). This analysis was limited to the
examination of known light-responsive carotenoid regulators of non-phototrophic bacteria, as
carotenoid regulatory systems in photoautotrophs are typically coupled to assemblages of the
photosynthetic apparatus, systems not applicable in non-photosynthetic Arthrobacter (van der

Horst et al. 2007; Auldridge and Forest 2011; Llorente 2016).

Protein sequences corresponding to CrtR, LitR and the D. radiodurans bacteriophytochrome

were acquired from the GenBank protein database (www.ncbi.nlm.nih.gov/protein, Table 3.1).

These protein sequences were used as query terms to search against the complete protein
transcript of Arthrobacter sp. NamB2 via use of the National Centre for Biotechnology
Information’s (NCBI) Basic Local Alignment Search Tool (BLAST) BLASTp algorithm
(www.ncbi.nlm.nih.gov) (Expect threshold = 0.05, Word Size = 3). Arthrobacter sp. NamB2
proteins demonstrating sequence similarities with these regulator proteins below 30 % were
discarded from the analysis to prevent the retrieval of proteins likely differing in function from
these regulators (Wass and Sternberg 2008; Gong et al. 2016; Makrodimitris et al. 2019).
Candidate proteins from Arthrobacter sp. NamB2 which were above this similarity cutoff were
aligned against the corresponding query regulator protein sequences using the MEGAX
software v10.0.5 (Kumar et al. 2018). These protein alignments were manually examined to
identify regions of high sequence similarity and conserved protein motifs (with reference to
literature) to aide identification of potential shared-functions between the candidate homologue

proteins of Arthrobacter sp. NamB2 and known carotenogenesis regulators.
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Table 3.1: Sources of the CrtR, LitR and bacteriophytochrome sequences used in this study.

Regulator Protein Source Organism GenBank Reference

Accession Number

CrtR Corynebacterium glutamicum BAV22458 Sumi et al. (2019)
AJ1511
LitR Streptomyces coelicolor A3(2) QF140492 Takano et al. (2005)
Thermus thermophilus HB27 AAS82386 Takano et al. (2011)
Thermus thermophilus HBS BAD71896 Ortiz-Guerrero et al. (2011)
Bacillus megaterium QMBI1551 ADE71366 Takano et al. (2015)
Bacillus megaterium DSM319 ADF41172 Takano et al. (2015)
Bacteriophytochrome Deinococcus radiodurans AAF12261 Davis et al. (1999)

As the genes encoding CrtR and LitR must cluster closely to their regulated genes upon the
genome (within 1,000 — 10,000 base pairs (bp)) to exert regulatory control, the genomic
positions of Arthrobacter sp. NamB2 genes encoding candidate protein homologues to the CrtR
and LitR regulators were identified, and a genomic region some 10,000 base-pairs either side of
each of these genes was examined for the presence of putative carotenogenesis genes (Takano
2016; Sumi et al. 2019). Given that this proximity to carotenoid genes is required for regulatory
control by CrtR and LitR, this analysis was used to scrutinise whether the identified homologues
in Arthrobacter sp. NamB2 were likely to have a similar regulatory role in carotenogenesis
(Brown et al. 2003; Takano 2016; Deochand and Grove 2017; Sumi et al. 2019). This
investigation was not extended to those genes encoding candidate bacteriophytochromes, as the
proximity of bacteriophytochrome genes to their regulons is not generally considered relevant to
regulation (Bhoo et al. 2001; Auldridge and Forest 2011). This analysis required the

identification of the genomic location of carotenoid genes in Arthrobacter sp. NamB2.

The genomic location of the gene cluster likely responsible for carotenogenesis in Arthrobacter
sp. NamB2 was identified through genetic similarity to carotenoid biosynthesis genes phytoene
synthase (locus tag RY94 RS00755) and phytoene desaturase (RY94 RS00760) as identified in
the genome of closely related Arthrobacter agilis strain L77 (GenBank assembly accession
number GCA_000816565) by Ii et al. (2019). The nucleotide sequences of these
carotenogenesis genes from 4. agilis strain L77 were used as query terms and searched against

the whole genome of Arthrobacter sp. NamB2 via use of the NCBI BLASTn algorithm

(www.ncbi.nlm.nih.gov) (Expect threshold = 0.05, Word Size = 28). The top-scoring gene
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matches in the genome of Arthrobacter sp. NamB2 were considered to represent the equivalent

carotenogenesis genes within this organism.
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Absorbance

3.3 Results

3.3.1 Light Inducibility of Carotenoid Pigmentation

Light-inducibility of carotenogenesis in Arthrobacter sp. NamB2 was examined by comparing
the total pigment content produced by cultures grown under a series of PAR-light intensities.
Total pigment extraction and carotenoid quantification via UV-visible spectroscopy was used to
determine the total pigment production by each culture grown under each light intensity. These
pigment contents were subsequently compared for evidence of statistically-significant

differences in total carotenoid production arising from illumination.

The UV-visible scanning spectra of pigment extracts from cultures grown under each light-
intensity demonstrated absorption responses consistent with the findings of Chapter 2, in the
production of three-peaked carotenoid spectra with prominent peaks at 464 (I), 491 (II) (Amax)
and 525 (III) nm (+/- 2 nm) in methanol (Figure 3.2). No major differences were observed in
wavelength-positions of the three-peaked spectra between cultures grown under different light-
intensities, suggesting a broad consistency in the identity of carotenoids produced under all

light-conditions.
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Figure 3.2: Example UV-visible scanning spectra of pigment extracts from Arthrobacter sp. NamB2
cultures grown under each light-intensity. Wavelength positions corresponding to peaks I, IT and I1I
within the three-peaked carotenoid response are denoted on the figure. Truncation at 600 nm is used to
emphasise the three-peaked carotenoid response, as no further peaks were observed beyond 600 nm.
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Comparisons of the pigment content of cultures grown under each light intensity is presented in
Figure 3.3. This figure demonstrates a substantial overlap in the pigment content produced by
cultures grown under all differing light-conditions, with no clear trends in pigment content
reflecting incident light intensity. Tukey’s HSD analysis reported no significant differences
between the total pigment content of cultures from any two light conditions, nor between light
and dark grown cultures. These findings were supported by the ANOVA model (Table 3.2),
which reported a p-value of 0.16, above the threshold of significance (p > 0.05), thereby
concluding that there was no significant difference between the mean pigment content of
cultures grown at differing light intensities. Both of these analyses demonstrated light intensity
to have no significant influence on the total pigment content of Arthrobacter sp. NamB2.
Consequently, the production of pigmentation by Arthrobacter sp. NamB2 was concluded to be

not light-responsive.

Note that separate ANOVA analyses comparing pigment contents within each experimental
execution (i.e. comparing pigment content of cultures grown at 0, 5 and 10 pumol m? s and
pigment content of cultures grown at 0, 50 and 100 pmol m™ s™') concluded identically to the
above analysis. These findings similarly denoted a lack of significant differences between the

pigment content of cells grown under differing light-intensities.

The appropriateness of these statistical conclusions was examined through testing of the
ANOVA model to ensure adherence to model assumptions. Appropriate ANOVA models
require homogeneity of residuals variance (homoscedasticity), normality of residuals and
absence of outliers, examined here through the generation of standard diagnostic plots (Figure
3.4) (Kozak and Piepho 2018). Diagnostic plots demonstrated all assumptions were fulfilled
here. The residuals demonstrated homoscedasticity and linearity in residuals vs fitted and scale-
location plots (via production of horizontal trendlines), normality in distribution via Normal Q-
Q plots (via adherence to the trendline), and a lack of highly influential outliers in the residuals
vs leverage plot (via homogenous clustering of points). The ANOVA assumptions were thus

well supported in this model, and conclusions drawn from the model considered valid.
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Figure 3.3: Tukey’s boxplots demonstrating variability of pigment content produced by cultures of
Arthrobacter sp. NamB2 grown at differing light intensities. Bold lines represent the median pigment
content of each group. Letters denote the compact-letter display of significance groupings as
determined via Tukey’s HSD analysis. Boxplots annotated with the same letters are not statistically-
significantly different from one another, while those of differing letters demonstrate significant
differences (p < 0.05).
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Figure 3.4: Diagnostic plots produced for the ANOVA model comparing total pigment content of
Arthrobacter sp. NamB2 cultures grown at differing PAR light-intensities. A: Residuals vs Fitted
diagnostic plot of residual’s linearity and homoscedasticity. B: Normal Q-Q plot of residual’s
normality. C: Scale location plot regarding homoscedasticity of residuals. D: Residuals vs Leverage
plot denoting the presence of highly influential values.
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Table 3.2: Results of the ANOVA model examining the differences in mean pigment content produced
by cultures grown under differing illumination conditions, as computed via R (R Core Team 2020).

Degrees Sum Of Mean F-Value P-Value

(0)§ Squares  (Sum Of
Freedom Squares)
Sample 4 0.3194 0.07984 1.96 0.16
Residuals 13 0.5296 0.04074 - -

3.3.2 Presence of Candidate Light-Responsive Carotenoid Regulators in

Arthrobacter sp. NamB2

To examine if there was a genetic basis for light-responsive carotenogenesis in Arthrobacter sp.
NamB2, its genome assembly was investigated for sequences encoding proteins similar to the
known light-responsive regulator proteins CrtR, LitR, and D. radiodurans’

bacteriophytochrome.

3.3.2.1 Identification of Candidate CrtR Sequences in Arthrobacter sp. NamB2

BLASTDp of CrtR from C. glutamicum AJ1511 against the Arthrobacter sp. NamB2 protein
transcript identified a series of sixteen hits. Of these, only three proteins of Arthrobacter sp.
NamB2 presented protein sequence similarities to the CrtR regulator above 30 %. These
sequences (TKV29755, TKV25909 and TKV29754) had all been annotated as ‘MarR family
transcriptional regulators’. Details of the BLASTp output scores of these three proteins against

the CrtR of C. glutamicum AJ1511 is presented in Table 3.3.

Protein alignments between the three candidate CrtR proteins of Arthrobacter sp. NamB2 and
the CrtR of C. glutamicum demonstrated that the greatest protein similarity occurred across
amino acids 78 — 166 (C. glutamicum CrtR numbering, Figure 3.5). This region corresponds to
the known DNA-binding winged helix-turn-helix (WHTH) domain which is conserved within
regulators of the MarR family, and is responsible for their ability to bind DNA and exert
transcriptional repression (Wilkinson and Grove 2006). This alignment further highlighted the
almost uniform presence of invariant functional motifs of this WHTH domain within these
candidate proteins, including Lx3;Gx(V/I)xR, DxR and L(T/S), denoted as green boxes within
Figure 3.5 (Perera and Grove 2010; Deochand and Grove 2017). This suggested that the CrtR
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candidate proteins identified in Arthrobacter sp. NamB2 possessed the DNA-binding and
regulatory activity of the general MarR regulatory family, and were therefore likely
transcriptional regulators of this family (Perera and Grove 2010; Deochand and Grove 2017).
Protein similarities between CrtR and these candidate proteins outside of the wHTH region was
weaker, particularly over the first 60 amino acids. As the ligand-binding domain of CrtR is

currently unknown, no specific comment may be made on its alignment here.

Table 3.3: Details of the BLASTp alignment scores of CrtR from C. glutamicum AJ1511 (BAV22458)
(query sequence) against identified CrtR candidate proteins of Arthrobacter sp. NamB2 (subject
sequences). Data for proteins where the similarity to CrtR was below 30 % are not presented. Candidate
proteins from Arthrobacter sp. NamB2 are presented as their GenBank protein accession numbers.

Arthrobacter sp. Alignment Query Cover Similarity E Value
NamB2 Candidate Score (%) (%)
Protein
TKV29755 68.2 72.0 33.10 2e-15
TKV25909 55.5 62.0 32.23 4e-11
TKV29754 52.0 76.0 32.89 le-09

BAV22458.1 1 MLNMQEPDKI LRNI[DVKTSDPKS JDRSEMLEDIAQIG -
TKV29755.1 ] pessass BL IST DlsCuuP S)UAG S DEMEGIZ CIN D F S -NA
TKV25909.1 1

TKV23754.1

BAV22458.1

TKV29755.1

TKV25909.1

TKV29754.1

BAV22458.1 120 :

TKV29755.1 103 "eERETVR
TKV25909.1 78 EQ EEL@]EMPK
TEV29754.1 102 J¥EWE TVIRFLRS]
BAV22458.1 180

TEV29755.1 163

TEV25909.1 128

TEV29754.1 162

Figure 3.5: Protein sequence alignment of CrtR of C. glutamicum AJ1511 (GenBank; BAV22458)
against the candidate CrtR protein sequences identified from Arthrobacter sp. NamB2 as denoted in
Table 3.3. The protein region corresponding to the DNA-binding wHTH fold of MarR-type regulators
is underlined in blue. Highly conserved motifs of the MarR family Lx3Gx(V/I)xR, DxR, and L(T/S)
within the wHTH fold are highlighted via green-boxes (Wilkinson and Grove 2006).
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3.3.2.2 Genome Positions of CrtR Candidate Sequences

As the gene encoding CrtR must cluster closely with its regulated carotenoid-biosynthesis genes
to exert regulatory control, a genome region some 10,000 base-pairs surrounding each gene
encoding the identified CrtR candidate proteins (Table 3.3) upon the genome of Arthrobacter
sp. NamB2 was examined for the presence of carotenoid genes. The proximity of candidate
CrtR protein coding genes to carotenoid biosynthesis genes on the genome of Arthrobacter sp.
NamB2 would provide supporting evidence of a functional role of these candidate proteins in

the regulation of carotenoid biosynthesis.

BLASTn analyses using the carotenoid genes of 4. agilis strain L77 characterised by i et al.
(2019) as query sequences against the genome of Arthrobacter sp. NamB2 allowed the
identification of the putative carotenoid gene cluster of Arthrobacter sp. NamB2. These
BLASTn searches returned only a single hit each between the phytoene synthase and phytoene
desaturase genes of 4. agilis strain L77 and the genome of Arthrobacter sp. NamB2, identifying
genes which were already annotated as encoding phytoene synthase and phytoene desaturase
enzymes (locus tags FDK12 00535, FDK12 00540 respectively). The BLASTn scores were
high for each of these alignments (gene sequence identities > 84 %, gene query covers > 95 %,
E-values 0.0), granting high confidence in their shared identities. This analysis assigned the
putative carotenogenesis gene cluster of Arthrobacter sp. NamB2 on contig one (GenBank:
SZWI01000001) of its genome assembly, clustering between nucleotides 104,083 - 109,708 of
this 795,432 nucleotide contig.

The genomic positions of genes encoding the candidate Arthrobacter sp. NamB2 CrtR proteins
are given in Table 3.4. While genes encoding TKV29754 and TKV29755 were on the same
contig as the putative carotenogenesis gene cluster, none of the three genes occurred within
10,000 bp of these carotenoid genes, instead consistently appearing greater than 100,000 bp
distant. The candidate ctrR genes clustered instead with Arthrobacter sp. NamB2 sequences
annotated as encoding ATP-binding cassette (ABC) transporter proteins (genes encoding
TKV29754 and TKV29755) or mycobacterial membrane large (MMPL) family transport
proteins (gene encoding TKV25909) on highly disparate regions of the genome. This lack of
proximity to carotenoid genes indicated a lack of connection between the regulons of the
identified CrtR candidates in Arthrobacter sp. NamB2 and the carotenoid-biosynthesis of this
organism. This supported the earlier finding that pigment production is not light-responsive

within Arthrobacter sp. NamB2.
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Table 3.4: Genomic positions of genes encoding candidate Arthrobacter sp. NamB2 CrtR proteins.
Protein accession numbers of candidate CrtR proteins correspond to those identified in Table 3.3.

Arthrobacter sp. NamB2  Locus Tag of Encoding  Arthrobacter sp. NamB2 Contig Position

Protein Candidate Gene Contig Containing the of Gene

Encoding Gene (Nucleotides)

TKV29755 FDK12 02285 Contig One 500,202 —
(SZW101000001) 499,654

TKV25909 FDK12 14640 Contig Ten 29,821 - 30,291
(SZW101000010)

TKV29754 FDK12 02280 Contig One 499,580 —
(SZW101000001) 499,041

3.3.2.3 Identification of LitR Candidates in Arthrobacter sp. NamB2

BLASTDp analyses of the LitR regulators considered in Table 3.1 against the protein transcript
of Arthrobacter sp. NamB2 yielded only weak alignments, which were consistently below 30 %
protein query coverage and 40 % protein sequence similarity. The LitR protein of S. coelicolor
A3(2) failed to produce any significant alignment with proteins of Arthrobacter sp. NamB2.
Only three proteins of Arthrobacter sp. NamB2 were identified with greater than 30 % protein
similarity to the LitR regulators. These proteins; TKV25896, TKV30076 and TKV28253, have
all been annotated as ‘MerR-family transcriptional regulators’, and were identified using the
LitR protein sequence of 7. thermophilus HB27 and HBS. Only TKV30076 was also identified
using the LitR of B. megaterium as a query sequence. Details of the BLASTp outputs for the top
scoring protein sequences identified in Arthrobacter sp. NamB2 when using the LitR protein

sequence of 7. thermophilus HB27 as the query are presented in Table 3.5.

