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Arctic tundra soils cover a vast portion of the planet, store massive amounts of
carbon, and harbor microbial life throughout all seasons. Bacteria in Arctic tundra
soils impact global carbon cycling, and their capabilities are becoming more
consequential with climate change. This research aimed to understand metabolic
capabilities of tundra bacteria and identify metabolically-active bacteria in frozen
tundra soil. The Arctic tundra site of Kilpisjarvi, Finland served as a model
landscape to explore the ecology and physiological potential of bacteria using
bacterial isolates and soil incubations.

The effect of thaw on tundra soil bacteria is starting to be better
understood, but very little is known about the impact of subzero temperature
changes, when the ground is frozen. Soil respiration continues in the winter,
though at slower rates. Identifying cryo-active bacterial communities is important

since soil respiration is largely determined by microbial C mineralization through



decomposition of complex soil organic matter. Although previous studies have
examined the microbiomes of frozen soils, most have failed to detect which
members of the bacterial communities are metabolically active. This detection is
important as cold temperatures preserve commonly measured biomolecules
such as DNA, RNA, etc., and may provide misleading information. To ascertain
metabolically-active bacteria, stable-isotope probing of tundra soil incubations
with "*C-cellobiose at subzero temperatures of 0, -4, and -16°C was carried out,
and numerous active bacterial phyla including the Ignavibacteria, Candidatus
Saccharibacteria, Verrucomicrobia were detected. Temperature was shown to
impact which members of the bacterial community assimilated cellobiose, even
within subzero ranges. Phylogenies of members of cryo-active bacterial phyla
were further explored, and added new insights to known physiological
capabilities of these groups. Implications of different bacterial communities active
within subzero temperatures may suggest that nutrient cycling may be impacted
by temperature shifts within frozen soils.

Another gap in tundra bacteriology is understanding the physiological
abilities of tundra soil isolates. Arctic tundra soil isolates such as Mucilaginibacter
mallensis, along with other members of the Mucilaginibacter genus are
hypothesized to play an important role in processing carbon, but their genomic
capabilities remain unexplored. Genomic analysis revealed that M. mallensis
strain MP1X4 was adapted to process complex carbon, and had an abundance
of loci associated with polysaccharide utilization and Carbohydrate-Active

EnZYmes (CAZymes) compared to other members of the genus. Other Arctic



tundra isolates such as the Acidobacteria were found to have unusual
membrane-bound isoprenoid structures such as hopanoids and carotenoids.
These carotenoids and hopanoids are hypothesized to aid maintaining
membrane fluidity. Arctic Acidobacteria such as Granulicella mallensis
MP5ACTX8, Granulicella tundricola MP5ACTX9, Terriglobus saanensis
SP1PR4, and new isolates A2288, M8UP23, M8UP39, MP8S11, MP8S7, and
MP8S9 had their genomes sequenced, from which isoprenoid pathways were
investigated. From genomic analysis of these Acidobacteria, biosynthetic
pathways of carotenoids, such as phytoene, zeta-carotene, neurosporene,
lycopene, and hopanoids, such such as diploptene, adenosylhopane,
ribosylhopane, bacteriohopanetetrol (BHT), BHT acetylglucosamine, BHT
glucosamine, and BHT cyclitol ether, were detected for some species.
Investigation into the ecology and genomes of Arctic bacteria provided
insights into the bacterial communities assimilating carbon in subzero
temperatures, and the possible genomic adaptations that allow these bacteria to

live in the Arctic tundra soils.
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CHAPTER 1: INTRODUCTION

Bacteria are metabolically diverse and found in almost every biome
(Nealson and Conrad 1999; Gibbons and Gilbert 2015). The Earth and her
microbes have pre-dated humankind, co-evolved for billions of years, and will
likely outlast other organisms on this planet (Barghoorn and Schopf 1966). This
includes microorganisms that have adapted, and impacted Arctic tundra soils to
develop a subzero-active niche (Nikrad et al. 2016). These subzero-active
microorganisms impact soil respiration and biogeochemical cycling, but their
ecology and impact on soil organic matter cycling is poorly understood. This
dissertation digs deeper into understanding both microbial ecology of frozen
tundra soils, and the genomic capabilities of the bacteria that are found in this

ecosystem.

1.1. SOIL RESPIRATION IN FROZEN ARCTIC TUNDRA SOILS
Soil respiration is a key process by which fixed carbon (C) is cycled back

into the Earth’s atmosphere (Schlesinger and Andrews 2000). The important
sources of organic matter (OM) in soil respiration are microorganisms,
mycorrhizal networks, and below ground plant matter such as roots (Hogberg
and Hogberg 2002; Schimel and Schaeffer 2012). Soil respiration is largely
determined by microbial C mineralization through decomposition of complex soil
organic matter (SOM) (Schimel and Schaeffer 2012). This biogeochemical
cycling by microorganisms is important since Arctic tundra and permafrost soils

are responsible for the vast amounts of greenhouse gas (GHG) emissions in the



form of N2O, CH4 and CO,, and are part of the global C and nitrogen (N) cycles
(Michaelson and Ping 2003; Wagner et al. 2003; Natali et al. 2015; Voigt et al.
2017). Tundra and permafrost soils are important especially since they hold the
world’s vast C stores. Northern Arctic soils are estimated to hold about 25% of
the world’s organic C stock even though they occupy only 16% of the global land
area (Tarnocai et al. 2009). Several abiotic factors impact Arctic tundra bacteria
and their activities of SOM decomposition, mineralization, and overall nutrient
cycling. Consequences of the abiotic factors temperature and precipitation may
include freeze-thaws, snow-cover, and temperature.

Arctic tundra soils freeze during the winter and thaw in the summer
season, unlike permafrost soils that remain frozen all year (by definition, for at
least two consecutive years). As a result, freeze-thaws can impact tundra soill
microbial respiration, and have been shown to produce a burst of respired carbon
following thaw (Schimel and Clein 1996). Similarly, freeze-thaws have also been
shown to affect microbial substrate use, and are thought for increased uptake of
N-rich microbial products (Schimel and Mikan 2005). Other studies have shown
bursts of NoO and CO, by the disturbance and release of tundra soil aggregate
carbon, and the death of microorganisms, which provides a new spike in
available organic carbon (Bullock et al. 1988; Christensen and Tiedje 1990;
Edwards and Cresser 1992; Sharma et al. 2006). Diurnal freeze-thaw repetitions
in high- and low-altitude Arctic soils have shown to have decreased microbial
biomass C and soil inorganic N, but no loss of microbial biomass N, despite

having varying vegetation composition (Larsen et al. 2002). Thus, it can be



argued that tundra seasonal freeze-thaws produce microbial “seasons” where
soil processes may vary depending on the bloom of substrate and change in
microbial activities (Schimel and Clein 2005). Freeze-thaws appear to have mild
effects on microbial community structure of the Arctic tundra soils (Mannisto et al.
2009). Similarly, freeze-thaw cycles and warming of Antarctic soils showed that
bacterial community structure was impacted, though the effect was more
pronounced by warming (Yergeau and Kowalchuk 2008).