The protein alignment of these candidate Lit sequences from Arthrobacter sp. NamB2 against
the LitR protein sequence of T. thermophilus HB27 is shown in Figure 3.6. This alignment
confirmed the poor similarity between the Arthrobacter sp. NamB2 sequences and the LitR of
T. thermophilus HB27. The greatest similarity between protein sequences appeared over the
first 100 amino-acids (7. thermophilus HB27 numbering), which corresponds to the helix-turn-
helix (HTH) domain common to proteins of the MerR regulatory family, a domain required by
regulators of this family to bind DNA and exert transcriptional repression (Brown et al. 2003).

Minimal alignment with the candidate proteins occurred over the known light-responsive LitR
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adenosylcobalamin (AdoB12) substrate-binding domain, and multiple conserved motifs of this
domain were absent from all Arthrobacter sp. NamB2 protein candidates. These absent motifs
included the AdoB12-binding motifs (M/L)xxVG, (D/E)xHExG and VxLSxV (Figure 3.6),
indicating that the candidate proteins identified likely lacked the AdoB12 binding capacity of
LitR (Ortiz-Guerrero et al. 2011; Takano et al. 2016). These alignments suggested that while
these Arthrobacter sp. NamB2 candidate proteins were likely members of the MerR family, and
are capable of DNA-binding and transcriptional repression consistent with members of this
family, they lack the substrate binding domain of LitR regulators, and are incapable of binding
AdoB12.

Table 3.5: Details of the BLASTp alignment of LitR from 7. thermophilus HB27 (AAS82386) (query
sequence) against identified LitR candidate proteins of Arthrobacter sp. NamB2 (subject sequences).
Data for proteins where the similarity to LitR was below 30 % are not presented. Candidate proteins from
Arthrobacter sp. NamB2 are presented as their GenBank protein accession numbers.

Arthrobacter sp. Alignment Query Cover Similarity E-Value
NamB2 Candidate Score (%) (%)
Protein
TKV25896 43.5 29.0 33.33 le-06
TKV30076 37.4 17.0 40.00 le-04
TKV28253 35.0 24.0 31.58 0.003
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Figure 3.6: Protein sequence alignment of LitR from 7. thermophilus HB27 (GenBank; AAS82386)
with candidate LitR sequences identified from Arthrobacter sp. NamB2 as denoted in Table 3.5.
Protein regions corresponding to the MerR-family HTH DNA-binding domain and the LitR ligand-
binding, light-responsive domain are underlined in blue and red respectively. Conserved motifs with
function in AdoB12 ligand binding within LitR are outlined in green, and are (in order) (M/L)xxVG,
(D/E)xHExG, VxLSxV, and GG (Ortiz-Guerrero et al. 2011).

3.3.2.4 Genome Positions of LitR Candidate Sequences

Similar to c#rR, genes encoding /itR regulators occur within 10,000 base-pairs of the carotenoid
genes they control (Takano, Beppu, et al. 2006; Ortiz-Guerrero et al. 2011; Takano 2016; Sumi
et al. 2020). As such, a genomic region some 10,000 base-pairs surrounding each gene encoding
the candidate LitR proteins on the Arthrobacter sp. NamB2 genome was examined for the
presence of carotenoid genes, to determine whether these identified homologues were likely to
exert regulation on carotenogenesis. The contig-positions of genes encoding these identified
LitR candidate proteins within Arthrobacter sp. NamB2 are given in Table 3.6. While the gene
encoding TKV30076 was on the same contig as the putative carotenoid genes, none of the genes
encoding LitR candidates were present within 10,000 bp of the carotenogenic gene cluster of
Arthrobacter sp. NamB2. The genes encoding candidate LitR proteins instead clustered with
genes annotated as encoding short-chain dehydrogenase family oxidoreductases (TKV30076),

heat shock proteins (TKV25896) or nucleases (TKV28253). These findings were similar to
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those of CtrR, and suggested that while these candidate proteins are likely MerR-family
regulators, their regulons are likely unlinked to carotenogenesis. This further supported the lack

of light-responsive carotenoid biosynthesis in Arthrobacter sp. NamB2.

Table 3.6: Genomic positions of genes encoding candidate Arthrobacter sp. NamB2 LitR proteins.
Protein accession numbers of candidate LitR proteins correspond to those identified in Table 3.5.

Arthrobacter sp. Locus Tag of Arthrobacter sp. Contig Position
NamB2 Candidate Encoding Gene NamB2 Contig of Gene
Protein Containing the (Nucleotides)

Encoding Gene

TKV25896 FDK12 14575 Contig Ten 15,824 — 15,384
(SZw101000010)

TKV30076 FDK12 03555 Contig One 722,309 —
(SZwW101000001) 772,680

TKV28253 FDK12 09855 Contig Four 261,622 —
(SZW101000004) 260,873

3.3.2.5 Identification of Bacteriophytochrome Candidates in Arthrobacter sp.
NamB2

Only a single bacteriophytochrome has been highlighted in relation to light-responsive
carotenoid biosynthesis, being that of D. radiodurans (Davis et al. 1999). BLASTp of this
bacteriophytochrome protein (AAF12261) against the Arthrobacter sp. NamB2 protein
transcript identified 14 protein hits, but only two with greater than 30 % protein similarity.
These proteins (TKV27492 and TKV29091) were both annotated as histidine kinase (HK)-
domain containing sensor proteins. Protein similarities and query coverages were poor between
the bacteriophytochrome of D. radiodurans and candidate sequences of Arthrobacter sp.

NamB2, as presented in the BLASTp alignment output of Table 3.7.

Protein alignments between these Arthrobacter sp. NamB2 candidate proteins and the D.
radiodurans bacteriophytochrome are presented in Figure 3.7, and demonstrate that protein
similarity between these sequences was restricted to the C-terminal region of the
bacteriophytochrome. Strong alignments between the candidate proteins and the
bacteriophytochrome consistently started at amino acid 530 of the 755 amino acid D.
radiodurans bacteriophytochrome, with only minor similarity observed prior to this region.
Protein sequences corresponding to functionally-important phytochrome domains within the

bacteriophytochrome of D. radiodurans demonstrated weak alignment with protein homologues
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of Arthrobacter sp. NamB2. This alignment suggested that the similarity between the
bacteriophytochrome and these candidate sequences was exclusive to the histidine kinase
domain, and that none of the functional phytochrome domains of the D. radiodurans
bacteriophytochrome were present within the candidate proteins of Arthrobacter sp. NamB2
(Davis et al. 1999). As the phytochrome domains of bacteriophytochromes are highly
conserved, and required for light-responsive activity of the regulator, their absence from the
candidate proteins of Arthrobacter sp. NamB2 indicated that these proteins were not
bacteriophytochromes, and were thus unlikely to possess light-responsive activity (Bhoo et al.
2001; Wagner et al. 2008). This supported the lack of light-responsive carotenogenesis in
Arthrobacter sp. NamB2.

Table 3.7: Details of the BLASTp alignment of the bacteriophytochrome of D. radiodurans (AAF12261)
(query sequence) against bacteriophytochrome candidate proteins of Arthrobacter sp. NamB2 (subject
sequences). Data for proteins where the similarity to the bacteriophytochrome was below 30 % are not
presented. Candidate proteins from Arthrobacter sp. NamB2 are presented as their GenBank protein
accession numbers

Arthrobacter sp. Alignment Query Cover Similarity E Value
NamB2 Score (%) (%)
Candidate
Protein
TKV27492 93.2 32.0 30.04 3e-21
TKV29091 89.4 40.0 31.30 7e-20

104



ARF12261.1 1 MSRDPLPFFPPLYLGGPEITTENCEHRE PIELIEEGIQPEE HSGEVLOMSLNAAT
TEV27492.1 1 ————MAAFREBEZQRLRIMAYERE ——————————————
TKV29091.1 1 MTEQASHERVERGS DEEMAEOVE—————————————

ARF12261.1 61 FLGOEPTVLRGQTENATRPEOWERLC. PECEINIOYRATLDWPAAGHLSLTVHRVGE
TKV27492.1 20 ———pSEDlENA -
TRV29091.1 25 ————————————] BevalcEvARGsTPojgR te -

ZRF12261.1 121 LLILEFEPTEAWDSTGEHIREAMFALESAPNLRAMAEIATETVRELTGFDRVMLYKEFAP
TEVZ27492. s [ AR O DO <t oS PSR 7= MRS = . RS SO

1
TEVZ220981.1 48 ErEcy - ———————— gvapvE--————————————————

LRF12261.1 181 DATGEVERE"REG HE IREPASDIPAQARALYTRHLLRLTADT H NP
TEV27492.1 217 - —chpieclzyy—————— ——— —— — TVDR pﬁ
TEVZ28051.1 6l —————— ECNEY ] TEDE-———————————————————— —— H cn

BRF12261.1 241 QTEEPTPEGﬁAﬁLRATSEMwE;RNFGv SEIRSERVVVGGQLWGLTARIHQTPYVLED

TKV27492.1 50 SPE F IR VR eI s — — — ——— —————————————————
TEV29091.1 52 RODS——@CECfF-———-———@-———— Po—————————— DEEED————- Er

FIRLD

TEV27452.1 €8
TKEV29091.1 118

ARF12261.1 301 LEWTLEYIERILLSLQVQVKEARDVAAFRQSLREHHD HSEEP T SEPALDLL
3] |

ARF12261.1 361
TREV27492.1 84
TEV29091.1 147

BRF12261.1 421 sSEVAG SVGEGWSECLVWLRPERELEVAWGGAT PDQAKDDLGPRES FETYIERKEGYR
TEV27452.1 108 - ] DDRITESE
TEV29091.1 174 @ D - —————————————— oy T B7SEERR S

LRF122€l1.1 481 IPWHPGEIEEAQDLEDTIET ERLSVIRDLNRALTQSNAEWRQYGET FIME T,
TEV27492.1 128 i b P A O i
i TN

TEV2%091.1 200 ®-———--—-—-—--————prI@qp%epl-—————

PSPQTEEMITE Si T| HT T.SEPPEVE-
BE VA VEIRIETAD S E IDVVRIEG
GTY. Jsafl-—— E H§-—-
BRF12261.1 600 EPT RN DE VilCIRE PESIA DT GAS)| PEHLEg-——— I T.TAR:IT, TENA LM
TRV27492.1 202 | SPAYSTERTY - — RN PAE SK TVGGS 2V TLF T
TKV29081.1 272 e e AN G H S| ——— - DG RMTARDFE———G 4T T
ERF12261.1 657 [ECHEP TERQER - -Gsiiz )
TEV27492.1 260 SPEET 1E3VE RN T DOGAG [IPEEQER T FE|
TKV29091.1 325 B} PPEGUTGTET PESRIEDILIE
BRF12261.1 7132 Wril@=SiAE | F| e - ———
TKV27452.1 318 BSEVigsy E [s) EMEGTT
TEV29091.1 3283 BCHR 1) BT R R
ARF12261.1

TEV27492.
TEV29091.1

ARF12261.1 541 (9]
TEV27492.1 148

TEV29091.1 220

i

378 DRESRKKGSRERVHEQGVER

Figure 3.7: Protein sequence alignment of the bacteriophytochrome of D. radiodurans (GenBank;
AAF12261) with candidate bacteriophytochrome sequences from Arthrobacter sp. NamB2 as
denoted in Table 3.7. Protein regions corresponding to the conserved domains of the
phytochrome-photosensory core of the D. radiodurans bacteriophytochrome are underlined in
green, while the conserved H- N- D/F- and G-boxes of histidine kinase proteins are underlined in
red, brown, blue and purple, respectively (Davis et al. 1999).
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3.4 Discussion

Light-responsive carotenoid production in non-phototrophic bacteria suggests a photoprotective
function for their carotenoids (Takano, Asker, et al. 2006; Takano 2016). Given the previous
demonstration of environmentally-responsive carotenogenesis by Arthrobacter in the literature,
and the suspected contribution of Arthrobacter sp. NamB2’s bacterioruberin pigment to its
irradiation resistome, the light-inducibility of pigmentation in this organism was investigated to
examine its speculative function in photoprotection. This chapter thus quantified and compared
the total pigment content of Arthrobacter sp. NamB2 cultures grown under differing light
intensities to determine whether carotenoid production was demonstrably light-responsive. To
relate these results to genomic observations, the genome of Arthrobacter sp. NamB2 was
examined to identify sequences encoding candidate light-responsive regulator proteins as a

means to determine a possible mechanism by which light-inducibility might occur.

3.4.1 Light Inducibility Assays of Pigmentation in Arthrobacter sp. NamB?2

Pigment production in Arthrobacter sp. NamB2 does not appear to be light-inducible. Cultures
grown under a range of different PAR intensities showed no significant differences in total
pigment content from one another, nor from dark-grown cultures. These results demonstrated
that the production of carotenoid pigmentation by Arthrobacter sp. NamB2 was not light-
responsive at the PAR intensities investigated. Previous studies demonstrating light-inducibility
of pigmentation in non-phototrophic bacteria have observed statistically significant differences
in the pigment content of cells grown at the light-intensities examined here (Sutthiwong and
Dufossé 2014). Indeed, significantly higher carotenoid content occurred in M. xanthus and T.
thermophilus grown at 4.0 and 45.7 pmol m™ s (respectively) compared to dark-grown cells,
while D. radiodurans has demonstrated linear increases in carotenoid content at increasing PAR
intensities up to 100 pmol m™ s™ (Burchard and Hendricks 1969; Davis et al. 1999; Ortiz-
Guerrero et al. 2011). For many soil organisms, pigmentation is exclusive to cultures irradiated
at 2.4 pmol m™ s PAR or higher (Takano et al. 2005; Takano et al. 2011; Takano et al. 2015;
Sumi et al. 2019). While the inducibility of pigmentation at higher light intensities cannot be
excluded, its absence at light intensities routinely described in the literature and demonstrated to
induce pigmentation in other bacteria strongly suggests that pigment production in Arthrobacter

sp. NamB?2 is not light-inducible.
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Quantitative differences in pigment content observed between differently-illuminated cultures
of Arthrobacter sp. NamB2 were also notably below those magnitudes expected for induced
carotenogenesis. Organisms presenting light-induced carotenogenesis often demonstrate
increases in carotenoid content under light-irradiation of magnitudes three — five-fold compared
to dark-grown cultures (Burchard and Dworkin 1966; Howes and Batra 1970; Bhosale 2004;
Vega et al. 2016). For example, in the closely related Glutamicibacter arilaitensis (previously
Arthrobacter arilaitensis), light irradiation causes four-fold increases in mean carotenoid
content (0.2 — 0.8 mg/g), while the temperature-induced carotenogenesis of 4. agilis observes a
seven-fold increase in mean carotenoid content (0.17 — 1.2 mg/g) (Fong et al. 2001; Sutthiwong
and Dufossé 2014). In the current analysis, no irradiated culture presented carotenoid content
significantly different from dark grown cultures. Furthermore, the minor differences in mean
carotenoid content between dark grown cultures and those grown under irradiation (below 0.36
mg/g in all comparisons) were notably below literature expectations of light-induction, and

reflected the lack of significant light-responsive carotenogenesis in Arthrobacter sp. NamB2.

The lack of light-responsive carotenogenesis in Arthrobacter sp. NamB2 is not unexpected, as
this phenomenon is relatively uncommon in non-phototrophic bacteria (van der Horst et al.
2007). Indeed, of the 1,100 soil isolates screened by Sumi et al. (2019), only 24 exhibited light-
responsive carotenoid production. Similarly, only 70/375 species of Streptomyces demonstrated
light-responsive pigmentation (Kato et al. 1995). Furthermore, while close relatives of
Arthrobacter are capable of light-responsive carotenogenesis, including Paenarthrobacter
aurescens (previously Arthrobacter aurescens), G. arilaitensis (previously Arthrobacter
arilaitensis), Paenarthrobacter ureafaciens (previously Arthrobacter ureafaciens) and
Pimelobacter simplex (previously Arthrobacter simplex), no examined species of genus
Arthrobacter (A. agilis, Arthrobacter sp. 21022 and Arthrobacter sp. PAMC 25486) retains this
phenomenon (Koyama et al. 1974; Sutthiwong and Dufossé 2014; Busse 2016; Tescari et al.
2018; Sumi et al. 2019). The sparse distribution of light-inducible carotenogenesis in non-
phototrophic bacteria, combined with the lack of prior evidence of light-inducibility within the
Arthrobacter genus, makes the lack of light-responsive carotenoid production by Arthrobacter
sp. NamB2 unsurprising, if a contribution to our understanding of light-responsive pigmentation

in this genus.

The lack of light-inducibility of pigmentation in Arthrobacter sp. NamB2 does not discount its
potential photoprotective role. A variety of organisms demonstrate the use of carotenoids for
photoprotection, but lack light-inducibility in biosynthesis. For example, Haloarchaea use

bacterioruberin as a protective carotenoid against PAR and UV-irradiation, but light-responsive
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carotenogenesis within this genus is rare (Rodriguez-Valera et al. 1982; Calegari-Santos et al.
2016; Vega et al. 2016). The fellow Micrococcaceae K. rosea similarly relies on its carotenoid
pigmentation for protection from broad-spectrum solar irradiation, but lacks light-inducibility
(Pezzoni et al. 2011; Vinay Kumar et al. 2015; Sumi et al. 2019). Further examples exist in
organisms including Rhodobacter sphaeroides, and various species of Flavobacterium (Weeks
et al. 1973; Koyama et al. 1974; Glaeser and Klug 2005). Lack of light-inducibility therefore
does not rule out the photoprotective function of the carotenoids within Arthrobacter sp.
NamB2 (Eisenstark 1998; Matallana-Surget and Wattiez 2013).

3.4.1.1 Limitations of the Light Inducibility Investigation

3.4.1.1.1 Light Emission Spectra

Irradiation wavelengths used in studies of light-inducibility are important to consider, as light-
responsive regulators often display exclusive activities within specific wavelength ranges
(Nitzan and Kauffman 1999; Bjorn 2015b; Protti et al. 2019; Kotilainen et al. 2020). For
example, both LitR and CrtR regulators are responsive to blue light (400 — 460 nm) but not red
light (600 — 700 nm) (Takano et al. 2005; Takano et al. 2015; Sumi et al. 2019). Conversely, the
bacteriophytochrome of D. radiodurans relies on red light for its induction of carotenoid
synthesis (Davis et al. 1999; Wagner et al. 2008; Kaminski et al. 2009; Battocchio et al. 2020).
To ensure light inducibility is detected, a broad wavelength light source should thus be used to

ensure regulator stimulation.

Here, a white LED bulb was used for irradiation. While the emission spectrum of this bulb was
not measured, analogous OSRAM white LED bulbs are known to produce emission spectra
with responses peaking at 450 nm, but maintaining a high intensity across the entire visible
region (Abdel-Rahman et al. 2017; Kim et al. 2018; Tosini et al. 2016). Successful light-
inducibility studies with LitR and CrtR consistently use low-intensity light from fluorescent
bulbs, which produce unequal emission spectra with strong responses at 400 — 500 nm, followed
by a series of discrete, high intensity peaks at 550 and 630 nm, and minimal emission towards
700 nm (Takano et al. 2005; Chignell et al. 2008; Takano et al. 2011; Takano et al. 2015;
Abdel-Rahman et al. 2017; Retzlaff et al. 2017; Sumi et al. 2019; Tosini et al. 2016). The
restricted nature of the emission spectra from fluorescent bulbs, combined with their tacit
suitability for stimulation of light-responses in recently published papers, suggests that the

stronger and wider spectral emission as provided by the LED bulb employed in this study
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should be sufficient to stimulate responses reliant on visible-spectrum wavelengths. Direct
measurement of the spectral emission of the lamp used here at the level of the cells via
spectrometer would ensure the wavelength ranges to which the cells are exposed are correct, as
opposed to the reliance on secondary sources (Chignell et al. 2008; Abdel-Rahman et al. 2017).
Furthermore, the use of known light-inducible carotenogenic organisms as controls (i.e. C.
glutamicum AJ1511 or S. coelicolor A3(2)) grown under the same conditions as Arthrobacter
sp. NamB2 would have confirmed the emission spectra here as valid in light-inducible regulator

stimulatory capacity (Takano 2016).

3.4.2 Presence of Candidate Light-Responsive Carotenoid Regulators in

Arthrobacter sp. NamB2

Arthrobacter sp. NamB2’s genome assembly was investigated for the presence of genes
encoding proteins similar to CrtR, LitR and the D. radiodurans bacteriophytochrome — known
light-responsive carotenogenesis regulators from non-phototrophic bacteria. This was used to
determine whether there was any genetic basis for light-responsive carotenogenesis within
Arthrobacter sp. NamB2. While a number of proteins producing significant alignments with
these known regulators were identified via BLASTp analyses, protein similarities were
generally low (30 — 40 %), and genomic context of their encoding genes relative to the putative
carotenoid genes of Arthrobacter sp. NamB2 did not support their role in the regulation of
carotenogenesis (Takano, Beppu, et al. 2006; van der Horst et al. 2007). Furthermore, specific
protein alignments demonstrated several of the candidate proteins lacked important conserved
domains of the light-responsive carotenoid regulators, suggesting they differ in function or

regulons.

3.4.2.1 Dismissal of Candidate Regulator Proteins

The CtrR candidate proteins identified within Arthrobacter sp. NamB2 appeared to belong to
the MarR family of regulators, the same regulatory protein family containing CrtR (Sumi et al.
2019). This was concluded from the uniform conservation of the MarR-family DNA-binding
wHTH fold within these candidate proteins, suggesting that these proteins were capable of
transcriptional regulation consistent with the MarR-family (Deochand and Grove 2017). As
proteins of the MarR regulatory family are known to control a variety of stress responses, their
presence did not imply that these candidate genes were related to the control of carotenoid

biosynthesis (Panina et al. 2003; Guerra et al. 2011; Deochand and Grove 2017). MarR-family
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regulators are known to exclusively regulate genes within the immediate proximity of their
encoding genes (Alekshun et al. 2001; Wilkinson and Grove 2006; Perera and Grove 2010;
Deochand and Grove 2017). The genes encoding the candidate CrtR homologs were not
proximal to the putative carotenoid biosynthesis genes of Arthrobacter sp. NamB2 on the
genome, but instead clustered with genes well-characterised as being under MarR regulation in
bacterial stress response pathways unrelated to carotenogenesis, such as those encoding ABC-
transporters and MMPL-fold proteins (Panina et al. 2003; Ballal and Manna 2010; Guerra et al.
2011; Hillion and Antelmann 2015; Deochand and Grove 2017; Colson et al. 2020). Therefore,
the candidate proteins identified were likely MarR-family regulators controlling the expression
of these latter genes, and were thus unrelated to light-inducibility of carotenoid biosynthesis
(Panina et al. 2003; Ballal and Manna 2010; Guerra et al. 2011; Hillion and Antelmann 2015;
Deochand and Grove 2017; Colson et al. 2020).

Consequently, the CrtR candidate proteins of Arthrobacter sp. NamB2 were likely identified as
CrtR homologs on the basis of the common presence of the MarR-family DNA-binding domain.
Genome positions of genes encoding these homologues suggested their regulons as unrelated to
those involved in carotenoid biosynthesis. These proteins were thus dismissed from relevance to

light-responsive carotenoid production in Arthrobacter sp. NamB2.

The LitR candidate proteins of Arthrobacter sp. NamB2 are likely members of the MerR family
of transcriptional regulators, the same regulator-protein family as LitR (Takano 2016). MerR-
family regulators all possess a highly conserved N-terminal helix-turn-helix (HTH) domain
which is used to facilitate DNA-binding, a domain which was similarly identified in the
candidate LitR proteins of Arthrobacter sp. NamB2 (Brown et al. 2003; Hobman 2007; Ortiz-
Guerrero et al. 2011). However, the alignment between the candidate LitR protein sequences of
Arthrobacter sp. NamB2 and the substrate/ AdoB12-binding domain of LitR was weak (Figure
3.6) and Arthrobacter sp. NamB2 homologues further lacked a number of conserved motifs
known to be required for AdoB12-binding (Takano et al. 2016). As it is the C-terminal,
AdoB12-binding domain which is distinctive of LitR regulators, and is required for LitR to
exert a light-response, its absence from the Arthrobacter sp. NamB2 candidate proteins
indicates they lack light-responsive activity, and are thus likely unrelated to LitR (Takano,
Beppu, et al. 2006; Sjuts et al. 2013; Takano 2016; Takano et al. 2016). Further, the genes
encoding these candidate proteins did not cluster with carotenoid genes (as required for MerR
regulatory action), and instead clustered with carboxylase and heat-shock protein genes, genes

that are known to be under MerR-regulation in other bacterial stress-response pathways (Yura et
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al. 1993; Baranova et al. 1999; Brown et al. 2003; Harrison 2003; Maleki et al. 2016; Roncarati
and Scarlato 2017; Sumi et al. 2018).

As such, the LitR-homologues identified within Arthrobacter sp. NamB2 were likely MerR
regulators unrelated to light-mediated regulation of carotenoid genes. This was concluded on the
basis of their poor-alignment with LitR’s light-responsive substrate-binding domain, and
absence of genomic clustering with suspected carotenoid genes, as is required for LitR

regulators (Takano 2016).

Bacteriophytochrome proteins all possess an N-terminal photosensory core, containing multiple
conserved regions required to bind the light-responsive chromophore and confer light-
responsive activity (Bhoo et al. 2001). For signal transmission following light-absorption,
bacteriophytochrome proteins utilise a C-terminal, two-component histidine-kinase (HK)
system (Bhoo et al. 2001; Wagner et al. 2008; Cheung and Hendrickson 2010; Bjorling et al.
2016; Battocchio et al. 2020). The D. radiodurans bacteriophytochrome adheres to this
structure, containing a series of light-responsive conserved domains within its N-terminal
photosensory core, and a C-terminal HK domain (Wagner et al. 2008; Burgie et al. 2016;
Multaméki et al. 2020). Alignments between the D. radiodurans bacteriophytochrome and
Arthrobacter sp. NamB2 candidate proteins almost exclusively occurred over the C-terminal
region, and corresponded only to the HK domain of the bacteriophytochrome (Davis et al. 1999;
Yoon et al. 2008). These candidate proteins of Arthrobacter sp. NamB2 were thus likely
identified as homologues of the D. radiodurans bacteriophytochrome on account of their HK
domain. However, as they evidently lack the photosensory domains of bacteriophytochromes,
they are incapable of similar light-responsive activity. This suggests that these proteins were not
bacteriophytochromes, but simply other HK-utilising proteins (Bhoo et al. 2001; Cheung and
Hendrickson 2010; Auldridge and Forest 2011). Histidine kinase domains are common within
bacterial proteins involved in cellular signalling, including proteins which mediate chemotaxis,
temperature responses and redox-sensors, of which bacteriophytochromes are only a subclass
(Albanesi et al. 2009; Bogel et al. 2009; Kirby 2009; Cheung and Hendrickson 2010).

As such, Arthrobacter sp. NamB2 does not appear to produce a bacteriophytochrome, thus
consequently lacks a comparable light-responsive carotenogenesis system to that of D.

radiodurans.
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3.4.2.2 Arthrobacter sp. NamB2 Lacks Known Light-Induced Carotenoid

Regulators

Arthrobacter sp. NamB2 did not possess relevant homologues to known light-responsive
carotenogenesis regulators from other non-phototrophic bacteria. These findings reinforced the
negative conclusions of the light-inducibility assays, and were unsurprising given the rarity of
these regulatory systems in non-phototrophic soil bacteria (Takano, Asker, et al. 2006; Takano
2016).

Most soil bacteria produce carotenoids constitutively (Takano, Asker, et al. 2006). This is
attributed to the instability of transcriptional regulators of carotenogenesis within bacteria
(Kriigel et al. 1999; Lee et al. 2001; Takano 2016). The loss of carotenoid regulatory genes is
well-reported, particularly in regards to light-inducible carotenogenesis regulators. In
Actinobacteria, light-responsive carotenogenesis is unstable, with organisms such as
Streptomyces losing these regulatory systems at high frequencies (Kato et al. 1995; Kriigel et al.
1999; Takano 2016). This loss has been attributed to the localisation of carotenoid-regulatory
genes in low-conservation regions of the genome (Lee et al. 2001). Indeed, the study of
Phadwal (2005), modelling the evolution and conservation of carotenoid genes, demonstrated
that carotenoid regulatory genes (including those mediating light-responses) present poor
conservation, and high rates of non-synonymous mutation. This poor conservation, combined
with the frequent disruptive horizontal-transfer of carotenoid genes occurring throughout their
dissemination and evolution, means the loss of light-responsive carotenoid regulators is a

relatively unsurprising phenomenon (Phadwal 2005; Klassen 2010; Takano 2016).

As such, the lack of light-responsive carotenoid regulators within the genome of Arthrobacter
sp. NamB2 was not unexpected here, considering the low prevalence of these systems within
characterised bacteria, and their instability in genomic maintenance. These findings supported
those of the light-inducibility assays, and further reinforced the lack of light-responsive

carotenogenesis within Arthrobacter sp. NamB2.
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3.4.3 Limitations of Genetic Analysis

3.4.3.1 The Carotenogenesis Gene Cluster is Unproven

Dismissal of the candidate regulator proteins for LitR and CrtR in this analysis was based
partially on the lack of proximity between their encoding genes and the carotenoid biosynthesis
gene cluster of Arthrobacter sp. NamB2. However, this carotenoid gene cluster has not been
functionally demonstrated, but was rather inferred based on comparisons to the gene cluster of
A. agilis strain L77, which itself is unproven, and was in turn identified on the basis of gene
orthology to Micrococcus luteus (1i et al. 2019). Until the location and function of the
carotenogenesis genes within Arthrobacter sp. NamB?2 are confirmed, these candidate
carotenoid regulators cannot be completely dismissed, as their proximity to the carotenogenesis
genes is uncertain certain. Confirmation of this gene cluster in Arthrobacter sp. NamB2 as
carotenogenic would require functional demonstrations of the role of each individual gene in
carotenoid biosynthesis. This could be achieved similarly to prior studies demonstrating
carotenogenic pathways through individual gene knockouts, followed by subsequent
biochemical characterisations of changes in the overall carotenoid complement (Krubasik et al.
2001; Yang et al. 2015). Demonstrating the position of carotenoid genes within Arthrobacter sp.
NamB2 would strengthen the conclusions drawn here regarding their proximity to regulatory

genes.

3.4.4 Future Directions of Study

3.4.4.1 Transcriptional Analyses

This chapter concluded on the nature of light-responsive carotenogenesis in Arthrobacter sp.
NamB2 by examining evidence of the expected end-product of this phenomenon (quantitative
shifts in total pigment content) as opposed to its specific mechanism. As light-responsive
carotenogenesis is a transcriptional response, this study may have been made more
comprehensive through examining changes in the expression of carotenoid biosynthetic genes
following light-exposure (Takano et al. 2015; Sumi et al. 2019). Quantitative reverse
transcription polymerase chain reaction (RT-qPCR) could be used to examine the upregulation
of carotenoid genes upon exposure of Arthrobacter sp. NamB2 to irradiation, as has been

performed by other studies within the field (Takano et al. 2005; Takano et al. 2011; Sumi et al.
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2018). Such analyses would be constrained by lack of specific knowledge of carotenoid genes in
Arthrobacter sp. NamB2 as outlined above since genes mediating carotenogenesis have not
been explicitly demonstrated within Arthrobacter. Examinations using RT-qPCR would thus
either require the assumption that the carotenogenesis gene cluster identified here is correct or
would necessitate functional demonstrations (as per Section 3.4.3.1) prior to transcriptional

analyses of this nature.

Phytoene desaturase would be of particular interest in transcriptional analyses here. Phytoene
desaturase (encoded by the gene crtl), catalyses the conversion of phytoene to lycopene, the first
committed step of bacterial carotenogenesis (Moise et al. 2014). The importance of this gene in
carotenoid biosynthesis means it is tightly regulated, and thus a common target of light-
inducible repressors (Moise et al. 2014; Llorente 2016). Indeed, the light-responsive regulatory
systems of organisms such as C. glutamicum and B. megaterium act directly upon the crt/
promoter, with 5 — 45 fold increases in crtl expression occurring upon exposure of these
organisms to light (Sandmann 1995; Takano et al. 2015; Avalos et al. 2017; Sumi et al. 2019;
Marente et al. 2020). Consequently, crt/ would serve as an important starting point in the

examination of Arthrobacter sp. NamB2’s potential genetic light inducibility.

3.4.4.2 Light-Responsive Shifts in Pigment Composition

The analysis of light-responsive carotenogenesis presented here was limited to comparisons of
the total pigment content produced by cultures irradiated at differing PAR intensities, consistent
with recent studies within this field. However, further physiological information may have been

provided by examining the specific pigment complements of these cultures.

Environmentally responsive carotenogenesis occurs as an adaptation to physiological stress, and
can involve shifts in pigment composition as opposed to quantitative changes in total carotenoid
content (Chattopadhyay and Jagannadham 2001). For example, the pigment complement of K.
rosea shifts to favour higher proportions of glycosidic bacterioruberins when moved from
growth at 20 to 5 °C, while Sphingobacterium antarcticus shifts from production of a diverse
pigment complement to almost exclusively zeaxanthin under the same conditions, both
phenomena being linked to the strong membrane-stabilising capacity of the carotenoids induced
under these reduced temperatures (Jagannadham et al. 1991; Chattopadhyay et al. 1997;
Jagannadham et al. 2000). While light-responsive shifts in carotenoid compositions are lacking

study, there is some precedence, with Dunaliella bardawil producing a carotenoid composition
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when exposed to UVA/visible light irradiation different from those of dark grown cells, and
which possesses a stronger absorbance within the 350 — 400 nm wavelength region (Jahnke
1999; Battocchio et al. 2020). This response is attributed to the UVA screening potential of
these induced carotenoids, and is considered a direct physiological adaptation to irradiation
(Jahnke 1999; Battocchio et al. 2020). Modelling these shifts in carotenoid composition can thus

be informative to physiological adaptive roles of carotenoids.