Similar to the variations in respiration brought on by freeze-thaws, another
abiotic effect that impacts soil microbial respiration and community structure is
snow-cover (Schimel et al. 2004; Mannisto et al. 2009; Yi et al. 2015; Gavazov et
al. 2017; Lupascu et al. 2018). Snow-cover creates an insulation effect by
keeping the ground temperature more constant, and thus likely ameliorates
effects of seasonal temperature fluctuations (Zhang et al. 2005; Gouttevin et al.
2012; Gavazov et al. 2017). Furthermore, this insulation effect is relevant to
microbial activities and overall ecosystem function since increased snow-cover
can promote winter net N mineralization, which can in turn affect bioavailable N
to tundra vegetation (Schimel et al. 2004). The same observation has been made
regarding CO;, emissions due to increased soil respiration with deeper snow, with
fewer freeze-thaws, and more stable winter-temperatures, that can even place
Arctic C flux previously regarded as a C sink into a C source (Nobrega and
Grogan 2007).

One overlapping abiotic factor that is impacts freeze-thaws, snow-cover,

and seasons is temperature. Polar regions were thought to be C sinks since



there is a large store of C with relatively lower soil respiration rates due to low
temperatures (Oechel et al. 1993). Though temperature is shown to impact soil
respiration rates, subzero temperatures slow but do not prevent soil microbial
respiration (Mikan et al. 2002). Despite having overall lower rates of soil
respiration due to colder temperatures, cold season emissions of the Arctic
tundra soils may account for more than 50% of their critical GHG emissions
(Zona et al. 2016). Though poorly understood, biological activities are well known
to occur below 0 °C, as long as liquid water is available, and cell membrane
fluidity is maintained (Arthur and Watson 1976; Bakermans et al. 2003;
Mykytczuk et al. 2013; Schaefer and Jafarov 2016). Winter-time emissions have
even been postulated to affect the tundra vegetation over time (Sturm et al.
2005).

The key question remains how subzero temperature shapes the
composition of the bacterial communities that are metabolically active when the
ground is frozen. Further, as many organisms survive seasonal freezing and
thawing in the tundra, it is interesting to understand how bacteria take part in the
carbon cycling process at subzero temperatures, and what adaptations or

capabilities they possess to grow in tundra soils.

1.2 MICROBIAL ECOLOGY OF ARCTIC TUNDRA SOILS
Ecological knowledge of microorganisms is useful since presence or
absence of a particular species can be interpreted as an indirect metric of

activity, function, outcome, health, etc. of an ecosystem, and is often measured



by the presence/identification of nucleic acids (Schwartz et al. 2000; Graham et
al. 2016). Nucleic acid sequencing often provides copious data, and requires
robust statistical and computational tools to get meaningful information.
Moreover, the presence of DNA does not necessarily dictate that an organism is
metabolically active, and thus may not be ecologically relevant (Radajewski et al.
2000; Singer et al. 2017).

Ideally, it would be optimal if one could culture every single species,
describe its metabolism, and understand its community function. Hence, nucleic
acid sequencing can help provide more information on microbial communities as
most members are not able to be cultured yet. It still useful to ascertain which
bacterial species are present by methods including 16S rRNA gene surveys, but
it does not directly answer what microorganisms are doing metabolically.

Methods for examining the composition of bacterial communities of Arctic
tundra soils have been carried out using both DNA (16S rRNA gene) and mRNA
surveys. For example, using these methods, members of the Acidobacteria,
Actinobacteria, and Alphaproteobacteria were detected as dominant phyla in the
summer in the in Arctic tundra soils of Kilpisjarvi, Finland (Mannisto et al. 2013).
Along with the members of the Bacteroidetes, members of the Acidobacteria,
Actinobacteria, and Alphaproteobacteria have been identified as the main
bacterial phyla in other cold soils (Chu et al. 2010; Yergeau et al. 2010; Kim et al.
2014; Koyama et al. 2014; Shi et al. 2015; Tas et al. 2018). For a summary of
DNA and RNA surveys of Arctic tundra soil bacterial community composition, see

Table 1.1



The presence of DNA, RNA, or another biomolecule, may be misleading in
cold environments, since subzero temperatures can often prolong or preserve
biomolecules. Thus, the use of such a marker may not always indicate
metabolically active bacterial communities, and may result in misleading
information if these biomolecules are used as a sole measure of metabolically
activity. To overcome this challenge, methodologies using the incorporation of
isotopically labeled substrates can be effective in discerning the cryo-active
bacterial community composition since isotopes have to be metabolized to
further tag or label microorganisms (Radajewski et al. 2000; Dumont and Murrell
2005; Tuorto et al. 2014; Singer et al. 2017). Therefore, stray biomolecules in the
ecosystem from dead or dormant bacteria will not be measured since the isotopic
label will not be assimilated. This robust approach to study the microbial
composition of an ecosystem by detecting and identifying metabolically active
organisms is stable isotope probing (SIP).

SIP is an excellent methodology to determine active tundra soil bacteria.
Briefly, the isotopically labeled substrate that the organism can assimilate is
administered either in situ or in soil incubations. To distinguish which organisms
are metabolically active, isotopically labelled biomolecules such as nucleic acids
are then physically separated by ultracentrifugation. Analysis of the heavy
(isotope assimilated, “active” microbial representative) and light (non-assimilated)
nucleic acids are then analyzed to distinguish metabolically active organisms. For
a summary of the newest stable isotope probing (SIP) methodologies to

understand Arctic bacterial ecology, refer to Table 1.2.



Even though several studies have used stable isotope probing (SIP) to
elucidate microbes active in C cycling in tundra soils, there is a large gap in our
knowledge of metabolically active bacteria at subzero temperatures. From Table
1.2, it is apparent that most of these SIP studies are focused on the effect of
thaw, and thus are not carried out at environmentally relevant subzero-

temperatures of frozen soils.
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1.3 INSIGHTS FROM GENOMES AND ISOLATES

Genomes provide insights into the bacterial adaptations that have allowed
for growth in frigid tundra soils. Overall, the mechanisms that allow a bacterial
cell to survive and be metabolically active at subzero temperatures ensure that
the internal environment of the cell is kept at homeostasis, and that membrane
fluidity is maintained. Examples of cryo-bacterial adaptations that have been
experimentally verified are listed in Table 1.3.

One of the most important features for survival, persistence, or optimal
growth of the organism is the maintenance of membrane fluidity (Russell 2008).
Membrane fluidity can be sustained by a variety of strategies such as increasing
the ratio of branched fatty acids to saturated fatty acids in the lipid membrane
(Russell 1984). When Listeria monocytogenes grows at low temperatures, there
is an increase in branched fatty acids such as anteiso-C15:0 (Annous et al.
1998). However, some bacteria react differently to the cold, and can increase
their saturated fatty acid ratios by increasing C18:0 specifically, as demonstrated
in the growth of Planococcus halocryophilus (Mykytczuk et al. 2013).Another
strategy of maintaining membrane fluidity is by producing more unsaturated fatty
acids, as demonstrated by psychrophilic, mesophilic, and even thermophilic
Flavobacterium spp. grown at lower temperatures compared to Flavobacterium
spp. grown under mesophilic conditions (Kralova et al. 2017). Maintaining
membrane fluidity, and thus homeostasis, can also be achieved by producing
accessory pigments such as carotenoids. Examples of carotenoids leading to

cold temperature tolerance have been described in Arthrobacter agilis in the form
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of C-50 carotenoids, and glycosylated derivatives (Fong et al. 2001). Similarly,
the production of carotenoids such as zeaxanthins is increased upon cold
exposure in Sphingobacterium antarcticus (Jagannadham et al. 2000).
Carotenoids, are hypothesized to stabilize the bacterial membrane, depending on
their polarity and branching. Further, it has even been revealed that carotenoid
producing heterotrophic Antarctic bacteria are able to endure frequent bursts of
freezing compared to non-carotenoid producers (Dieser et al. 2010). In addition,
carotenoid pigmentation, along with glycine betaine and inositol, has been shown
to ameliorate stress from solar radiation in cold environments (Pérez et al. 2017).
C-30 isoprenoid molecules similar to carotenoids such as hopanoids, are also
hypothesized to play a role in thermal stress adaptations in some bacteria by
modifying cell-membrane dynamics (Damsté et al. 2017).