The limited resolution of UV-visible spectroscopy applied here was insufficient to draw
conclusions regarding shifts in carotenoid compositions which may have accompanied the
growth of Arthrobacter sp. NamB2 under differing light conditions (Britton et al. 1995b; Kopec
et al. 2012). While outside of the scope of the current study, it may be physiologically
informative to examine any shift in the composition of the carotenoid complement of
Arthrobacter sp. NamB2 induced by variable light conditions. Such analyses would explore
physiologically-relevant light-responsive carotenoid biosynthesis outside of quantitative shifts
in total carotenoid content. Similarly to Chapter 2, these analyses would require the directed
separation/analysis of the pigment complement of Arthrobacter sp. NamB2 grown under
differing illuminance conditions via the employ of HPLC, with subsequent structural
elucidation of carotenoid identities through mass-spectrometry, alongside quantifications of the
abundance of each individual carotenoid species as a proportion of the overall complement

(Kopec et al. 2012).

3.4.4.3 Photoprotective Capacity and UV

Protective roles of pigments against irradiation at a particular wavelength may be partially
supported through biosynthetic inducibility at that wavelength (Cockell and Knowland 1999).
As the pigmentation of Arthrobacter sp. NamB2 is speculated elsewhere in this thesis to provide
protection from UV-irradiation, investigations of its UV-inducibility may be valuable to support
this protective function. Prior studies have demonstrated carotenoid production in direct
response to UV-irradiation in algae and archaea, with D. bardawil known to accumulate higher
concentrations of carotenoids under UVA, and Sulfolobus solfataricus and Sulfolobus
acidocaldarius demonstrating short-term, two-fold upregulation of carotenoid genes in response
to UVC (Grogan 1989; Jahnke 1999; G6tz et al. 2007; Lao et al. 2011). Specific UV
investigations here were precluded by the lack of availability of closed-growth vessels allowing
full UV-spectrum penetration over accepted multi-day periods of carotenogenesis induction,

without stimulating contamination (Jahnke 1999; Libkind et al. 2004). Examining the potential
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for induction of carotenogenesis by wavelengths below 400 nm in Arthrobacter sp. NamB2 may

further aide in understanding the photoprotective inducibility of its pigmentation.

3.5 Conclusions and Next Steps

Photoinducibility of carotenogenesis suggests the use of carotenoids as photoprotectants in non-
phototrophic bacteria (Browning et al. 2003; Purcell and Crosson 2008). To investigate the
hypothesised photoprotective function of carotenoids in Arthrobacter sp. NamB2, this chapter

examined evidence of photoinducibility in the biosynthesis of its carotenoid pigmentation.

The results presented within this chapter indicate that carotenogenesis is not light-induced
within Arthrobacter sp. NamB?2 at the light intensities examined. This was determined through
the lack of significant differences observed between the total carotenoid content produced by
Arthrobacter sp. NamB2 cultures grown under light conditions known to induce
carotenogenesis in related organisms. Genomic investigations of Arthrobacter sp. NamB2
further concluded it lacked equivalent regulators to those known in other organisms to control
light-responsive carotenogenesis, reinforcing the absence of light-inducible pigmentation
observed. These findings were unsurprising given comparisons to other studies within the
genus, and the overall prevalence of light-responsive carotenogenesis in soil bacteria (van der
Horst et al. 2007; Takano et al. 2016; Tescari et al. 2018; Sumi et al. 2019). As discussed, light-
responsive carotenogenesis is poorly explored within both the genus Arthrobacter and within
edaphic desert bacteria, and this study thus provides novel contributions to our understanding of
this phenomenon within these organisms. While this study also represents (to the author’s
knowledge) the first characterisation of light-inducibility of carotenoid production in a non-
phototrophic desert organism, it was insufficient in scope to constitute a meaningful analysis of

the prevalence of this phenomenon within the desert environment.

While light-responsive carotenogenesis does support the photoprotective function of
carotenoids, its absence does not rule out this as a function of Arthrobacter sp. NamB2’s
pigmentation. As noted, a variety of organisms which utilise carotenoids as PAR or UV
protectants (including those specifically reliant on bacterioruberin) produce carotenoids
constitutively. As such, the contribution of pigmentation in Arthrobacter sp. NamB2 to its
irradiance-resistome is still worthy of investigation. The protective function of this pigmentation

against UV-irradiation is examined further in Chapter 4.
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Chapter 4 Contribution of Pigmentation to the Ultraviolet-Resistome

of Arthrobacter sp. NamB2

4.1 Introduction

4.1.1 Desert Solar Irradiation and Carotenoid Protection

As deserts are subject to biologically stressful irradiance, the persistence of their indigenous
bacteria is strongly determined by their ability to avoid or mitigate radiation damage (Cary et al.
2010; Cowan et al. 2011; Chan et al. 2012; Meslier et al. 2018). Consequently, solar irradiation
significantly influences the composition and distribution of desert edaphic bacterial
communities (Cary et al. 2010; Cowan et al. 2011; Di Capua et al. 2011; Chan et al. 2012;
Fernandez-Zenoff et al. 2014). Furthermore, the UV-tolerance and complexity of irradiation
resistomes is consistently greater in bacteria isolated from desert environments than those of
more temperate conditions, resulting from the selection exerted by solar-irradiation for the
development of such robust survival systems (Dsouza et al. 2015; Albarracin et al. 2016;
Pavlopoulou et al. 2016). Amongst the solar-protective mechanisms of these irradiated
organisms, carotenoid pigments are frequently emphasised (Albarracin et al. 2016; Pavlopoulou
et al. 2016).

Carotenoid pigmentation contributes significantly to the irradiation-resistomes of bacteria from
regions of high solar insolation. These include the pigment complements of bacteria from high-
altitude Andean lakes, and soils of the Gobi, Antarctic and Atacama Deserts (Dieser et al. 2010;
Yuan et al. 2012; Paulino-Lima et al. 2013; Fernandez-Zenoff et al. 2014; Reis-Mansur et al.
2019; Silva et al. 2019; Flores et al. 2020). As discussed in Section 1.3.5, carotenoid-mediated
protection from irradiation largely relies on their ability to quench the intracellular ROS
generated by particular irradiation wavelengths through their antioxidant activity (Sandmann
2019). However, despite the widely reported importance of carotenoids to the irradiation
resistomes of desert bacteria, there are limited studies which specifically demonstrate the
protective roles carotenoids serve in these bacteria through comparisons of pigmented and
unpigmented cultures. Specific demonstrations of carotenoid photoprotection are thus needed to
better understand the multifaceted resistomes these organisms use to persist in regions of

biologically extreme solar irradiation (Pavlopoulou et al. 2016).
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Given its isolation from high-irradiance Namib Desert soils and production of carotenoid
pigmentation (Chapter 2), Arthrobacter sp. NamB2 presents a valuable model in which to
study the specific contributions of carotenoids to the irradiation-resistomes of desert bacteria.
Arthrobacter sp. NamB2 presents a well-developed and multifaceted UV-resistome, and a high
tolerance to UV-irradiation (Section 1.3.9) (Buckley 2020). The pigmentation of this organism
has only been casually connected to its UV-tolerance previously, in line with findings from
limited studies of other pink pigmented Arthrobacter (Buckley 2020). Exploring the specific
contribution of carotenoid pigmentation to the UV-tolerance of Arthrobacter sp. NamB?2 is thus
valuable both to further characterise the multifaceted systems of UV-tolerance employed by this

organism, and to support carotenoids as important to the resistomes of edaphic desert bacteria.

4.1.2 Investigations of Carotenoid Photoprotection

Survival comparisons between pigmented and unpigmented cultures of the same organism is the
accepted method of demonstrating photoprotective functions of an organism’s carotenoids (Tian
et al. 2007; Tian et al. 2009; Pezzoni et al. 2011). Indeed, survival comparisons between
pigmented and unpigmented Mycobacterium spp., K. rosea, Haloarchaea spp. and D.
radiodurans under irradiation have been used to conclude on the specific protective roles of
their pigments (Dundas and Larsen 1963; Burchard and Dworkin 1966; Mathews-Roth and
Krinsky 1970; Mattimore and Battista 1996; Shahmohammadi et al. 1997; Tian et al. 2007,
Pezzoni et al. 2011). Comparisons between cultures of the same species provides consistency in
organismal DNA repair pathways and irradiation-susceptibilities, allowing differences in

survival to be specifically attributed to the presence of carotenoids (Sandmann 2019).

To obtain unpigmented cultures of a carotenogenic organism for these survival comparisons, the
production of carotenoids must be prevented. While carotenoid deprivation can be achieved
through gene knockouts or random mutation, application of the carotenogenesis inhibitor
diphenylamine (DPA) is more common (Shahmohammadi et al. 1997; Tian et al. 2007).
Diphenylamine is a competitive inhibitor of the bacterial phytoene desaturase enzyme (Crtl), the
enzyme responsible for introduction of double bonds into colourless phytoene (3 c.d.b) to
generate the first coloured carotenoid, lycopene (11 c.d.b) (Raisig and Sandmann 2001; Tang et
al. 2019). As lycopene is the precursor for most bacterial carotenoid biosynthetic pathways, Crtl
inhibition typically prevents the biosynthesis of coloured carotenoids (Moise et al. 2014; Liang
et al. 2018; Tang et al. 2019). Growth of bacteria in the presence of DPA has thus been widely

used to generate unpigmented cultures for survival comparisons with pigmented cultures under
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irradiation (Mathews 1963; Burchard and Dworkin 1966; Hescox and Carlberg 1972; Pezzoni et
al. 2011).

As discussed in Section 1.3.5, carotenoids exert cellular irradiation protection through ROS-
quenching, providing no protection from irradiation which stimulates direct DNA or protein
damage (Goosen and Moolenaar 2008; Jones and Baxter 2017; Sandmann 2019). However,
some carotenoids have been attributed the ability to directly screen UV, absorbing and
dissipating incident energy which may otherwise stimulate cell damage (Krinsky 1978; Cockell
and Knowland 1999; Stafsnes et al. 2010). This would allow these carotenoids to exert a
protective effect independent of antioxidant action, and may allow them confer cellular
protection from the direct DNA damage of UVB or UVC. While this role is speculated for a
number of bacterial carotenoids, specific demonstrations of protective UV-screening by
carotenoids is rare (Cockell and Knowland 1999; Dieser et al. 2010; Stafsnes et al. 2010; Perez-
Fons et al. 2011; Mohana et al. 2013). Demonstrating a pigment as capable of UV-screening
relies on a number of criteria, most importantly its high absorbance at relevant screening
wavelengths (Cockell and Knowland 1999). This property may be identified via examination of
the UV-visible scanning spectra of the pigment for the presence of pronounced, high-intensity
absorbance peaks at the speculated screening wavelengths (Cockell and Knowland 1999;
Solovchenko and Merzlyak 2008; Stafsnes et al. 2010). Screening of incident UV-irradiation by

carotenoids would contribute to the bacterial UV-resistome, thus is worthy of investigation.

4.1.3 Carotenoid Photoprotection in Arthrobacter

Carotenoid pigmentation in Arthrobacter has previously been speculated to provide UV-
tolerance, but lacks demonstration (Section 1.3.8.2). Carotenogenic Arthrobacter are commonly
recovered from high-irradiance environments including Sonoran and Antarctic Desert soils, and
have demonstrated notable UV-resistance compared to co-isolated, unpigmented bacteria of
different species (Fong et al. 2001; Reddy et al. 2002; Dieser et al. 2010; Ii et al. 2019; Silva et
al. 2019; Sajjad et al. 2020). While carotenoids are commonly speculated as a component of
Arthrobacter’s UV-resistome, no study has yet presented comparisons of UV-tolerance between
pigmented and unpigmented cultures of the same species, as is required to demonstrate this

function.

Carotenoid pigmentation is considered significant to the irradiation resistomes of edaphic

bacteria from deserts of analogous irradiation-intensity to the Namib, and the production of the
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carotenoid bacterioruberin by Arthrobacter sp. NamB2 suggests a similar importance of
carotenoids to its UV-resistance (Dieser et al. 2010; Yuan et al. 2012; Paulino-Lima et al. 2013;
Fernandez-Zenoff et al. 2014; Reis-Mansur et al. 2019; Silva et al. 2019; Flores et al. 2020).
Furthermore, bacterioruberin has previously demonstrated protection of Haloarchaea from both
PAR-stimulated ROS damage alongside UVC-mediated DNA damage, conflicting known
limitations of carotenoid-mediated photoprotection, and suggesting its production by
Arthrobacter sp. NamB2 may a present a significant UV-protective capacity (Shahmohammadi

et al. 1997; Shahmohammadi et al. 1998; Jones and Baxter 2017).

As such, this chapter sought to characterise the contribution of the carotenoid pigmentation of
Arthrobacter sp. NamB2 to its UV-resistome. The capacity of the pigment to provide protective
screening against UV was investigated by examining its absorbance within the UV-region of the
spectrum for the presence of pigment-specific, high-intensity absorption peaks conducive to
screening. To determine within which waveband(s) the pigment was capable of providing a
protective effect, the survival of pigmented and unpigmented cultures of Arthrobacter sp.
NamB2 were compared under UVA (365 nm), UVB (302 nm) and UVC (254 nm) irradiation.
Irradiation with UVA was used to examine the protective capacity of the pigment against
photodynamic damage, in line with known functions of carotenoids. Irradiation with UVB was
tested at a range of dosages to examine the protection provided by the pigment against the
dosage dependent UVB-stimulated ROS and DNA damage. Irradiation with UVC was used to
examine whether the pigment was capable of mitigating direct DNA damage, as reported by

some prior studies of bacterioruberin (Jones and Baxter 2017).
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4.2 Methods

4.2.1 Diphenylamine Treatment and Pigment Inhibition

Survival comparisons between pigmented and unpigmented cultures of Arthrobacter sp. NamB2
under UV-irradiation required the generation of unpigmented cultures. To obtain unpigmented

cultures, Arthrobacter sp. NamB2 was grown in the presence of the carotenogenesis inhibitor

DPA.

Preliminary experiments were performed to verify the ability of DPA to inhibit pigment
production in Arthrobacter sp. NamB2 without influencing cell growth. Pigment inhibition was
explored by comparing the total pigment content of cultures grown in the presence of DPA to
those of control cultures. Furthermore, as DPA-treatment in excess concentrations inhibits cell
growth, and inhibition of cell growth in unpigmented cultures would confound fair comparisons
to pigmented cultures under subsequent irradiation-survival assays, DPA-mediated influences
upon cell growth were examined by comparing the cell dry mass of DPA-treated and untreated
cultures. Comparisons of cell dry mass is a quantification commonly applied in the study of
DPA-mediated cellular inhibition (Fan et al. 1995; Chumpolkulwong et al. 1997; Perez-Fons et
al. 2011; Wang et al. 2016).

4.2.1.1 Cell Growth and Preparation of the Diphenylamine Inhibitor

For cell revival, 200 pL of one glycerol stock of Arthrobacter sp. NamB2 was inoculated onto
nutrient agar via spread plate and grown at 20 °C for 72 hours. Following growth, the bacterial
lawn was reverse spread plated from the nutrient agar plate through addition of 5.0 mL of
nutrient broth to the plate, and scraping colonies from the agar’s surface into the broth
suspension using a plastic spreader. This broth culture was recovered, adjusted to an ODego of
0.5 using nutrient broth, and used to inoculate a total of nine customised nutrient agar plates via

spread plate (100 puL per plate) for examinations of DPA-inhibition.

Three of these nine plates were prepared from 20 mL of nutrient agar with 143 pL added DPA
solution (in ethanol (EtOH) solvent). A 0.0143 M DPA solution was prepared via dissolution of
0.005 g of solid DPA in 2.0 mL of > 99.9 % EtOH, and filter sterilised by passing the solution

through a 0.20 pum filter before addition to the cooling nutrient agar, to yield a final
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concentration of 100 uM within the nutrient agar. Three plates were prepared with 20 mL each
of standard nutrient agar without modification, and three plates were prepared through addition
of 143 pL of > 99.9 % EtOH to 20 mL aliquots of nutrient agar prior to pouring, These latter

control plates were employed to rule out influences of the EtOH solvent, used in preparation of
the DPA solution, on cellular pigmentation or growth. Following inoculation, these plates were

incubated at 20 °C for 72 hours prior to pigment extraction and determination of cell dry mass.