It is also vital for microorganisms to maintain protein flexibility in cold
environments (Raymond-Bouchard et al. 2018). This adaptation can be
accomplished by having a higher specific activity at lower temperatures, thus
reducing the activation energy needed (Feller and Gerday 2003; De Maayer et al
2014). In some cases, critical enzymes such as DNA ligases have a decrease in
residues such as arginine and proline, as demonstrated in the cryo-active
Pseudoalteromonas haloplanktis (Georlette et al. 2003). Likewise, proteomic
profiles from Psychrobacter arcticus have shown a decrease in amino acids
residues such as proline and arginine when the bacterium was grown at -10°C,

by which protein flexibility was likely improved (Ayala-del-Rio et al 2010).
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Other protein adaptations include Cold Inducible Proteins (CIPs), Cold
Adaptation Proteins (CAPs), and Cold Shock Proteins (Csps), which have similar
functions but are differentially expressed under varying environmental and
growth conditions (Phadtare et al. 1999). CAPs are expressed continuously
during bacterial growth, with constant exposure of the organism to the cooler
temperatures during growth (Beckering et al. 2002). Examples of CAPs include
trigger factors that interact with newly manufactured polyketides, as
demonstrated in the Antarctic isolate Pseudoalteromonas haloplanktis (Piette et
al. 2012). Csps belong to a specific family of proteins, which are highly
expressed following bacterial exposure to a temperature downshift, and provide
stability to vulnerable, critical cellular machinery, such as secondary RNA
structures and protein folds, and are part of the umbrella term “CIPs” (Phadtare
et al. 1999, 2008; Barria et al. 2013). Other CIPs include proteins such as
trehalose synthases encoded by the otsAB pathway, which are induced upon
temperature downshifts to increase trehalose production (Kandror et al. 2002).
Trehalose has been shown to protect cells during the increased osmotic stress,
which is prevalent from the increase of solutes in unfrozen, subzero temperature
water (Reina-Bueno et al. 2012).

Some adaptations of Arctic bacteria are multifunctional such as
exopolysaccharide (EPS) production. This is widely leveraged by
microorganisms to persist through freeze-thaws, and survive the osmotic stress
of saline, subzero temperature liquid water (Liu et al. 2012). Other overlapping

strategies also include anti-freeze proteins and carotenoid pigmentation to



overcome such low-temperature challenges (Dieser et al. 2010: Singh et al

2014).

13
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1.4 RESEARCH QUESTIONS AND GOALS

The overall goals of this dissertation are to understand bacterial life in
Arctic tundra soils, using analyses at the community and genome levels. It has
been established that soil respiration by bacteria occurs at subzero
temperatures, but a major gap remains in our understanding of which bacteria
are active at subzero temperature ranges in Arctic tundra soils. Another disparity
is understanding how some of the tundra soil isolates are able to thrive in these
environments. Using Arctic tundra soil incubation from Kilpisjarvi, Finland, along
with several tundra soil isolates from the same site, the bacterial biology was

explored with the following aims:

SPECIFIC AIM 1
Identification of subzero-active bacterial communities

The goal was to determine the subzero-active bacterial community of the
Arctic tundra soils of Kilpisjarvi, Finland using Stable Isotope Probing (SIP) and
16S rRNA gene sequencing. By testing a range of subzero temperatures of 0°C,
-4°C, and -16 °C, the aim was to determine if temperature within subzero ranges
has an impact on active bacterial community composition. Implications of
different active bacterial communities may suggest that subzero nutrient cycling
may be impacted by temperature shifts in frozen soils.
Hypothesis: Because of the stark temperature differences between summer and
winter temperatures of Arctic tundra soils, it is unlikely that the same bacterial

communities that were reported to be dominant during warmer temperatures are



16

equally dominant at subzero temperatures. Therefore, other phyla whose
members are not abundant or below detection in the summer, may be dominant
in the winter. There may also be a stark difference in organisms that are active at
0°C vs. -16 °C.

SPECIFIC AIM 2
Analysis of isoprenoid biosynthetic pathways of hopanoids and
carotenoids in the genomes of ubiquitous Arctic tundra soil Acidobacteria
The genomes of three established Acidobacteria species and six newly

sequenced undescribed Acidobacteria isolates from the Kilpisjarvi tundra region
were examined. Acidobacteria are well-adapted to the tundra soil environment
and represent a large portion of the bacterial community. The analysis focused
on genes involved in the synthesis of isoprenoid structures of hopanoids and
carotenoids. These are postulated to play a role in bacterial adaptation and
survival, and are relatively unexplored. Though little is known about their general
role, some members of Acidobacteria have been found to synthesize varietals of
either C3p isoprenoids (hopanoids) or the C4o isoprenoids (carotenoids) (Garcia
Costas et al. 2012; Damsté et al. 2017). Granulicella mallensis strain
MP5ACTX8, Granulicella tundricola strain MPSACTX9, and Terriglobus
saanensis strain SP1PR4 along with six new Acidobacteria strains (A2288,
M8UP23, MBUP39, MP8S11, MP8S7, and MP8S9) were analyzed using their
genomes. This pangenomic analysis will be coupled with the other biochemical
characterization in the laboratory of Dr. Mannisto in Finland for the potential

announcement of new species.
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SPECIFIC AIM 3
Genome analysis of the tundra soil bacterium, Mucilaginibacter mallensis

The Arctic tundra site of Kilpisjarvi, Finland, serves as a model landscape
to explore the ecology and biology of tundra soil bacteria. Here, Mucilaginibacter
mallensis strain MP1X4 isolated from the same Kilpisjarvi tundra soil as used in
the SIP study was explored by analyzing genomic capabilities and carbon
cycling.

Mucilaginibacter spp., members of the phylum Bacteroidetes, are poorly
understood soil, plant, and gut bacteria that are found globally in carbon-rich
environments. Mucilaginibacter isolates have been obtained from cold Arctic
tundra soils, volcanic forest soils and agricultural rhizospheres, rotten wood, plant
matter, and from lichens (Madhaiyan et al. 2009; Mannisto et al. 2010; Jiang et
al. 2011; Khan et al. 2013; Kampfer et al. 2014; Baek et al. 2015; Oh et al. 2016).
Three Mucilaginibacter species, namely M. lappiensis, M. mallensis, and M.
frigotolerans have been isolated from soils and lichen mostly from the Kilpisjarvi
tundra site (Mannisto et al. 2010). These bacteria grow between 0 and 33°C as
aerobic chemo-heterotrophs and form slimy, mucoid colonies (Mannisto et al.
2010). Notably, in characterization of Mucilaginibacter isolates, they were also
shown to produce copious amounts of extracellular polysaccharides. This
observation, along with the note that they are isolated from carbon-rich
environments, may suggest that they are well-adapted to process complex

organic molecules. Hence, a genome analysis of M. mallensis may provide



insights into the specifics of these capabilities and will set the stage for future,

targeted experiments.
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CHAPTER 2: EFFECT OF TEMPERATURE ON CYRO-ACTIVE BACTERIA IN
TUNDRA SOILS
ABSTRACT

Arctic soils cover large areas of Earth, store vast amounts of carbon, and
are subject to intense climate change. As temperatures shift, the Arctic tundra
soils may also undergo changes in the composition of their microbial
communities. While numerous studies have examined effects of thaw on the
composition and activities of soil microorganisms, little is known about the
consequences of warming within subzero temperatures in frozen soils. This study
identifies tundra soil bacteria active at subzero temperatures using a stable
isotope probing (SIP) approach. Incubations with tundra soil from Kilpisjarvi,
Finland were amended with "*C-cellobiose and held at 0, -4, and -16°C for 5-40
weeks. 16S rRNA gene sequence analysis of >C-labelled DNA revealed distinct
subzero-active bacterial taxa. Our SIP experiments demonstrated that members
of Candidatus Saccharibacteria, Melioribacteraceae, Verrucomicrobiaceae,
Burkholderiaceae, Acetobacteraceae, Armatimonadaceae, and
Planctomycetaceae were capable of synthesizing "*C-DNA at subzero
temperatures. Members of Oxalobacteraceae, and Rhizobiaceae were found to
be more active at 0°C than at -4°C or -16°C, whereas Melioribacteriaceae were
active at all subzero temperatures tested. Phylogenetic analyses of *C-labelled
16S rRNA genes from the Melioribacteriaceae, Verrucomicrobiaceae, and
Candidatus Saccharibacteria suggested that these bacterial taxa formed

subzero-active clusters closely related to members from other cryo-
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environments. This study demonstrates that subzero temperatures impact active
bacterial community composition and may influence global biogeochemical

cycles.

2.1 INTRODUCTION

The Arctic is among the most vulnerable regions with respect to climate
change, and is currently exhibiting dramatic ecosystem changes. Many of these
changes will have widespread implications, including alterations in Earth’s carbon
budget and climate. Primarily, this is because Arctic soil environments harbor
vast stores of organic carbon (C), and decomposition of these C stores is
expected to be a significant contributor to atmospheric chemistry and climate
(Tarnocai et al. 2009; Natali et al. 2011; Biasi 2014; Schuur 2015; Jansson and
Tas 2014). As a consequence of a changing climate, these vulnerable polar
environments are shifting from historic carbon sinks to contemporary carbon
sources (Oechel et al. 1993; Belshe 2013; Natali et al. 2015). These changes are
largely due to microbial responses to temperature shifts in the tundra (Biasi et al.
2014; McCalley et al. 2014; Voigt et al. 2016). While there has been extensive
research on tundra soil microbial communities active at temperatures above 0°C
(e.g., Sjogersten et al. 2003; Rinnan et al. 2006; Natali et al. 2010; Graham et al.
2012; Stark et al. 2015; Schuur et al. 2015; Stackhouse et al. 2016), little is
known about effects of temperature changes within subzero ranges on active
microbial communities. Though understudied, biological activities are well

established to occur below 0 °C, as long as cellular membrane fluidity is
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maintained (Arthur and Watson 1976; Clein and Schimel 1995; Bakermans et al.
2003; McMahon et al. 2009; Oquist et al. 2009; Mykytczuk et al. 2013; Mykytczuk
et al. 2016; Goordial et al. 2016; Schaefer and Jafarov 2016).

Approaches to study life at subzero temperatures have included
transcriptomics, metagenomics, RNA studies, respirometry, enzymatic
capabilities, microbial biomass measurements, and (meta)genome analyses (for
reviews see Jansson and Tas 2014; Nikrad et al. 2016). These provide evidence
that microbes are active at subzero temperatures and that their interactions are
complex. However, ascertaining identities of active microorganisms is difficult
with these methods because of the caveat of frozen environments—DNA or RNA
may remain preserved, despite the lack of metabolic activity, while respirometry
demonstrates activity but does not identify the responsible organism. To
overcome this challenge, methods such as stable isotope probing (SIP) have
been employed to identify and track active community members relevant to
understanding overall subzero microbial activities (Tuorto et al. 2014; Nikrad et
al. 2016).

In this study, we used SIP methodology to identify the active subzero
bacterial community in Arctic tundra soils. Here, we carried out SIP and 16S
rRNA gene bacterial sequencing of seasonally frozen Arctic tundra soils using
3C-cellobiose as the carbon substrate at subzero temperatures of -16, -4, and
0°C. Cellobiose is representative of the plant-derived C in the tundra, an
important C source in the global C cycle. Active microorganisms at subzero

temperatures will assimilate the ">C into their DNA when replicating their
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genomes, allowing for separation and sequencing of the newly synthesized "*C-
DNA. This study not only identifies bacterial members that were active in
processing cellobiose at subzero temperatures but also answers whether

subzero temperature ranges affect bacterial community composition.

2.2 METHODOLOGY OF SUBZERO-SIP

Study site and tundra soil collection

Tundra soils for the laboratory incubations were collected from Malla
Nature Preserve, Kilpisjarvi, in northwestern Finland in July, 2012. The sampling
site is located at 69° 3’ 48.229” N, 20° 44' 38.791" E, within the subalpine
Scandinavian mountain range, with vegetation consisting of shrubs, lichens, and
grasses, and the soil is primarily at a pH of ~7 (Mannisto et al. 2007; Mannisto et
al. 2013; Mannisto et. al., 2009; Mannisto et al. 2011). The mean annual air
temperature is -2.2°C, with the soil temperature fluctuating from 0°C to -25°C in
the winter (Mannisto et al. 2007; Kumar et al. 2017; Mannisto et al. 2013). The
growing season is only 100 days long and the soils are subject to subzero
temperatures for the majority of the year (Mannisto et al. 2013). For this study,
the soils were collected by coring to approximately 5 cm depth in the organic
layer. After sampling, soils were sieved and stored in the laboratory at 4°C for 22

months to deplete them of labile carbon prior to initiating SIP experiments.
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Subzero SIP Incubation Setup

A set of replicate tundra soil incubations (0.3 g) were established in 2 mL
microcentrifuge tubes with cellobiose as the carbon source to represent plant-
derived organic matter. Individual incubations were amended with either 3C- or
'2C-cellobiose (1 mg C/per gram soil C added in a total volume of 100 pL water
per replicate) and held at temperatures of 0°C, -4°C, and -16°C. All incubations
were monitored with an internal thermometer, where daily temperature logs were
maintained. The incubation temperatures varied briefly, maintaining averages of -
15.8, -4, and -0.4°C over the course of 40 weeks. After 5 and 40 weeks of
incubation, triplicate incubations from each set were sacrificed for DNA extraction
and downstream analysis. For an illustration of this methodology, please see

Figure 2.1.