4.2.1.2 Pigmentation and Cell Mass Quantification

To investigate the influence of DPA treatment on pigment production by Arthrobacter sp.
NamB2, the total pigment content of cultures grown on unmodified nutrient agar plates
(Control), and those with added DPA solution (+DPA) or EtOH (+EtOH) was quantified and
compared. The cell dry mass recovered from each of these cultures was similarly recorded and

compared to detect cellular inhibition arising from DPA-treatment.

Following 72 hours of growth, the bacterial cultures were harvested from each of the nine plates
and their dry cell masses determined using the harvesting method for dry cell pellets as
described in Section 3.2.1.1. The total carotenoid pigmentation was extracted from these cell
pellets using the method described in Section 3.2.1.2. For pigment quantification, UV-visible

spectra were prepared for each pigment extract as outlined under Section 3.2.1.2.

The carotenoid content (mg) of each replicate culture grown in each condition (Control, +EtOH,
+DPA) was calculated from their absorbance values at Ama using the standard calculation for
total carotenoid content as displayed in Equation 3.1 of Chapter 3, with an extinction
coefficient of 2,500 M™'cm™ for total carotenoid mixtures (Liaaen-Jensen and Jensen 1971;
Flores et al. 2020). Using the dry weight of cells from which the pigment was extracted, the
total pigment content of each culture in milligrams of carotenoids per gram of cell dry mass
(henceforth ‘pigment content”) was determined, to ease comparisons of total carotenoid

production between cultures.
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4.2.1.3 Statistical Analysis

To examine if the DPA treatment significantly influenced carotenoid production, the total
pigment content of cultures grown on control, +EtOH and +DPA plates were compared for

evidence of a statistically-meaningful difference.

The pigment content of +DPA cultures could not be calculated as their methanolic extracts did
not produce carotenoid absorption spectra — indicating a total loss of carotenoid production by
DPA-treated cells (see Results Section 4.3.1). As such, only the pigment content of +EtOH and
control cultures could be calculated and compared here. This comparison was used to rule out
any inhibition of pigment production in +DPA cultures which was attributable to the EtOH
solvent used in preparation of DPA solutions. Evidence of a significant differences in the mean
pigment content of control and +EtOH cultures was examined via a two-sided, two-sample
Student’s t-test. The normality of pigment content distributions from cultures grown under each

condition was verified using Shapiro-Wilks testing in R (R Core Team 2020).

The impact of DPA treatment on cellular growth was analysed by comparing the mean
differences in cell pellet dry weights of control, +DPA and +EtOH cultures using ANOVA with
subsequent Tukey’s-HSD post-hoc analysis. The normality in distributions of cell pellet dry
mass obtained from cultures within each condition were verified using Shapiro-Wilks testing in

R (R Core Team 2020).

As presented later in this chapter, these preliminary studies concluded that DPA inhibited
pigment production in Arthrobacter sp. NamB2 without influencing cell growth (Section 4.3.1).
Treatment with the DPA-inhibitor was thus suitable for generation of unpigmented cultures for

subsequent investigations of pigment-mediated UV-protection in Arthrobacter sp. NamB2.

4.2.2 Examination of Pigment UV-Screening

To characterise the contribution of pigmentation to Arthrobacter sp. NamB2’s UV resistance,
the pigment’s capacity to screen UV-irradiation (particularly at wavelengths tested in
subsequent UV-survival assays) was first investigated. Examination of the UV-visible spectrum
of the pigment across the 200 — 800 nm waveband was used to determine if the pigment was

capable of UV screening. The spectra produced by the pink methanolic pigment extracts of
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pigmented cells were compared to those produced from unpigmented cultures for evidence of

pigment-specific UV-absorption.

Triplicate pigmented and unpigmented cultures of Arthrobacter sp. NamB2 were prepared for
subsequent pigment extraction and UV-visible spectroscopy. Revival of Arthrobacter sp.
NamB2 from glycerol stock, and adjustment of the revival culture to an ODggo of 0.5 was
carried out as described in Section 4.2.1.1. Aliquots of 100 uL of this revival culture were used
to spread inoculate (in triplicate) unmodified nutrient agar plates, or those possessing DPA at a
concentration of 100 uM, prepared as described under Section 4.2.1.1. Cells were grown on
these plates at 20 °C for 72 hours prior to pigment-extraction. Pigment extraction from these

cultures was performed as per the method described in Section 4.2.1.2.

Confounding cellular particulates were removed from the methanolic extracts of pigmented and
unpigmented cultures by passing these extracts through a 0.20 um filter. Each purified extract
was aliquoted directly into a quartz cuvette (Starna Scientific, Illford, England) for full UV-
spectrum penetration. A UV-visible scanning spectrum was produced for each extract in
methanol from 200 — 800 nm using an Ultrospec 7000 UV-visible spectrophotometer (Cytiva,
USA), with > 99.9 9% HPLC-grade methanol (also prepared within a quartz cuvette) as a blank.

4.2.3 Survival Assays under Ultraviolet-Irradiation

To determine whether the pigmentation of Arthrobacter sp. NamB2 provided protection of the
cells against UV-irradiation, and within which wavebands, the survival of pigmented and

unpigmented cultures was compared under irradiation with UVA, UVB and UVC. Differences
in survival between pigmented and unpigmented UV-exposed cultures was used to characterise

the contribution of the pigment to the UV-resistome of Arthrobacter sp. NamB2.

Pigmented and unpigmented cultures of Arthrobacter sp. NamB2 were prepared for comparison
under subsequent UV-survival assays. Revival of Arthrobacter sp. NamB2 from glycerol stock,
and adjustment of the revival culture to an ODsoo of 0.5 was carried out as described in Section
4.2.1.1. . Aliquots of 100 pL from this culture were used to spread inoculate (in triplicate)
unmodified nutrient agar plates, or those possessing DPA at a concentration of 100 pM,
prepared as described under Section 4.2.1.1. Cells were grown on these plates at 20 °C for 72

hours prior to harvest for UVA, UVB or UVC exposure.
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Cultures grown on unmodified nutrient agar plates (pigmented), or those plates containing DPA
(unpigmented), were harvested via reverse spread plating through addition of 5.0 mL nutrient
broth to the plate, and scraping the colonies from the agar’s surface into the broth suspension
using a plastic spreader. Each broth culture was subsequently recovered and adjusted to an
ODsoo of 0.5 using nutrient broth. This produced triplicate, ODsoo 0.5 suspensions of pigmented
and unpigmented Arthrobacter sp. NamB2, each of which was serially diluted (1:9) in diluents
of 9.0 mL peptone water (Difco, USA) up to the 1 x 10~ dilution. Each 10 mL 1 x 10 peptone
solution was thoroughly mixed via vortex, and separated into two 5.0 mL aliquots, with one
aliquot placed into each half of an empty 90 mm split petri dish (Techno Plas, St Marys, South
Australia, Australia). One half of this plate was covered with a cardboard barrier during
irradiation to prevent UV exposure (henceforth, unexposed sample), while one half was left
open to the UV lamp, thus was UV-exposed (henceforth, exposed sample). This gave both an
exposed condition and unexposed control condition for each of triplicate cultures of pigmented
and unpigmented cells. The experimental setup of this irradiation is demonstrated on Figure

4.1.

[ UV Lamp ]

RER

[ Split Petri-Dish ]

Unexposed Exposed
Sample Sample

Figure 4.1: Experimental setup for UV-irradiation assays. Both UV-exposed and unexposed samples
were contained within an empty 90 mm split petri dish. The half of the dish containing the UV-
unexposed sample was protected from irradiation using a cardboard barrier, while the UV-exposed
sample was left open to irradiation.

Irradiation with UVA (365 nm) at an intensity of 30 W/m?, UVB (302 nm) at intensities of 6
W/m? or 11 W/m?, or UVC (254 nm) at an intensity of 1 W/m?* was provided using an 8.0 W
UVP 3UV™ Lamp (Analytik Jena, Upland, CA, USA) maintained at 3 cm (UVA), 12/15 cm

(for 6/11 W/m?* UVB, respectively), or 43 cm (UVC) above the surface of the split petri dish.
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Intensity of UV at the plate’s surface was verified using a Solarmeter® UVA Meter Model 4.0,
UVB Meter Model 6.0, or UVC Meter Model 8.0 (Solarlight Company, Glenside, PA, USA) for
UVA, UVB and UVC, respectively. During irradiation, agitation was provided to the exposed

sample using a magnetic stirrer bar operated at 350 rpm.

Cell counts were recorded for both the UV-exposed and unexposed sides of each culture
throughout the irradiation period to examine cell survival. For UVA, irradiation proceeded for a
total of 60 minutes for each sample, with survival counts performed at 0, 30, and 60 minutes.
For UVB, irradiation proceeded for a total of 5 minutes for each sample, with survival counts
performed at 0, 2.5 and 5 minutes. For UVC, irradiation proceeded for a total of 10 minutes for
each sample, with survival counts performed at 0, 5 and 10 minutes. The total UV-dosages to
which each culture was exposed under each of these irradiation times and intensities are
presented on Table 4.1, as determined through the equations of Kvam and Benner (2020) and
Silva et al. (2019).

Survival counts were performed by sampling 100 pL aliquots of the peptone solution from each
side (exposed/unexposed) of the split plate, consistently 1.5 cm in distance from the edge of the
plate, and spread plating these separately upon nutrient agar for subsequent cell counts. Each
side of the culture plate was thoroughly mixed via aspiration prior to sampling. Plates for
survival counts were incubated at 20 °C for 72 hours prior to counting. For UVC, plates were
held at ambient light (4.0 pmol m™ s™') for one hour prior to illuminated incubation to allow

photoreactivation pathways to engage.

Table 4.1: Total UV-dosages applied to exposed cultures of Arthrobacter sp. NamB2 under each
irradiance wavelength and time of irradiation.

Irradiation Intensity Irradiation Time (Minutes) Dosage (J/m?)
UVA 0 0
30 W/m? 30 54,000
60 108,000
UVB 0 0
6 W/m? 2.5 900
5 1,800
UVB 0 0
11 W/m? 2.5 1,650
5 3,300
UvC 0 0
1 W/m? 5 300
10 600
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4.2.3.1 Statistical Analysis

To examine evidence of pigment-mediated UV-protection, the survival of pigmented and
unpigmented cultures of Arthrobacter sp. NamB2 under each UV wavelength was compared,
with the unexposed samples of each used as controls. The sampling performed gave triplicate
cell counts (converted into colony forming units per millilitre (cfu/mL)) for each exposure
condition prepared (pigmented exposed, pigmented unexposed, unpigmented exposed and
unpigmented unexposed) at each time-point of UV-irradiation. Survival counts in cfu/mL for
each exposure condition at each time-point were converted into logio cfu/mL values for
subsequent statistical analyses. These logio cfu/mL values were plotted as survival curves to
examine broad trends in lethality between exposure conditions under each wavelength of UV-

irradiation.

Changes in logio cfu/mL between each time point of UV-irradiation for each exposure condition
were calculated and compared. These changes in logio cfu/mL directly reflected the lethality
exerted by UV-irradiation on each culture, thus allowed comparisons of the extent of UV-
mediated lethality between exposure conditions. These changes in logio cfu/mL between
individual time points were compared via ANOVA and subsequent Tukey’s HSD analysis to
examine evidence of significant differences in survival between different exposure conditions
under UV-irradiation. Normality of these changes in logio cfu/mL within each exposure
condition was verified using Shapiro-Wilks testing in R to ensure applicability for ANOVA

comparisons (R Core Team 2020).
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4.3 Results

4.3.1 Effects of Diphenylamine Inhibition

Arthrobacter sp. NamB2 was treated with the carotenogenesis inhibitor DPA to generate
unpigmented cultures. Cells were grown on nutrient agar containing DPA at a final
concentration of 100 uM (+DPA), unmodified nutrient agar plates (Control), or on plates
containing a controlled quantity of the EtOH solvent used in preparation of the DPA solution
(+EtOH). To verify DPA-mediated pigment inhibition, the total pigment content produced by

cultures grown in each condition was quantified via UV-visible spectroscopy and compared.

Growth in the presence of diphenylamine prevented carotenoid production by Arthrobacter sp.
NamB2. Visually, cells grown on control and +EtOH plates presented with the expected pink
pigmentation, while those grown upon +DPA plates were entirely white, suggesting total
inhibition of pigmentation. Subsequent UV-visible spectroscopy of pigment extracts from these
cultures demonstrated that those treated with DPA had lost the characteristic three-peaked
carotenoid spectrum previously associated with bacterioruberin (Figure 4.2). This indicated a
total loss of carotenoid production from DPA-treated cultures. Bacterioruberin-associated
carotenoid spectra were maintained in extracts from control and +EtOH cultures, indicating that
carotenoid synthesis was retained under these conditions. This demonstrated that DPA was

capable of inhibiting carotenoid production in Arthrobacter sp. NamB2.

Inhibition of pigment production was due to the DPA itself and not to the ethanol solvent in
which it was prepared. As the +DPA cultures did not produce carotenoid spectra, total
carotenoid quantification and comparisons from UV-visible spectroscopy could only be
performed on control and +EtOH cultures. The total pigment content determined for these
+EtOH and control cultures demonstrated a substantial overlap (Figure 4.3). Student’s t-testing
did not detect any significant differences in the mean pigment content of these treatments (p =
0.7679), indicating ethanol had no influence on pigment production by Arthrobacter sp.
NamB2. Pigment deprivation observed in DPA-treated cultures was thus specifically

attributable to the action of the DPA inhibitor itself.
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Figure 4.2: Average absorbances of triplicate UV-visible scanning spectra (350 — 800 nm) of methanolic
pigment extracts from Arthrobacter sp. NamB2 grown on unmodified nutrient agar (Control), nutrient agar
with added EtOH (+EtOH) or nutrient agar with added DPA (100 uM) in EtOH (+DPA).
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Figure 4.3: Tukey’s boxplots demonstrating the variance in pigment content between triplicate cultures
of Arthrobacter sp. NamB2 grown on unmodified nutrient agar (Control), or nutrient agar with added
EtOH (+EtOH). Letters denote compact letter display of the result of the two-sample Student’s t-test.
Boxplots annotated with the same letters are not statistically-significantly different from one another,
while those of differing letters do demonstrate significant differences (p < 0.05).

Diphenylamine can inhibit cell growth at excessive concentrations, which could negatively
influence the comparison of unpigmented to pigmented cells in subsequent UV-survival assays.
Evidence of growth inhibition arising from DPA-treatment was examined by comparing the cell

masses of DPA-treated and control cultures.
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Cell pellet dry masses obtained from triplicate cultures grown under each condition (Control,
+EtOH, +DPA) are presented on Figure 4.4, with results of Tukey-HSD analyses examining
evidence of significant differences between these pellet masses reported upon the figure. Both
+EtOH and +DPA cultures presented cell pellet dry-masses overlapping those of the control,
and Tukey-HSD post-hoc testing similarly confirmed no growth condition to produce pellet-
weights significantly different from any other, nor from control cultures. These results
confirmed that neither DPA nor EtOH treatments significantly influenced cell mass relative to
untreated control cultures at the concentrations applied. As such, DPA-treatment did not
negatively influence cell growth of Arthrobacter sp. NamB2 at the concentrations required for

pigment-deprivation.

Consequently, DPA-treatment successfully inhibited pigment production by Arthrobacter sp.
NamB2, without influencing cell growth. This DPA-treatment was thus deemed suitable in

production of unpigmented cultures for subsequent UV-survival assays.
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Figure 4.4: Tukey’s boxplots demonstrating the variance in cell dry mass between triplicate cultures of
Arthrobacter sp. NamB2 cells grown on unmodified nutrient agar (Control), nutrient agar with added
EtOH (+EtOH), or nutrient agar with 100 uM DPA in ethanol solvent (+DPA). Bold lines denote the
median cell dry mass of each condition. Letters denote compact-letter display of significance groupings
as determined via Tukey’s HSD analysis. Boxplots annotated with the same letters are not statistically-
significantly different from one another, while those of differing letters demonstrate significant
differences (p < 0.05).
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4.3.2 [Examination of Pigment UV-Screening Capacity

Strong absorbance in the UV region may indicate screening as a mechanism by which a pigment
provides protection against UV-irradiation. To examine whether the pigmentation of
Arthrobacter sp. NamB2 was likely to be capable of direct UV-screening, the absorbance of the
pigment within the UV-wavelength region was investigated. To achieve this, 200 — 800 nm UV-
visible scanning spectra were prepared for the methanolic extracts from pigmented and
unpigmented cultures of Arthrobacter sp. NamB2. Wavelengths of UV-irradiation employed in
UV-survival assays were examined within these spectra for evidence of pigment-specific

absorbance peaks of intensities that may indicate screening.