Soil incubation processing

DNA was extracted using a hexadecyltrimethylammonium bromide
(CTAB) — phenol-chloroform extraction method similar to Mannisto et al. (2009).
Briefly, soils were extracted with equal volumes of 5% CTAB and phenol-
chloroform isoamyl alcohol (25:24:1) by bead-beating with two 3 mm glass beads
on a bench-top vortex for 3 minutes. The soil was pelleted by centrifugation and
the top phase was mixed with an equal part chloroform isoamyl alcohol (24:1).
After centrifugation, the upper phase was transferred to a new microfuge tube, to
which 2X volume of 30% w/v polyethylene glycol 8000 (PEG) was added, and

allowed to stand at 4°C for 45 minutes before centrifugation. The supernatant
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was removed and DNA was precipitated. DNA was then washed and centrifuged
with cold 100% ethanol at 4°C. The supernatant was removed and followed by a
70% ethanol wash/centrifugation. The DNA pellets were then dried at room
temperature and resuspended in DNAse-free water. The extracted DNA
suspension was quantified on a 2% gel to verify for sufficient DNA (greater than
300 ng) and prepared for ultracentrifugation.

Prior to ultracentrifugation, 100 ng of archaeal *C-labeled carrier DNA
from Halobacterium salinarium was added to ~100 ng of sample DNA and
amended with ethidium bromide to allow for distinct separation and visualization
of light and heavy DNA bands under UV light (Gallagher et al. 2005; Tuorto et al.
2014). A total of 200-250 ng of DNA was applied in cesium chloride (CsCl) to
each column for isopycnal ultracentrifugation at 225,000 x g for 48 hours. Light
(*?C) and heavy ("*C) DNA bands were then visualized under UV light and

collected by pipette from the CsCl gradient.

Screening for bacterial activity using community fingering:

DNA from the "*C-bands were amplified using bacterial 16S rRNA gene
27F(5'-AGAGTTTGATCCTGGC TCAG-3') - R1100 (5'-AGGGTTGCGCTCGTTG-
3') primers using the following parameters: 2 minutes at 94 °C; followed by cycles
of 27 of 30 seconds at 94 °C, 40 seconds at 53 °C, and 1 minute at 72 °C; and
elongation for 5 minutes at 72 °C. Unambiguous ">*C-DNA synthesis was
assessed by verifying that there was no amplification in the "*C carrier bands of

'2C-cellobiose amended incubations, while there was positive amplification in the
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'3C-cellobiose carrier bands in '*C amended incubations. 16S rRNA gene
amplicons from the ">C carrier bands were digested with Mspl and screened by
terminal restriction fragment length polymorphism (TRFLP) community analysis,
per methods of Tuorto et al. (2014). The TRFLP community profile analysis
allowed for the pre-screening of samples that were subsequently selected for

lllumina MiSeq sequencing of the bacterial 16S rRNA gene.

Amplicon DNA Sequencing

Analysis of heavy DNA bands was carried out by MRDNA (Shallowater,
Texas, USA) using the 16S rRNA MiSeq lllumina amplicon sequencing platform.
DNA primers were chosen to selectively amplify only bacterial sequences DNA
was amplified using 2-step PCR with 27F(5'-AGAGTTTGATCCTGGCTCAG-3)-
R1100 (5-AGGGTTGCGCTCGTTG-3') followed by F341 (5'-
CCTACGGGNGGCWGCAG-3') -R785 (5-GACTACHVGGGTATCTAATCC-3")
primers (Klindworth et al. 2012), with a barcode on the forward primer for 30
cycles using the following conditions: 3 minutes at 94°C; followed by cycles of 28
of 30 seconds at 94°C C, 40 seconds at 53°C, and 1 minute at 72°C; and
elongation for 5 minutes at 72°C. PCR products were checked by 2% agarose
gel electrophoresis. Samples were further purified using Ampure XP beads to
prepare for DNA libraries. DNA libraries were prepared according to the lllumina
TrueSeq protocol and sequencing was carried out by MRDNA via a MiSeq
lllumina Sequencer using manufacturer’s protocols and data were processed

using MRDNA's pipeline (MRDNA, Shallowater, Texas, USA).
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Bioinformatic Pipeline and Analyses

DNA sequences were trimmed of barcodes, and sequences less than 150
bp were discarded, along with ambiguous base calls. Chimeric sequences were
removed and operational taxonomic units (OTUs) were defined by clustering at
97% similarity (3% divergence). OTUs were taxonomically classified using
BLASTN, using GreenGenes, RDPII, and NCBI 16S rRNA gene databases.
Similarity criteria for classification at different phylogenetic levels were as follows:
>97% species, 95-97% Genus, 90-95% Family, 80-85% Class, and 77-80%
Phylum.

Data were imported into ClustVis using R packages including pcaMethods
(R package version 0.7.7) for Principal Component Analysis (PCA) with unit
variance scaling, Singular Value Decomposition (SVD), and imputation to
calculate principal components (Metsalu and Vilo 2015). Heat maps to compare
relative abundances of bacterial populations were also generated with ClustVis
using ggplot2 heatmap (R package version 0.7.7), unit variance scaling,
hierarchical clustering, correlation distance, and average linkage (Metsalu and

Vilo 2015).

Phylogenetic Analysis

Alignments for the "*C-labeled 16S rRNA genes were built using Molecular
Evolutionary Genetics Analysis version 7.0 (MEGA 7; Kumar et al. 2016) with
representative closest matches identified by Blast and with 16S rRNA genes from

similar polar environments (e.g., Arctic soil, lake water, etc.). Sequences were



27

aligned by ClustalW with manual verification, and trimmed to the length of the
shortest OTUs within bacterial taxa. Molecular phylogenetic analysis was carried
out using the maximum likelihood methods based on the Tamura-Nei substitution
model (Tamura and Nei 1993). The bootstrap consensus tree inferred from 500
replicates represents the evolutionary history of the taxa analyzed, and branches
corresponding to partitions reproduced in greater than 50% bootstrap replicates
are listed (Felsenstein 1985; Kumar et al. 2016). The fraction of replicate trees in
which the associated taxa clustered together in the bootstrap test (500 replicates)
are shown next to the branches. Phylogenetic trees were edited in iTOL (Letunic

and Bork 2016) for visualization and labeling.



28

"G ‘sisAjeue ejep yum Buoje

‘Ino paled sem Bulouanbas uooidwe auab yYNYJ S9| ‘AlAIIOE JO UOROS}ap JOYY "€ Ul Uole|lwISSe
21d0j0sI 10} pausalds YN( ‘paloelixa sem YN ‘suoieqnoul Jayy "Z ‘Seem Qo 0} dn suoneqnoul a8y
"} ‘sjuswipuswie 8s0lqo||80-0,, ‘., UM suoleqnoul |10s epun)} Buisn d|S jo ABojopoyie| :}°Z a4nbid

159610 ¥0d adures 159610 ¥0d 104u0D

Qo9l- .Oo.v- .Ooo

woyog 8soiqolI8d-Og, woyog 8s01qolie)-0z, suoneqnou
Bog 8501G0180-0 1og 8501q0)190-0 jeqnouj N-‘—‘
x Jo N
sisAleuy oneuabojAyd ¢Ananoy 3oe3eq 1 I
soljew.ojulolg 15961p AjUunWWod ¥Yod uolebnyjuagesyn 9s0100|l0-Og;  9501G0IRD-0z:
Buiouanbag ¥YNQ G 20IVO 7 uoioeAXa YNA | € (11os B/6w |) yuswpuswy 9




29

2.3 RESULTS

This study aimed to identify metabolically active bacteria at subzero
temperatures in Arctic tundra soils using SIP with cellobiose amendments.
Metabolically active bacteria will have assimilated the isotopic label and will allow
for physical separation of their DNA. Prior to DNA sequencing and bacterial

identification, soil incubations were screened for detectable metabolic activity.

Soil Incubation Screening

The subzero active members of the bacterial community were delineated
from triplicate independent tundra soil incubations destructively sampled and
analyzed for incorporation of ">C-cellobiose into DNA. 16S rRNA gene terminal
restriction fragment length polymorphisms (TRFLP) of the top and bottom bands
of the "*C- and "C-cellobiose amended incubations were used to screen for
metabolic activity and unambiguously determine subzero activity. A key quality
assurance step involved examining the bottom, heavy band of the "*C-cellobiose
amended incubations. A flat line in the TRFLP profile indicated that there was no
contamination or shearing from the top band (2C-DNA), and was also
representative of this technique’s replication and quality when handling the "*C-
cellobiose amended samples. A signal in the "*C-cellobiose amended bottom
band was used to detect subzero bacterial activity. The earliest time points for
detection of subzero activity and incorporation of *C into DNA was after a 5-
week incubation at 0 and -4°C and 40 weeks at -16°C (no assimilation was

detected at previous timepoints of 5 and 8 weeks). The evidence of subzero



30

bacterial activity at -16, -4, and 0°C by TRFLP screening is shown in Figures 2.2,

2.3, and 2.4, respectively.

DNA Sequencing

The heavy, bottom DNA bands "*C-cellobiose amended 0, -4, and -16°C
incubations were then sequenced by Illlumina MiSeq. Amplicons of >200 bp were
assigned OTUs after bioinformatic quality checks, and normalized to relative

abundance. Table 2.1 shows the number of reads detected per temperature

condition.
Replicates
Condition 1 2 3
Initial 43573 76652 64492
0°C 75298 68850 80424
-4°C 108998 90727 107615
-16°C 62872 91558 84513

Table 2.1: Number of reads detected Per biological replicate of initial resident
community and subzero incubations ('*C-amended Bottom Bands).

Resident and Subzero-Active Bacteria of Tundra Soils

The resident tundra bacterial community (determined from initial, time
zero, incubation samples) was comprised largely of members of the phyla (in
order of abundance) Proteobacteria, Actinobacteria, Acidobacteria,
Verrucomicrobia, Bacteroidetes, and Planctomycetes (Figure 2.5). Members of
Chloroflexi, Fusobacteria, Firmicutes, Cyanobacteria, Chlamydia, Ignavibacteria,

Candidatus Saccharibacteria, and Armatimonadetes were also detected at lower
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abundance (Figure 2.5). The dominant resident bacterial family members in initial
(time zero) incubations were mostly (in order of abundance) comprised of
Nitrosomonadaceae, Acidobacteriaceae, Thermomonosporaceae,
Sinobacteraceae, Acidimicrobiaceae, Hyphomicrobiaceae, Holophagaceae, and
Chitinophagaceae (Figures 2.6). The bacterial community members active at the
different subzero temperatures were distinctly different from that of the resident
community. Bacteria active at subzero temperatures included members of the
phyla Ignavibacteriae, Proteobacteria, Armatimonadetes, Actinobacteria,
Verrucomicrobia, Candidatus Saccharibacteria, Chloroflexi, Cyanobacteria,
Firmicutes, Deinoccocus Thermus, Candidatus Brocadiaceae, and
Planctomycetes (Figure 2.5). In contrast, members of the Bacteroidetes,
Chlamydia, and Fusobacteria that we detected in the resident community were
not detected in the subzero SIP incubations and determined to be inactive.
Relative abundances of members of the Actinobacteria, Acidobacteria,
Bacteroidetes, Chloroflexi, and Proteobacteria decreased from the initial
untreated soil incubations, while relative abundances of members of the
Ignavibacteriae, Candidatus Saccharibacteria, Deinococcus Thermus,

Planctomycetes, Armatimonadetes, and Verrucomicrobia increased (Figure 2.5).
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Active Members of Bacterial Families Detected at Subzero Temperatures

The cellobiose assimilating bacteria varied across the different subzero
temperatures. (Figure 2.6). Bacteria active at 0°C included members of
Candidatus Saccharibacteria, Melioribacteriaceae, Armatimonadaceae,
Thermacae, Desulfobacteraceae, Nocardiaeae, Oxalobacteraceae, and
Prochlorococceae. Bacteria active at -4°C included members of the
Rubrobacteraceae, Candidatus Saccharibacteria, and Oxalobacteraceae. Of
particular interest was the detection of bacteria active at -16°C, including
members of the Candidatus Saccharibacteria, Melioribacteriaceae, Candidatus
Brocadiaceae, Pelobacteraaceae, Acetobacteraceae, Armatimonadaceae,
Desulfobacteraceae, Anaerolineae, Verrucomicrobiaceae, and
Planctomycetaceae. PCA demonstrated clustering of the bacterial communities
based on temperature, with the soil communities incubated at 0 and -4°C
clustering closer to each other than those incubated at -16°C (Figure 2.7), and all

clearly separate from the initial community.
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Several members of the resident bacterial families that were
detected in the initial soil sample were apparently unable to assimilate and
unable to utilize cellobiose at subzero temperatures. These included members of
the Holophagaceae, Acidobacteriaceae, Chitinophagaceae, Polyangiaceae,
Thermoanaerobacteraecae, Bradyrhizobiaceae, Fusobacteriaceae,
Connexibacteriaceae, Ktedonobacteraceae, Hyphomicrobiaceae,
Thermomonosporaceae, Solirubrobacteraceae, Sphingobacteraceae,
Spartobacteria, Sinobacteraceae, Rhabdochlamydiaceae, Chlamydiaceae,
Verrucomicrobia subdivison 3, Bacteroidaceae, and Burkholderiaceae (Figure
2.6).

A heat map (Figure 2.8) displays the relative the abundance of each
bacterial family member within the biological replicates of each incubation to
each those from every incubation and initial community. From this analysis, it can
be discerned that there is a striking high abundance of bacterial members
detected in the initial community that were not detected to be cryo-active. In the
-16°C incubations, members of Verrucomicrobiacaeae, Acetobacteraceae,
Candidatus Saccharibacteria, Melioribacteraceae, Planctomycetaceae, and
Burkholderiaceae were in higher abundances. In the -4°C and 0°C incubations,
Candidatus Saccharibacteria were also detected at high relative abundances.
Similarly, members of Phycisphaeraceae, were more prevalent in these -4°C and

0°C incubations.

At -4°C, members of Rhizobiaceae, were more abundant than at any other

subzero temperature. At 0°C, members of Candidatus Saccharibacteria were



again active, along with members of Armatimonadetes, Oxalobacteraceae,
Chromobacteraceae, Melioribacteraceae, Planctomycetaceae, and
Verrucomicrobiaceae. Interestingly, Candidatus Brocadiaceae were most
abundantly active at 0°C. Interestingly, members of the Planctomycetaceae

were abundant at 0°C and -16°C, but not as abundant at -4°C.