Average UV-visible scanning spectra produced from triplicate methanolic extracts of pigmented
and unpigmented cultures are presented on Figure 4.5. High-intensity absorption peaks
conducive to screening effects of the pigment were not observed in the UV-region of the
spectrum, nor at the UV-wavelengths examined in subsequent survival assays. As expected, the
carotenoid three-peaked absorption spectrum within the range of 430 — 600 nm was absent from

the spectra of unpigmented cells, as were the carotenoid cis-peaks at 369 and 386 nm.

Subtracting the average absorbance values of unpigmented cells at each wavelength from those
of pigmented cells emphasised the spectral features specific to the pigment, as presented in
Figure 4.6A, with this figure truncated to emphasise the UV-spectral region in Figure 4.6B.
While the extracts from pigmented cultures demonstrated higher average absorbances at UV
wavelengths used in the subsequent survival assays (0.122 higher at 254 nm; 0.022 at 302 nm;
0.067 at 365 nm), these absorbances were minor, and no major disparities in spectral features
(i.e. pronounced absorbance peaks) were observed between pigmented/unpigmented cells at
these wavelengths. From this, it was concluded that the pigment of Arthrobacter sp. NamB2
lacked pronounced screening capacity at these irradiance wavelengths, and thus likely did not

present a protective screening effect against incident UV-irradiation.
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Figure 4.5: Average UV-visible scanning spectra (200 — 800 nm) of methanolic extracts from triplicate
pigmented and unpigmented cultures of Arthrobacter sp. NamB2.
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Figure 4.6: Difference in the average absorbance of methanolic extracts from triplicate pigmented and
unpigmented cultures. The absorbance spectrum is presented across A: The full 200 — 800 nm scanning
range B: The 250 — 400 nm UV region. Coloured boxes denote UV-wavelengths of interest used in
subsequent irradiation assays, with UVA (black) highlighted at 365 nm, UVB (purple) highlighted at
302 nm, and UVC (red) highlighted at 254 nm.
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4.3.3 Ultraviolet Irradiation Survival-Assays

To determine the contribution of carotenoid pigmentation to the UV-resistance of Arthrobacter
sp. NamB2, the survival of pigmented and unpigmented cultures under UVA, UVB and UVC
irradiation was compared. These bacterial cultures were irradiated at a series of set intensities,
with their survival counts at specific time points (Table 4.1) determined. Four exposure
conditions were prepared (each in triplicate) for comparison under each wavelength of UV-
irradiation; pigmented cells exposed to UV irradiation (Pigmented Exposed) pigmented cells
unexposed to UV irradiation (Pigmented Unexposed) unpigmented cells exposed to UV
irradiation (Unpigmented Exposed) and unpigmented cells unexposed to UV irradiation
(Unpigmented Unexposed). Unexposed samples were those shielded via a cardboard barrier
during the irradiation period, and served as controls for each exposed condition, in which

minimal changes in cell counts (thus minimal lethality) was expected.

4.3.3.1 Ultraviolet-A Survival Assay

The pigment of Arthrobacter sp. NamB2 provided protection against UVA. The logio cfu/mL
values determined from survival counts at each time-point for each exposure condition under
UVA are plotted as survival curves in Figure 4.7. Minimal changes in logio cfu/mL survival
counts (below + 0.03 log;o cfu/mL) were observed for the unexposed samples over the course of
the 60-minute UV A-irradiation. These changes were expected, and comparable to those
negligible changes observed for the UVA-exposed pigmented cells (0.018 logio cfu/mL). In
contrast, the survival of unpigmented UV A-exposed cells declined with each time point to a
total decrease of over 0.5 logio cfu/mL over the 60-minute exposure period. Lethality under
UVA-exposure was thus uniquely observed in the unpigmented, UVA-exposed cultures, and

was absent from those retaining pigmentation.

Cellular lethality of pigmented and unpigmented cultures was analysed by comparing the
changes in logio cfu/mL for each exposure condition over 60 minutes of UV A irradiation. These
comparisons are reported in Figure 4.8 as boxplots with Tukey’s-HSD comparisons between
conditions. No significant differences were observed between the unexposed control samples,
nor between the unexposed samples and the exposed, pigmented sample. This indicated that
UVA lacked lethal effects on pigmented cultures in a comparable nature to those entirely
unexposed to UVA. However, the unpigmented cultures demonstrated a significantly larger
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decrease in logio cfu/mL compared to all other samples (p < 0.05) under UV A-irradiation. These
results demonstrated that UV A-lethality was exclusive to those UVA-exposed cultures lacking

carotenoid pigmentation, and was significantly greater than that of pigmented, UVA-exposed

cultures.
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Figure 4.7: Survival curves demonstrating the logio cfu/mL counts (y axis) obtained for each
exposure condition of Arthrobacter sp. NamB2 with increasing time of UV A-irradiation (x

axis). Error bars were calculated from the standard deviation of the logo cfu/mL from triplicate
samples at each time-point.
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Figure 4.8: Boxplots denoting changes in logio cfu/mL for each exposure condition of Arthrobacter
sp. NamB2 between 0 — 60 minutes of UVA exposure. Bold lines denote the median of each group.
Letters denote compact-letter display of significance groupings as determined via ANOVA analysis
followed by Tukey’s HSD-post-hoc testing. Boxplots annotated with the same letters are not
statistically-significantly different from one another, while those of differing letters demonstrate
statistically significant differences (p < 0.05).

4.3.3.2 Ultraviolet-B Survival Assay

The carotenoid pigmentation of Arthrobacter sp. NamB2 afforded protection against UVB-
irradiation. Survival curves prepared for each exposure condition under 6.0 W/m? and 11 W/m?
UVB irradiation are presented in Figures 4.9A and B respectively. Unexposed cultures
demonstrated negligible changes in cell counts under each UVB intensity (below 0.05 logio
cfu/mL), while exposed cultures demonstrated more dramatic variability. For both irradiation
intensities and at all time points, unpigmented UVB-exposed cultures demonstrated greater
decreases in logio cfu/mL than did those retaining pigmentation. Indeed, pigmented and
unpigmented UVB-exposed cultures decreased by an average of 0.4 and 1.42 log;o cfu/mL
respectively over the 5 minutes of 6 W/m? UVB, compared to 0.48 and 1.08 logio cfu/mL
respectively over 5 minutes of 11 W/m? UVB. These results indicated that while both
pigmented and unpigmented cultures were susceptible to lethality under UVB-irradiation,
unpigmented cultures required a lower dosage, thus presented a higher sensitivity to UVB-

lethality.
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Boxplots comparing changes in logo cfu/mL for each exposure condition between 0 — 2.5
minutes and 2.5 — 5 minutes of UVB-exposure are presented in Figure 4.10A and B for 6.0 and
11 W/m* UVB irradiation, respectively. Specific examination of changes between each time-
point are presented here to analyse the differing dynamics in lethality observed as total UVB-
dosages increased. Under both 6.0 and 11 W/m? irradiation, between 0 — 2.5 minutes
(representing dosages up to 1,650 J/m? as per Table 4.1), only the unpigmented, exposed
cultures demonstrated significantly greater decreases in logjo cfu/mL relative to the unexposed
controls, indicating UVB-mediated lethality. However, between 2.5 — 5 minutes of irradiation at
each UVB intensity (total UVB dosages of 1,800 — 3,300 J/m?), both pigmented and
unpigmented cultures demonstrated decreases in logio cfu/mL which were significantly greater
than the unexposed controls, indicating mutual UVB-mediated lethality. At these UVB
intensities which were mutually lethal, the logio cfu/mL decreases of pigmented and
unpigmented cultures were still significantly different from one another, with unpigmented

cultures exhibiting significantly greater lethality than those of pigmented cultures.

Unpigmented cultures thus demonstrated lethal sensitivity to UVB at all dosages (900 — 3,300
J/m?), while pigmented cultures only presented lethal sensitivity to UVB at higher dosages
(1,800 — 3,300 J/m?). The UVB sensitivity of unpigmented cells was consistently significantly

higher than pigmented cells, even at dosages stimulating lethality in both.
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Figure 4.9: Survival curves presenting the log;o cfu/mL counts (y axis) obtained for each
exposure condition of Arthrobacter sp. NamB2 with increasing time (x axis) of UVB
irradiation at A) 6.0 W/m? and B) 11 W/m?. Error bars were calculated from standard
deviation of logio cfu/mL from triplicate samples at each time point.
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4.3.3.3 Ultraviolet-C Survival Assay

Bacterioruberin does not appear to protect Arthrobacter sp. NamB2 from UVC irradiation. The
survival curves for each exposure condition under UVC irradiation are plotted in Figure 4.11.
Unexposed control samples showed minimal changes in logio cfu/mL over the course of the
experiment (below 0.03 logo cfu/mL), while both pigmented and unpigmented cells exposed to
UVC demonstrated severe declines in survival. Over the ten-minute exposure, logio cfu/mL
counts of UVC-exposed pigmented and unpigmented cultures decreased by an average of 1.74
and 2.006, respectively, with no evident differences between the responses of these exposed
cultures. These survival curves suggested comparable susceptibility of cultures to UVC-lethality

irrespective of pigmentation.

Changes in logjo cfu/mL counts determined for each exposure condition over the course of the
10-minute UVC exposure are compared in Figure 4.12. While significant differences were
observed between exposed and unexposed cultures (p < 0.05), no difference in survival was
observed between the exposed cultures regardless of their pigmentation. These results suggested
that while UVC-exposure imparted significant lethality on Arthrobacter sp. NamB2, the

presence/absence of cellular pigmentation did not influence this lethality.
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Figure 4.11: Line-graph demonstrating the logio cfu/mL counts (y-axis) obtained for each
exposure condition of Arthrobacter sp. NamB2 with increasing time of UVC-irradiation (x-axis).
Error bars were calculated from standard deviation of triplicate samples at each time-point.
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Figure 4.12: Boxplots denoting changes in logio cfu/mL for Arthrobacter sp. NamB2 of each for
exposure condition between 0 — 10 minutes of UVC exposure. Letters denote compact-letter
display of significance groupings as determined via ANOVA analysis followed by Tukey’s HSD-
post hoc testing. Boxplots annotated with the same letters are not statistically-significantly
different from one another, while those of differing letters demonstrate significant difference (p <
0.05).
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4.4 Discussion

Carotenoid pigmentation contributes to the irradiation-resistomes of desert organisms (Cowan et
al. 2011; Flores et al. 2020). Given the isolation of Arthrobacter sp. NamB2 from high-
irradiance Namib Desert soil, its substantial tolerance to UV-irradiation, and previous
identification of its pink-pigmentation as a carotenoid within this thesis (Chapter 2), a similar
protective function of pigmentation was suspected within this organism. Therefore, this chapter
sought to characterise the specific contribution of carotenoid pigmentation to the UV-resistome

of Arthrobacter sp. NamB?2.

4.4.1 Diphenylamine-Mediated Inhibition of Arthrobacter sp. NamB2

Generation of unpigmented cultures of Arthrobacter sp. NamB2 for survival comparisons to
pigmented cultures under UV-irradiation was successfully achieved through growth of cells in
the presence of the carotenogenesis inhibitor DPA. Growth of Arthrobacter sp. NamB2 on
nutrient agar containing the DPA inhibitor at a final concentration of 100 uM successfully
deprived cells of their carotenoid pigmentation. This was observed through both the loss of
visible cellular colour from these cultures, and the total loss of carotenoid-associated absorption
peaks in UV-visible spectra prepared from their methanolic extracts. Losses of carotenoid
absorption spectra resulting from DPA-treatment have been observed previously in bacteria, and
are used to demonstrate successful pigment deprivation, indicating similarly that the inhibition
of carotenogenesis in Arthrobacter sp. NamB2 was successful here (Hammond and White 1970;
Hescox and Carlberg 1972; Brausemann et al. 2017). The lack of influence from the ethanol
solvent alone on pigment production by Arthrobacter sp. NamB2 (Figure 4.3) confirmed that it

was the action of the DPA specifically that was responsible for pigment deprivation.

Diphenylamine is a specific, competitive inhibitor of the bacterial Crtl-type phytoene desaturase
enzyme, and has no influence on non-carotenogenic or non-bacterial carotenogenic pathways
(Sandmann and Fraser 1993; Sandmann 1994; Breitenbach et al. 2013; Brausemann et al. 2017).
The loss of pigmentation from Arthrobacter sp. NamB2 resulting from DPA treatment therefore
supported the identity of its pigment complement as exclusively carotenogenic (as discussed in
Chapter 2), and indicated that biosynthesis of its carotenoids was reliant on a Crtl-type
phytoene desaturase. This was expected as the Crtl-enzyme is required for lycopene synthesis,

the precursor compound for almost all bacterial carotenoid biosynthetic pathways (Liang et al.
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2018). Indeed, the bacterioruberin biosynthetic pathway utilises lycopene as an intermediate
carotenoid, and is reliant on a Crtl-phytoene desaturase enzyme for its production (Yang et al.
2015). The implied reliance on a Crtl-type phytoene desaturase by Arthrobacter sp. NamB?2 for
bacterioruberin biosynthesis thus provides a likely mechanism through which DPA exerted
pigment-inhibition in this study. In Section 3.4.4.1, it was suggested that expression of the
phytoene desaturase gene might be an appropriate candidate for studying the light-inducibility
of bacterioruberin production. The DPA-mediated pigment inhibition demonstrated here
supports the presence and activity of this key carotenogenesis enzyme within Arthrobacter sp.

NamB2, and would support the intended study of Section 3.4.4.1.

Diphenylamine treatment at excessive concentrations is known to inhibit cell growth (Squina
and Mercadante 2005). As growth inhibition resulting from DPA treatment would confound
subsequent UV-survival assays as an unfair predisposition to UV-damage in unpigmented cells,
evidence of this growth inhibition was investigated. No significant differences in cell dry mass
were detected between DPA and control cultures of Arthrobacter sp. NamB2, indicating a lack
of cellular-inhibition resulting from DPA-treatment. These results were expected given the
conservative concentration of DPA applied here. Indeed, growth in DPA at a final concentration
of 100 uM has previously been shown as capable of inhibiting carotenogenesis in other
Micrococcaceae without damaging cell growth, with growth inhibition by DPA requiring high
concentrations some 1.6 — 2.0 fold greater than those required for inhibition of Crtl (Sanpietro
and Kula 1998; Squina and Mercadante 2005; Pezzoni et al. 2011). At concentrations not
influencing cell mass, the effects of DPA are limited to inhibition of the carotenogenesis
pathway, with no further influences on cellular physiology such as membrane compositions,
membrane masses or fatty acid profiles (Salton and Ehtisham-ud-Din 1965; Hammond and
White 1970; Fan et al. 1995; Sharp et al. 1999; Doddaiah et al. 2013). Therefore, it is unlikely
that the DPA treatment used here modified the sensitivity of the unpigmented cells to UV-
irradiation outside of pigment-deprivation, and thus that UV sensitivity of these cells was due

solely to the loss of pigmentation.

4.4.2 Potential UV-Screening of Pigmentation

The potential UV-screening role of pigmentation in the protection of Arthrobacter sp. NamB2
from irradiation was explored through examination of the pigment’s UV-visible scanning
spectrum for pronounced absorption peaks conducive to screening. Scanning UV-visible spectra
produced from cultures of pigmented Arthrobacter sp. NamB2 did not produce substantial
absorption peaks at UV-wavelengths examined in subsequent UV-survival assays (Figure
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4.6B). While extracts from pigmented cells did demonstrate higher absorbances at these
wavelengths than those lacking pigmentation, these differences were minor, and lacked the

intensities expected of screening compounds (Solovchenko and Merzlyak 2008).

Compounds capable of radiation screening readily absorb incident light at their screening
wavelengths (Cockell and Knowland 1999; Solovchenko and Merzlyak 2008). This screening
generates absorbance peaks of substantial intensity at these screening wavelengths in UV-
visible spectra of these compounds, such as in the spectrum-dominating UV-screening peaks of
scytonemin and mycosporine-like amino acids (Llewellyn and Mantoura 1997; Cockell and
Knowland 1999; Squier et al. 2004; Solovchenko and Merzlyak 2008). As the pigment of
Arthrobacter sp. NamB2 did not produce demonstrably exclusive, pronounced absorbance in
the UV range, UV-screening as a protective mechanism of carotenoid pigmentation in
Arthrobacter sp. NamB2 was dismissed (Cockell and Knowland 1999; Solovchenko and
Merzlyak 2008).

This finding was unsurprising as carotenoids are not generally considered capable of UV-
screening (Cockell and Knowland 1999; Solovchenko and Merzlyak 2008), Carotenoid UV-
absorption intensities are typically low, with their structures favouring absorbance within the
visible region (Cockell and Knowland 1999; Jahnke 1999; Solovchenko and Merzlyak 2008;
Mohana et al. 2013). Where carotenoids are capable of UV-absorbance, their low intracellular
concentrations limit their functional screening capacities (Cockell and Knowland 1999).
Consequently, this lack of screening capacity by the pigmentation of Arthrobacter sp. NamB2

was anticipated.