40
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To further compare ecological patterns of bacterial families that were
detected to be metabolically active in frozen soils, the diversity and species
evenness was calculated for all soil cold incubations and SIP amendments, and
compared to that of the initial soil bacterial community in Figure 2.9. It was
observed that both diversity and evenness of bacterial communities that were
able to assimilate cellobiose in subzero temperatures was lower than that of the
initial soil bacterial community. The initial bacterial community is comparable to

those from Greenland permafrost soils (Ganzert et al. 2014).

Initial-1  Initial-2  Initial-3  0°C-1 0°C-2 0°C-3 4C4  4C2 4C3 -16°C1 -16°C-2 -16°C-3
H 3.09 3.30 3.16 2.56 2.65 267 2.56 215 245 2.53 253 1.75
E 081 087 0.83 0.67 0.70 0.70 067 0.57 0.64 0.66 0.66 046

Figure 2.9: Shannon diversity index (H) and evenness (E) for OTUs assigned on
a family level, consistent with PCA of bacterial families (Figure 2.7) and heatmap
of bacterial families (Figure 2.8) for all initial and SIP amended cold incubations.

Novel Cryo-active Bacterial Clades

Phylogenetic analysis of subzero active community members, especially
those of the phyla Candidatus Saccharibacteria, Verrucomicrobia and
Ignavibacteria were carried out to investigate the relationships of the cryo-active
OTUs of these phyla with those of isolates and uncultured bacterial phylotypes
(Figures 2.10, 2.11. 2.12). Within the Candidatus Saccharibacteria, three
subzero-active OTUs were detected. These OTUs were most closely related to
relatives detected in other polar or cold environments, including Svalbard ice

cores, Antarctic soils, Arctic soils, thawing Canadian permafrost soils, and
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Chilean desert soils (Figure 2.11). While representatives of Candidatus
Saccharibacteria have been detected in diverse environments, ranging from
human oral cavities to sponges, the OTUs representing subzero active members
of Candidatus Saccharibacteria were most closely related to representatives from

cold environments.

Within the Verrucomicrobia, four OTUs representing subzero active
members were detected (Figure 2.12). Three of the OTUs clustered closely
together and were most closely related to Opitutus clones from limnopolar and
meromictic lakes in Antarctica and France, respectively. The more divergent
OTU of the subzero active Verrucomicrobia was shown to be more closely
related to OTUs from Arctic and paddy soils, as well as from a nematode host
(Xiphimema americanum). All subzero active OTUs clustered uniquely and

represent newly distinguished cryo-active tundra soil bacteria members.

An unexpected observation was the detection of subzero-active
Ignavibacteria. Members of the Ignavibacteria have mainly been found in
thermophilic environments, such as hot springs, volcanic lakes, wastewater or
deep aquatic sediments. However, here we detected six subzero active OTUs
within the Ignavibacteria that formed a distinct group divergent from the known
isolates and curated sequences of the phylum. The closest known relative to

these active members was from a rhizosphere soil from India (Figure 2.10).
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OTU 10 Active 0C

Wastewater Belgium (LT545938.1)

Melioribacter roseus (NR 074796.1)

Sewage China (MG800872.1)

Volcanic lake water (HF930565.1)

Volcanic lake water Costa Rica (HF930568.1)
Enrichment Canada (KT025839.1)

Anaerobic sludge China (KP677518.1)

71— Lake water China (KX366339.1)

Rhizosphere Soil Spain (JX114411.1)
Biofilm bedreactor China (JQ723643.1)
72

Rhizosphere Soil India (KF041146.1)

OTU 4A Active 0C -4C -16C

OTU 166 Active 0C

96/~ OTU 14 Active 0C

OTU 65 Active 0C

OTU 39 Active 16C

70l0TU 4 Active 0C -4C -16C

— Wastewater Japan (LC145273.1)

Biofilm China (JQ724356.1)

100 Bioreactor Sludge China (KC769166.1)

Anaerobic Consortion China (JN217054.1)
TO Subsurface Sediment Finland (HF913069.1)

MicrobialFuelCell Japan (AB824898.1)

Crassotrea giggas Germany (LT172446.1)

NorthSea Germany (LT170197.1)

Highway basin USA (JQ177285.1)

InfiltrationBasin USA (JQ178115.1)

Ground water USA (KP682336.1)
Ignavibacterium album ( NC 017464.1)
HotSpring Austrailia (JX125571.1)

Qilfield China (KR049134.1)

Tree Scale
0.1 84

89

HotSpring Indonesia (JQ183087.1)

HotSpring Indonesia (JX047126.1)

Figure 2.10:16S rRNA gene phylogeny of Ignavibacteria was constructed using
the ML methodology using 457 bp. OTUs from this study are in blue font, taxa
from cold environments are in blue background. The only 2 isolates in the phylum
are in bold. Bootstrap values of 500 replicate iterations are listed. All other taxa
are listed with sample source.



45

Arctic Tundra Soil Canada (JF508306.1)
_fOTU 135 Active 0C -4C
Hydrocarbon Contaminated Soil France (AM936868.1)

_!jOTU 35 Active 0C -4C -16C

Permafrost thaw Canada (JN656764.1)
Antarctic Soil Alexanderlsland (FN811254.1)
_:Agricultural Soil China (MF002248.1)
Moss Soil Anchorage Island Antarctica (EF219756.1)
Desert Soil Atacama Chile (EF016808.1)
Antarctic Soil AntarcticPeninsula (FR749817.1)
OTU 69 Active 0C -4C -16C
— Ice core Svalbard Norway (JN255786.1)
_{—OTU 37 Active 0C -4C
Arctic Wetland Soil Canada (GU047594.1)
Alpine Tundra WetMeadow Soil USA (DQ450819.1)
L Glacier Soil India (GQ287613.1)
Chondrilla nucula Adriatic Sea (AM259900.1)
Arctic Meltwater Svalbard Norway (FJ946603.1)
Bovine teat skin France (JN834918.1)
Sediment USA (CP006915.1)
Sewage Austrailia (AF269027.1)
Candidatus Saccharimonas aalborgensis (CP005957.1)
91 E Rhizosphere Soil Spain (JX114502.1)
Archaeological Soil Sicily (KX028761.1)

Meromictic Lake France (GU472726.1)
Anaerobic Bioreactor Belgium (GLT857961.1)
_|— Human Subgingival plaque Niger (AM420206.1)
100 'Human Oral Cavity (LT695887.1)

Tree Scale

0.01 8
H

Figure 2.11: 16S rRNA gene phylogeny of the Candidatus Saccharibacteria was
constructed using the ML methodology using 429 bp with 500 bootstraps
replicates. OTUs from this study are in blue font, taxa from cold environments are
in blue background. Bootstrap values of 500 replicate iterations are listed. All
other taxa are listed with sample source.
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OTU12 Active 0C -4C -16C
Ant Kenya (AM774213.1)

L{— Paddy Soil Italy (AJ390453.1)
% OTU11 Active -16C
1000OTU 14 Active-16C

87 OTU 16 Active 0C -16C
———  Cerasicoccus frondis (AB372851.1)

rMeromictic Lake France (GU472748.1)
Limnopolar Lake Byers Peninsula Antarctica (FR848789.1)
Hydoocarbon Contaminated Soil France (AM935441.1)
Ant USA (JQ254583.1)
Rhizosphere Soil Norway (HE861315.1)
Lacunisphaera limnophila (NR 146349.1)
Arctic Tundra Soil Canada (JF508322.1)
Arctic Soil Svalbard (AM940803.1)
Opitutus terrae (AJ229235.1)
Pasture Soil Austrailia (J132480.1)
Methylacidiphilum sp. RTK17.1 (LN998017.1)