4.4.3 Pigment-Mediated UV Protection

4.4.3.1 Protection from UVA Irradiation

The pigmentation of Arthrobacter sp. NamB2 significantly contributes to its UV A-tolerance.
Significant differences in survival were observed between pigmented and unpigmented cultures
exposed to UVA irradiation, with lethality exclusively observed in unpigmented cells (Figures
4.7, 4.8). These results indicated that loss of pigmentation was directly connected to the
development of lethal UV A-sensitivity. As UVA lethality predominates through the generation
of intracellular ROS, the pigmentation of Arthrobacter sp. NamB2 likely provides UVA-
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protection through the action of its carotenoids as antioxidants, an antioxidant capacity lost

under pigment-deprivation.

An organism’s UVA tolerance is determined by the strength of its intracellular antioxidant
activity (Khaengraeng and Reed 2005; Cadet et al. 2015). Intracellular ROS concentrations
increase linearly with UV A dosages, and bacterial death due to UVA exposure is directly
proportional to accumulation of ROS damage (Tyrrell 1985; Eisenstark 1998; He and Héder
2002a; Khaengraeng and Reed 2005; Santos et al. 2013; Song et al. 2019). Adding high
concentrations of antioxidants to UV A-exposed bacterial cultures is known to mitigate UVA-
lethality, highlighting the importance of cellular antioxidants to bacterial UV A-tolerance
(Tyrrell 1985; He and Hader 2002a; Khaengraeng and Reed 2005).

Carotenoids are strong intracellular antioxidants, and provide substantial UVA protection
consistent with this (Krinsky 1978; Eisenstark 1998; Stahl and Sies 2002). Deprivation of
carotenoid pigmentation from bacteria increases their UVA sensitivity by 1.2 — 2.3 fold, while
adding carotenoid extracts to unpigmented organisms substantially improves UVA tolerance
(Ehling-Schulz and Scherer 1999; Pezzoni et al. 2011; Vinay Kumar et al. 2015; Rezaeeyan et
al. 2017; Reis-Mansur et al. 2019). This tolerance is attributed to the antioxidant activities of
carotenoids in mitigating UV A-induced ROS-damage, with carotenoids of greater antioxidant
capacity providing stronger UV A-protective effects (Sies and Stahl 2004; Mohana et al. 2013).
Bacterioruberin is known to be an excellent antioxidant as described prior (Section 1.3.8.1.1).
Therefore, the production of bacterioruberin by Arthrobacter sp. NamB2 likely substantially
enhances its intracellular antioxidant capacity, particularly when considering its high efficacy as
an antioxidant (Yachai 2009; Mandelli et al. 2012). This would provide pigmented Arthrobacter
sp. NamB?2 intracellular protection from UV A-stimulated ROS damage, thus lethality, which
was absent from unpigmented cells. The carotenoid pigmentation of Arthrobacter sp. NamB2
thus significantly contributes to its UV A-resistome, likely through its antioxidant activity in

quenching UVA-generated ROS.

Carotenoid pigmentation as a component of the UVA-resistome has been previously speculated
in desert bacteria. For example, the prevalence of carotenoids in Antarctic bacteria is considered
an adaptation of these organisms to the intense UV A-irradiation of their environment, while
UVA-tolerance of desert-isolated D. radiodurans and D. gobiensis is at least partially attributed
to the ROS-scavenging capacity of the carotenoid deinoxanthin (Carbonneau et al. 1989; Tian et

al. 2009; Dieser et al. 2010; Yuan et al. 2012). Connections between bacterial UV A-tolerance
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and carotenoid pigmentation in desert environments are thus consistent with prior findings,
though novel here in study of the Namib Desert, and in the specific survival comparisons

between pigmented and unpigmented cultures (Cowan et al. 2020; Flores et al. 2020).

4.4.3.2 Protection from UVB Irradiation

The pigmentation of Arthrobacter sp. NamB2 significantly contributes to its UVB-tolerance.
Pigmented cultures were insensitive to UVB-lethality at dosages below 1,800 J/m?, doses
exerting significant lethality on unpigmented cells (Figures 4.9 — 4.10). Above 1,800 J/m?, both
pigmented and unpigmented cultures showed UVB-lethality, though still of significantly greater
intensity in unpigmented cultures. As the type of cellular damage predominating under UVB
irradiation is dose-dependent, these findings suggested pigmentation to be limited in protection
of Arthrobacter sp. NamB2 to the photodynamic damage inflicted by UVB, consistent with the

known limitations of protection afforded by carotenoids.

Cellular damage inflicted by UVB irradiation is dose dependent. The main determinant of
cellular damage at lower UVB doses is oxidative stress — resulting from the generation of
intracellular ROS by UVB-responsive photosensitisers (Santos et al. 2012; Santos et al. 2013;
Knak et al. 2014). Indeed, ROS-mediated damage is the main determinant of lethality under
lower dosages of UVB irradiation (Santos et al. 2012; Santos et al. 2013). While DNA damage
does occur, the formation of DNA photoadducts is relatively infrequent under low dose UVB,
and is ameliorable by the cellular DNA repair machinery (Santos et al. 2012; Santos et al.
2013). However, as total UVB dosages increase, DNA damage accumulates and eventually
overwhelms the DNA repair systems, and while ROS generation is still inflicting cellular
damage, this direct DNA damage becomes the primary determinant of cellular inactivation (He
and Héder 2002b; He and Héder 2002¢; Qiu et al. 2005; Santos et al. 2012; Santos et al. 2013).
Consequently, the antioxidant capacities of bacterial cultures are only effective in mitigating the
damaging effects of low dose UVB, and eventually lose efficacy as DNA damage takes
precedence as the determinant of cellular inactivation (Sandmann et al. 1998; He and Hader
2002b; He and Hader 2002c; Santos et al. 2012; Santos et al. 2013). As carotenoids exert
protective effects predominantly through their antioxidant activity, a similar loss of protective

efficacy reflecting these shifts in UVB damage modes would be expected.

The pigment-mediated UVB-protection observed in Arthrobacter sp. NamB2 appeared to match
these shifting dynamics of UVB-damage. The insensitivity of pigmented cultures to lower UVB
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doses (below 1,800 J/m?) compared to unpigmented cultures may be attributed to antioxidant
activity of bacterioruberin in mitigation of UVB-mediated ROS damage, similar to that
suggested for UVA. As total UVB-doses increased past 1,800 J/m?, pigmented cultures
developed lethal UVB sensitivity, though still significantly below that of unpigmented cells.
This development of lethality in pigmented cells may demonstrate the shift to DNA damage as
the determinant of cellular inactivation, which bacterioruberin would be unable to mitigate.
Carotenoids are considered unable to ameliorate direct DNA damage outside of their screening
roles, and direct UVB-screening by the pigmentation of Arthrobacter sp. NamB2 has already
been dismissed within this chapter (Section 4.4.2) (Cockell and Knowland 1999; Cockell et al.
2003). The significantly higher survival of pigmented cells, even at high UVB dosages, suggests
that ROS generation was still occurring and stimulating intracellular damage (Santos et al.
2012). Indeed, ROS damage to membrane structures and proteins under UVB irradiation is
known to weaken the ability of organisms to generate energy to sustain DNA repair pathways,
compounding the impact of UVB irradiation (Qiu et al. 2005; Santos et al. 2013). The
significantly higher lethality of unpigmented cultures at these high UVB-dosages therefore
likely reflected their continued inability to mitigate UVB-stimulated ROS to the same capacity
as pigmented cells, compounding the lethality of direct DNA damage with additional ROS-
damage and the susceptibility this inflicts. The carotenoid pigmentation of Arthrobacter sp.
NamB2 thus contributes significantly to its UVB-irradiation resistome. From the known damage
modes of UVB, this protection likely represented the mitigation of UVB-induced ROS-damage
by the pigment, providing no protection against the direct DNA damage predominating at
higher UVB dosages.

Carotenoid pigmentation has been attributed roles in the UVB-resistome of other desert
bacteria. The UVB tolerance of Microbacterium from Antarctic soils is partially connected to
ROS-quenching provided by its carotenoid pigmentation, with unpigmented E. coli
supplemented by its pigment extract showing a 2-fold increase in UVB-resistance (Reis-Mansur
et al. 2019). Bacterioruberin-producing Antarctic 4. agilis has demonstrated significantly higher
survival under UVB-irradiation than decaprenoxanthin-producing A. psychrochitiniphilus, a
difference potentially attributable to the heightened efficacy of bacterioruberin in quenching
UVB-stimulated ROS (Silva et al. 2019). Again, this chapter demonstrates novelty in its
specific characterisation of pigment-mediated UVB-protection in Arthrobacter sp. NamB2
through comparisons of pigmented and unpigmented cultures, and its exploration of this

phenomenon within the Namib Desert.
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4.4.3.3 Protection from UVC Irradiation

The pigmentation of Arthrobacter sp. NamB2 had no contribution to its UVC resistance. No
significant differences in survival were observed at any time-point between pigmented and
unpigmented cells of Arthrobacter sp. NamB2 under UVC irradiation. This was expected as
cellular lethality inflicted by UVC is through direct DNA/protein damage as opposed to the
production of damaging intermediates such as ROS (Taylor 2005; Santos et al. 2013). Bacterial
DNA absorbs UVC directly, producing mutagenic/lethal adducts (Kuluncsics et al. 1999; Yoon
et al. 2000; Besaratinia et al. 2011). Indeed, bacterial lethality under UVC is directly
proportional to the accumulation of direct DNA damage markers and mutagenic photoadducts
(Rastogi et al. 2010; Besaratinia et al. 2011; Santos et al. 2013). As the protective effects of
carotenoids are predominantly associated with their antioxidant capacity, and ROS-generation is
negligible under UVC-irradiation, carotenoid protection from UVC is unexpected, and would be
reliant on screening effects (Cockell and Knowland 1999). As the pigmentation of Arthrobacter
sp. NamB2 has been shown to lack notable absorbance in the UVC-region, and thereby lacks
UVC-screening effects (Section 4.4.2), it was not expected to contribute to the UVC-tolerance

of this organism, as was observed here.

Without screening effects, UVC-survival of pigmented and unpigmented cells would be
determined instead by their DNA repair pathways, which would be unaffected by carotenoid
deprivation (Rastogi et al. 2010; Pavlopoulou et al. 2016; Jones and Baxter 2017; Buckley
2020). As pigmented and unpigmented cells are expected to possess the same DNA damage
responses, their ability to mediate UVC damage is equivalent, as was demonstrated here through
their comparability in UVC-lethality (Britton 1995; Pavlopoulou et al. 2016; Jones and Baxter
2017). Consistent with expectations of carotenoids, the pigmentation of Arthrobacter sp.

NamB2 did not contribute to its UVC-resistome.

Carotenoid pigments of desert organisms are rarely considered a component of their resistome
against irradiation stimulating direct DNA damage (Paulino-Lima et al. 2013; Albarracin et al.
2016; Pavlopoulou et al. 2016). Deinoxanthin in D. gobiensis and D. radiodurans provides no
protection from UVC-irradiance, with their tolerance instead connected to the action of
photolyase genes and DNA repair proteins (Mattimore and Battista 1996; Tanaka et al. 2004;
Tian et al. 2007; Yuan et al. 2012; Pavlopoulou et al. 2016). Carotenoids with dramatically
differing biological and antioxidant capacities provide no differences in UVC-tolerance,
suggesting an insensitivity of UVC damage to carotenoid biological activities (Dundas and
Larsen 1963; Sharma et al. 1984; Silva et al. 2019). While the production of carotenoid

147



pigmentation correlates well with UVC-tolerance in desert organisms, this likely corresponds
less to the action of these carotenoids in UVC-protection, and more towards organismal
adaptation to the accompanying photodynamic stress other wavelengths of solar irradiation
exert in these extreme environments, as UVC is screened quantitatively by atmospheric effects

(Bowker et al. 2002; Abed et al. 2010; Girard et al. 2011; Paulino-Lima et al. 2013).

Bacterioruberin has been linked to UVC-tolerance in Haloarchaea. While bacterioruberin does
not influence UVC-death curves, pigmented cells do demonstrate significantly higher recovery
from UVC-irradiation under subsequent photoreactivation (Hescox and Carlberg 1972; Sharma
et al. 1984; Shahmohammadi et al. 1998; Jones and Baxter 2017). This is possibly through the
action of bacterioruberin as a chromophore for the photoreactivation system, providing energy
to the photolyase enzyme for DNA repair, although this lacks direct demonstration, and is
contentious in mechanism (Hescox and Carlberg 1972; Sharma et al. 1984; Jones and Baxter
2017). Arthrobacter sp. NamB2 is known to encode a complete photoreactivation system, and
the intentional incubation of cells in light conditions post-UVC irradiation as employed here
should have engaged this system (Oguma et al. 2002; Quek and Hu 2008; Buckley 2020).
However, disparities in UVC-recovery between pigmented and unpigmented bacteria were not
observed here. Thus, the protective mechanism of bacterioruberin in Haloarchaea does not
appear to occur in Arthrobacter sp. NamB2. As such a mechanism would rely on interactions
between bacterioruberin and photolyase enzymes, and photolyase enzymes are known to be
highly variable in sequence and structure between bacteria and archaea, the differences between
the photolyase enzymes of Arthrobacter and Haloarchaea may potentially be attributable to the
absence of this phenomenon here (Mei and Dvornyk 2015). Regardless, the lack of protection
provided by pigmentation of Arthrobacter sp. NamB2 against UVC irradiation was largely
expected, and was consistent with known limitations of carotenoid UV-protective capacities and

conclusions from other desert organisms.

The pigmentation of Arthrobacter sp. NamB2 thus contributed significantly to its UVA and
UVB irradiation resistome, with no contribution to its UVC-tolerance. In the Namib Desert,
ground-level UV-irradiation is constrained to the UVA and UVB wavebands, with UVC being
quantitatively screened by atmospheric ozone (Cunningham 1998; Beckmann et al. 2014;
Cordero et al. 2014). While specific dosages of irradiation cannot be compared to findings here
due to the substantially longer irradiation-cycles of the Namib Desert and variable influences of
soil UV-screening, the significant contribution of pigmentation to the survival of Arthrobacter
sp. NamB2 under these irradiation wavebands does indicate the pigment to provide a

physiologically-relevant protective function to this organism against a pronounced stressor of its
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natural environment (Zhang et al. 2010; Warren-Rhodes et al. 2013; Ledn-Sobrino et al. 2019).
The pigmentation of Arthrobacter sp. NamB2 thus contributes meaningfully to its multifaceted
UV-resistome, and presents protection against irradiation-stresses directly relevant to the desert

environment from which it was isolated.

4.4.3.4 Limitations of the UV Irradiation Analysis

4.4.3.4.1 The Mechanisms of UV-Damage were Inferred

The protective mechanisms of carotenoid pigmentation in Arthrobacter sp. NamB2 under UVA,
UVB and UVC irradiation were concluded from known damage modes of these different UV
wavelengths as opposed to being specifically demonstrated. Directly demonstrating the nature
of cell damage occurring under each UV-wavelength, and connecting these to the corresponding
protection afforded by bacterioruberin, would strengthen conclusions regarding the mechanism

by which pigmentation contributes to the UV-resistome.

The antioxidant protection attributed to the pigment against UVA and low-dose UVB may have
been demonstrated by proving the photodynamic nature of cellular-damage occurring under
these irradiation wavelengths, and connecting this to the resistance of pigmented cells.
Photodynamic reactions which generate ROS rely on the presence of light, an endogenous
photosensitiser and oxygen (Ziegelhoffer and Donohue 2009; Alves et al. 2014). If cellular
lethality was dependent on photodynamic damage, then prevention of ROS generation under
UVA/UVB irradiation would be expected to reduce the cell death in unpigmented cells to the
same level as in pigmented cells. This could be achieved through replacement of oxygen in the
exposure system with an inert gas such as nitrogen, to observe whether the same dynamics of
lethality occur (Dundas and Larsen 1963; Krinsky 1978; Rodriguez-Valera et al. 1982).
Exclusive lethality of oxygen-exposed irradiated cells would demonstrate the photodynamic
nature of the damage occurring, and lack thereof in pigmented cells could be more strongly
connected to the function of carotenoids as antioxidants (Rodriguez-Valera et al. 1982).
Demonstration of ROS-mediated UV stress may also be explored through examination of cell
markers indicative of oxidative damage, including modelling lipid peroxidation and/or protein
oxidation (Santos et al. 2012; Santos et al. 2013). Given that both UVA and UVB are capable of
inflicting direct DNA damage in addition to photodynamic effects, demonstrating that lethality

here was photodynamic would have strengthened the conclusions drawn that the antioxidant
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effects of the carotenoid were specifically attributable to the protective actions observed (Santos

et al. 2013).

Under high-dose UVB and UVC, DNA damage was presumed to be the primary cause of
cellular-lethality. Demonstrations of irradiation-stimulated DNA damage in literature typically
quantify common DNA damage markers occurring under irradiation, such as the formation of
CPD’s, thymine dimers, or double stranded breakages of the DNA (Baxter et al. 2007; Santos et
al. 2012; Santos et al. 2013). Quantifying these markers of DNA damage under UVB and UVC
irradiation, and comparing their formation in pigmented and unpigmented organisms, would
more directly demonstrate both the nature of damage inflicted by these wavebands, and the

efficacy of the pigment in protection from this damage.

4.4.3.4.2 The Photosensitiser of Arthrobacter sp. NamB2 is Unknown

It was inferred here that UVA and low-dose UVB stimulated damage in Arthrobacter sp.
NamB2 via photodynamic action, reliant on endogenous photosensitisers (Ziegelhoffer and
Donohue 2009; Alves et al. 2014). Specific identification of these photosensitisers would
support these inferred mechanisms of damage, and develop our understanding of the manner by
which solar irradiation exerts lethality upon Arthrobacter sp. NamB2 (Hessling et al. 2017).
Such an analysis might focus on porphyrins, which act as endogenous UV A photosensitisers in
a variety of bacteria (Burchard and Dworkin 1966; Tyrrell and Keyse 1990; Nitzan and
Kauffman 1999; Baier et al. 2006; Hope et al. 2016; Brem et al. 2017; Shleeva et al. 2019) and
which are produced by Arthrobacter spp. (Kortstee 1969; Kortstee 1970; Kajiwara et al. 1994;
Kajiwara et al. 1995; Yang and Hoober 1995; Sutthiwong, Fouillaud, et al. 2014). Indeed, genes
for the complete porphyrin biosynthetic pathway are conserved within the Arthrobacter sp.
NamB2 genome, suggesting its capacity for the biosynthesis of a variety of photosensitising
porphyrins including uroporphyrin II, coproporphyrin III, and protoporphyrin IX. Riboflavin is
also capable of acting as a photosensitiser under UVA and UVB irradiation (Heck et al. 2003;
Baier et al. 2006; Knak et al. 2014; Brem et al. 2017; Vollmerhausen et al. 2017). Arthrobacter
spp. are known to produce and accumulate riboflavin (Yamane et al. 1993; Yamane et al. 1995;
Sutthiwong, Fouillaud, et al. 2014) and Arthrobacter sp. NamB2 appears to retain genes for the
standard bacterial riboflavin biosynthetic pathway — suggesting a possible role for this as a
photosensitiser (Vitreschak et al. 2002; Thakur et al. 2017). Characterisation of the specific
photosensitiser(s) of Arthrobacter sp. NamB2 would strengthen conclusions regarding
mechanisms of photodynamic damage occurring here, and more clearly characterise its
irradiance-susceptibility.
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4.5 Conclusions

Carotenoids are considered significant contributors to irradiation resistomes of edaphic bacteria
from a variety of desert systems (Dieser et al. 2010; Yuan et al. 2012; Reis-Mansur et al. 2019).
As Arthrobacter sp. NamB2 presents substantial UV tolerance, and has been demonstrated
within this thesis to produce carotenoid pigmentation, this chapter sought to examine the

contribution of the carotenoid pigmentation of Arthrobacter sp. NamB2 to its UV-resistome.

Carotenoid pigmentation was found to significantly enhance the survival of Arthrobacter sp.
NamB2 under UVA and UVB irradiation, with no protection under UVC. Pigment-mediated
UV-screening was dismissed from contributing to UV-tolerance here, due to the pigment’s lack
of strong absorbance at relevant irradiation wavelengths used in the UV-survival assays.
Consequently, this protection was inferred to be exerted through amelioration of ROS generated
by incident irradiation through the antioxidant activity of bacterioruberin. Direct DNA damage
resulting from high-dose UVB and UVC was not expected to be mitigated by carotenoid
pigmentation, and findings here were consistent with these expectations. The carotenoid
pigmentation of Arthrobacter sp. NamB2 was thus concluded to contribute significantly to its
UVA and UVB resistome, but not its UVC resistome. Direct demonstration of the pigment’s
specific protective mechanisms under these irradiation conditions would strengthen these

inferred conclusions.

As UV-irradiation in the Namib Desert predominates in the UVA and UVB wavebands, this
pigmentation likely confers a tangible physiological advantage to Arthrobacter sp. NamB2
within its natural environment (Cunningham 1998; Beckmann et al. 2014; Cordero et al. 2014).
The contribution of carotenoids to irradiation resistomes of edaphic desert bacteria and
organisms within the genus Arthrobacter have been widely purported, but are rarely specifically
demonstrated (Tian et al. 2009; Dieser et al. 2010; Pavlopoulou et al. 2016; Silva et al. 2019).
This research thus presents a novel contribution to several foci of study. This is the first study to
specifically demonstrate UV-protective functions of carotenoids in Arthrobacter through
organism-level comparison of pigmented and unpigmented cultures. It is also (to this author’s
knowledge), the first analysis of this nature examining the protective roles of bacterioruberin
against UVA and UVB irradiation. This study also joins the limited scope of literature
specifically demonstrating carotenoid-mediated UV-protection of desert bacteria, and represents
the first characterisation of carotenoid pigmentation as a photoprotectant in bacteria of the

Namib Desert, a yet unstudied model for pigment-mediated bacterial protection.
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Chapter 5 Final Discussion

Deserts are subject to biologically stressful intensities of irradiation which significantly
influence bacterial community compositions and distributions within these environments (Cary
et al. 2010; Cordero et al. 2018; Cowan et al. 2020). Prolonged solar irradiation is further
known to stimulate the development of complex, multifaceted irradiation-resistomes within
desert bacteria in tolerance of this stress (Albarracin et al. 2016; Pavlopoulou et al. 2016).
Characterising the specific tolerance mechanisms utilised by bacteria within desert systems thus
strengthens our understanding of the complexity of resistome-features which enable bacterial

persistence under prolonged solar irradiation (Pavlopoulou et al. 2016).

This thesis investigated the role of intracellular pigmentation in the irradiation-resistance of the
highly UV-tolerant, novel edaphic bacterium Arthrobacter sp. NamB2, recently identified from
soils of the Namib Desert (Buckley 2020). Intracellular carotenoid pigmentation is considered a
significant component of the irradiation-resistome in edaphic bacteria from a variety of desert
systems, and a similar function was suspected for the pink pigment produced by this novel

organism (Yuan et al. 2012; Reis-Mansur et al. 2019; Silva et al. 2019; Flores et al. 2020).

The overarching objective of this research was thus to determine the contribution of
pigmentation to the irradiation-resistome of Arthrobacter sp. NamB2. To achieve this, the
pigmentation was first identified, its light-inducibility was explored to examine evidence of its
role in photoprotection, and its protective capacity under different wavelengths of UV-

irradiation was determined.

5.1 Research Question 1: What is the likely identity of the pink-
pigmentation produced by Arthrobacter sp. NamB2?

The pigment complement of Arthrobacter sp. NamB2 was extracted and subject to established
protocols for pigment identification (Britton and Young 1993; Britton et al. 1995b). Total
pigment extraction and analysis via UV-visible spectrophotometry demonstrated the
pigmentation to belong to the carotenoid class through its production of characteristic
carotenoid three-peaked spectral responses. Subsequent TLC and HPLC analyses supplemented
by UV-visible spectrophotometry determined that the pigment complement comprised six —

eight carotenoids of distinct polarity, all with chromophores thirteen conjugated double-bonds
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in length. Finally, MS specifically demonstrated the presence of the carotenoid bacterioruberin
within the pigment complement, and strongly supported the remaining carotenoids as being
glycosylated/dehydrated bacterioruberin variants commonly co-isolated alongside
bacterioruberin. These results were supported by polarity-based identifications provided from
TLC analyses. While the limited resolution of the methods applied precluded definitive
identification of each individual carotenoid, the conclusion that Arthrobacter sp. NamB2
produces a carotenoid pigment complement comprising bacterioruberin and its common
variants was consistent with findings from other pink, desert-isolated Arthrobacter (Fong et al.
2001; Silva et al. 2019). As carotenoid pigmentation from desert bacteria is typically associated
with roles in irradiation-tolerance, this potential function of pigmentation within Arthrobacter

sp. NamB2 was further explored.

5.2 Research Question 2: Is production of the pink-pigmentation of

Arthrobacter sp. NamB2 light-induced?

As light-responsive carotenoid production by bacteria indicates their use of carotenoids in
photoprotection, evidence of light-induced carotenogenesis was explored in Arthrobacter sp.
NamB2 to support the photoprotective roles speculated for its pigment (Takano 2016). Growth
of Arthrobacter sp. NamB2 cultures at a range of different light intensities concluded a lack of
light-responsive carotenogenesis by the organism. This was supported by the absence of
relevant homologues to known regulator proteins which would confer this function within its
genome. This finding was unsurprising due to the scarcity of light-responsive pigmentation in
soil bacteria, and the poor genomic maintenance of these regulators. Nevertheless, these
findings contributed novel information to the yet uncharacterised prevalence of light-responsive
pigmentation in desert bacteria, and to its limited study within the genus Arthrobacter.
Furthermore, these findings did not discredit the potential photoprotective role of pigmentation
in Arthrobacter sp. NamB2, only supporting that its production does not occur specifically as a

photoresponse.
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5.3 Research Question 3: What contribution does pigmentation
provide the ultraviolet irradiation resistome of Arthrobacter sp.

NamB2?

Finally, to characterise the specific contribution of pigmentation to the UV-resistome of
Arthrobacter sp. NamB2, the survival of pigmented and unpigmented cultures exposed to UV-
irradiation was compared. Pigmented and unpigmented Arthrobacter sp. NamB2 were irradiated
with UVA, UVB and UVC to determine within which irradiance wavelength(s) the pigment was
capable of providing protection, and in doing so, speculate on its protective mechanism. These
investigations demonstrated the pigmentation of Arthrobacter sp. NamB2 to confer protection
to UVA and low dose UVB, with limited protection under higher dosages of UVB, and a
complete loss under UVC. These findings were consistent with protective capacities expected of
carotenoid pigments, and suggested that the pigmentation provided UV-protection through
ROS-quenching, and was incapable of preventing direct DNA/protein damage. The
pigmentation was further concluded as lacking protective UV-screening due to its low-intensity
absorbance within the UV waveband, as observed from scanning UV-visible absorbance
spectra. While consistent with theoretical expectations, this analysis would benefit from specific
demonstrations of the antioxidant nature of protection attributed to the pigment, as this
protective mechanism is currently speculative. In the Namib Desert, this pigmentation is thus
expected to provide cellular protection from irradiation-stimulated photodynamic damage from
UVA and low-intensity UVB, which comprises the majority of ground-level UV-irradiation to

which edaphic bacteria are subject.

5.4 Future Directions

Throughout this thesis, a number of areas for further development of the study were identified:

e Formal pigment identification. While the methods employed here confirmed the
presence of bacterioruberin within Arthrobacter sp. NamB2, they did not meet the
standards required for formal identification of the pigment complement (Britton et al.
2004; Takaichi 2014). Higher-resolution chromatographic analysis of the pigment
complement run alongside known bacterioruberin standards, and a greater specificity in

structural elucidation through high-resolution MS would have been required to
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strengthen identification here to a level consistent with formal expectations, and to
resolve ambiguities regarding the identity of several pigment fractions.
Transcriptomics analysis of light-inducibility. This thesis concluded a lack of light-
responsive carotenogenesis in Arthrobacter sp. NamB2 from total carotenoid
quantifications of cultures grown under differing intensities of light. While this end-
product quantification is accepted in demonstrations of carotenoid light-inducibility,
specific examinations of Arthrobacter sp. NamB2 carotenoid gene-activity via RT-
gPCR under differing conditions of irradiation would demonstrate more directly
whether carotenogenesis was responsive to visible light.
Broader inducibility wavelengths. This study examined light-responsive
carotenogenesis through irradiation of Arthrobacter sp. NamB2 with light in the PAR
range. Carotenoid inducibility has previously been demonstrated to extend into the UV-
waveband, and UV-inducibility can provide specific information regarding the
protective roles of carotenoid pigments. Investigating inducibility of Arthrobacter sp.
NamB2 carotenoids at UV-wavelengths employed here in survivability studies (i.e.
within UVA, UVB and UVC wavebands) could provide novel information regarding
the UV-protective role of pigmentation.
Light-induced shifts in pigment composition. Some studies monitoring
environmentally-responsive carotenoid production have detected physiologically
relevant changes in the proportions of individual carotenoids comprising the pigment
complement, which would not have been detected here. It may be of interest to
investigate light-responsive shifts in the proportions of individual carotenoid
components comprising the pigment complement of Arthrobacter sp. NamB2, to
characterise any physiologically relevant carotenoid light-responses which were
undetected via the methods employed.
Specific demonstrations of pigment protective mechanisms. The nature of the
protection provided by pigmentation in Arthrobacter sp. NamB2 under irradiation was
inferred here from established information regarding the damage modes of different
UV-wavelengths. Antioxidant protection of pigmentation under UVA and low-dose
UVB irradiation may have been demonstrated directly by investigating the importance
of oxygen to the irradiation-mediated lethality of unpigmented cells. Equally, the DNA-
mediated damage of high dose UVB and UVC may have been demonstrated via
quantification of common DNA damage markers such as CPD’s or double stranded
breaks, as performed in studies such as Baxter et al. (2007). These demonstrations
would aide specific conclusions regarding the pigment’s contribution to the UV-
resistome, which are at present inferred.
Demonstration of photosensitisers. Specific identification of the intracellular
photosensitiser(s) of Arthrobacter sp. NamB2 which stimulated the speculated ROS-
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generation under UVA and UVB irradiation would strengthen the inferred antioxidant
role attributed to the pigment, and would provide clearer indication of the wavebands

capable of stimulating photodynamic damage within this organism.

5.5 Conclusions

This study presents the first characterisation of carotenoid pigmentation from edaphic bacteria
of the Namib Desert, and its protective function against irradiation. Within this research, both
the identity and UV-resistome contributions of the pink pigmentation from novel bacterium

Arthrobacter sp. NamB2 have been investigated.

Common methods of identification demonstrated the pink pigmentation of Arthrobacter sp.
NamB2 as carotenogenic, and specifically comprised of the carotenoid bacterioruberin and its
commonly co-isolated carotenoid variants. This pigment complement was consistent with those
from other desert-isolated Arthrobacter with speculated photoprotective functions, and
suggested a similar role in the protection of Arthrobacter sp. NamB2 from irradiation. Both
phenotypic and genomic investigations of carotenogenic light-inducibility concluded a lack of
light-responsive carotenoid biosynthesis, demonstrating that Arthrobacter sp. NamB2 does not
produce its pigment specifically as a photoprotective response. This was unsurprising due to the
scarcity of light-responsive pigmentation in soil bacteria, and the poor genomic-maintenance of
these regulators, and did not rule out the potential irradiation-protection afforded by this
pigment. Finally, investigations of the contribution of pink pigmentation to the UV-resistome of
Arthrobacter sp. NamB2 demonstrated pigmentation to confer protection from UVA and low
dose UVB, with limited protection under higher dosages of UVB, and a complete loss under
UVC. These findings followed the protective capacities expected of carotenoid pigments, and
suggested pigmentation to provide UV-protection via ROS-quenching, with an inability to
prevent direct DNA/protein damage. In the Namib Desert, this pigmentation is thus expected to
provide Arthrobacter sp. NamB2 with protection from UVA and UVB-stimulated
photodynamic damage, wavebands which comprise the majority of the surface irradiation of this
environment. The pink-pigmentation of Arthrobacter sp. NamB2 thus contributes meaningfully

to its multifaceted UV-resistome.

Demonstrating the bacterioruberin pigment of Arthrobacter sp. NamB2 as contributing to its
UV-resistome is novel in several ways. It is the first specific demonstration of carotenoid-

mediated irradiation protection within genus Arthrobacter, in which photoprotective roles of
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pigmentation have thusfar only been speculated — despite the wide distribution of pigmented
isolates in high-irradiance environments. Similarly, it is the first demonstration of the
contribution of bacterioruberin to UVA and UVB tolerance. Finally, it is the first study
examining bacterial carotenoid pigmentation — and its contribution to intrinsic irradiation-
tolerance — in the Namib Desert, and adds to a limited breadth of literature specifically
demonstrating the importance of carotenoids to the irradiance-survival of desert bacteria.
Consequently, this study contributes meaningfully to our understanding of the mechanisms of
irradiation-tolerance used by extremophilic organisms from environments of biologically

stressful irradiation.
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Appendices

Appendix 1: Mass Spectra of HPLC Eluents [ — Il and V — VIII,

A

corresponding to results of Section 2.3.3.2.
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Figure S1: APCI-MS scans of HPLC-eluents. The y axis denotes the relative abundance of fragment
ions, and X axis the mass/charge ratio of these fragment ions. The HPLC-eluents analysed via MS here
were those presenting retention times of A: 9.41 minutes (eluent I); B: 10.48 minutes (eluent II); C:
11.33 minutes (eluent III); D: 11.76 minutes (eluent V); E: 12.11 minutes (eluent VI); F: 12.93
minutes (eluent VII); G: 13.33 minutes (eluent VIII)
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