72
—1:Glacial Arctic Soil (HQ462502.1)
L(:F’addy Soil China (FR774794.1)
Arctic Peat Soil USA (HQ162247.1)

Candidatus Xiphinema americanum (AF217460.1)
— Red Mud Hungary (HE974854.1)
_':Soil Schirmacher Oasis Antarctica (AJ577294.1)

Pasture Soil Austrailia (FN594619.1)

i‘i Verrucomicrobium spinosum (NR 026266.1)
Roseimicrobium gellanilyticum (KU984672.1)

Glacier Soil India (GQ287459.1)
4{ Himalayan Soil India (AM990055.1)
Rubritalea halochordaticola (NR 113049.1)

28 Soil Antarctica (R749730.1)
Luteolibacter sp. CB 286403 (LN833280.1)
Verrucomicrobium sp IRVE (PFN689720.1)
Luteolibacter arcticus (NR 135889.1)

51

100

Tree Scale
0.1

e

Figure 2.12: 16S rRNA gene phylogeny of the Verrucomicrobia was constructed
using the ML methodology using 455 bp with 500 bootstraps replicates. OTUs
from this study are in blue font, taxa from cold environments are in blue
background. Taxa representing species in cultures are italicized. Bootstrap
values of 500 replicate iterations are listed. All other taxa are listed with sample

source.
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2.4 DISCUSSION

Subzero metabolism in frozen soils has been detected by production of
gases such as COy, and CH4 (Flanagan and Veum 1974; Fahnestock et al. 1999;
Panikov and Dedysh 2000; Mikan et al. 2002; Monson et al. 2005; Panikov et al.
2006; Schuur et al. 2009; Oquist et al. 2009; Drotz et al. 2010; Sistla et al. 2013),
but not much has been done to distinguish specific members that are
metabolically active in frozen tundra soils and can assimilate cellobiose. When
contrasting to SIP studies of soils using cellobiose as an amendment, there was
no particular bacterial indicator species across tundra, temperate forest, and
agricultural soils, suggesting that cellobiose assimilation is ubiquitous to most
bacterial communities (Verastegui et al. 2014). This study set out to investigate
how different subzero temperatures impact and shape the active bacterial

community composition in Arctic tundra soils.

One the most stunning discoveries from this study was the identification of
a new group of cryo-active Ignavibacteria. The Ignavibacteria have been
characterized as mesophiles to thermophiles, they have been detected in hot
springs and lakes, and the two known isolates of this phylum are thermophiles
(Lino et al. 2010; Podosokorskaya et al. 2013; Juottonen et al. 2017). Two
cultured Ignavibacteria isolates have the ability to degrade cellobiose (Lino et al.
2010; Podosokorskaya et al. 2013). The cryo-active Ignavibacteria OTUs from a
distinct cluster separate from the previously described phylotypes (Figure 2.9).
This result suggests that subzero cellobiose degradation and C cycling in the

cold tundra soil is part of the lifestyle of some Ignavibacteria. This finding is
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consistent with the characterization of the phylum, as it supports that
Ignavibacteria are able to use cellobiose as a carbon source (Lino et al. 2010;
Podosokorskaya et al. 2013). Other tundra studies using metagenomics suggest
that tundra soil Ignavibacteria are likely active in fermentative pathways,
anaerobic methanotrophy, or sulfur reduction by matching to a bin representing
Coenzyme B-Coenzyme M heterodisulfide reductase genes (Johnston et al.
2016). It may be possible that the microcosms were eventually depleted of
oxygen, hence giving rise to anaerobic bacteria as Desulfobacteraceae,

Anaerolinaceae, and Pelobacteraceae.

OTUs belonging to members of Candidatus Saccharibacteria were
detected in this study, and generally clustered with other representative
phylotypes from cold soils, e.g. polar and desert environments (Figure 2.10).
While phylotypes from colds soils and the OTUs from this study clustered
together, taxa from cold-environments appear dispersed within the phylum. This
finding suggests that cold and temperate representatives of Candidatus
Saccharibacteria can adapt to a wide range of temperate-cold environments.
However, it is difficult to ascertain additional features about these phylotypes as
there is yet no cultivated representative of Candidatus Saccharibacteria.

The cryo-active Verrucomicrobia members identified in this study formed a
relatively tight cluster, and were not closely related to other representatives from
cryo-environments (Figure 2.12). Furthermore, members from cold environments
were dispersed widely throughout the phylum, suggesting that cold tolerance or

cryo-activity is a ubiquitous adaptation across the Verrucomicrobia. One of the
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closest relatives to a cluster of Verrucomicrobia OTUs is reported to utilize C in
leaves, similar to cellobiose incorporation demonstrated in this study. The other
close relatives are from an Arctic peat soil and paddy soils, as well as soil-
nematode associated members. Being an endosymbiont or part of the associated
microbiota of nematode can infer advantages for both the nematode (access to
C, as cellobiose is degraded) as well the microbe (protection from predators,
microbial competitors, abiotic stress etc.) as demonstrated in previous studies

(Vandekerckhove et al. 2000; Murfin et al. 2012).

The remaining OTUs representing Verrucomicrobia were spread
throughout the phylum (Figure 2.12), and have relatives to lakes and other soils,
reminding that members of Verrucomicrobia are ubiquitous to the planet’s soil
environments (Bergmann et al. 2011; Navarrete et al. 2015). Overall, many
members of the Verrucomicrobia have been found in polar environments using
both culture-dependent and -independent techniques (Neufeld and Mohn 2005;

Fierer et al. 2012; Deng et al. 2015; Kim et al. 2015).

Interestingly, known cellobiose degraders and prevalent members in the
resident community of these tundra soils such as the Acidobacteriaceae
(Pankratov et al. 2011; Pankratov 2012; Rawat et al. 2012; Eichorst et al. 2018)
were not detected in the *C-DNA band of the subzero incubations (Figures 2.6,
2.8). This suggests a seasonal dynamic in the community members active in C-
degradation, and may imply that the Acidobacteria are seasonally active in
processing carbon (Rawat et al. 2012). The members of the Ignavibacteriae,

Candidatus Saccharibacteria, and Verrucomicrobiaceae that were active at
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subzero temperatures were, unsurprisingly, related to families in these phyla
known to degrade cellulose, cellobiose, or are suggested to have saccharolytic

activities (Lino et al. 2010; Dai et al. 2016; Juottonen et al. 2017).

Several members of the Melioribacteraceae, Desulfobacteraceae,
Anaerolinaceae and Pelobacteraceae that are thought to be cold-adapted or
have been detected in polar regions (Gittel et al. 2014; Lee et al. 2014; Goordial
et al. 2016; Reyes et al. 2016) were shown to be active at various subzero
temperatures in this study. In C-usage of cellulose/cellobiose, this study is
consistent with'*C-cellulose amended SIP of soils from coastal regions,
grasslands, and desert, on reporting that bacterial members of Burkholderiales,
Rhizobiales, and Sphingobacteriales were metabolically active (Eichorst and
Kuske, 2012). Cellulose degrading bacteria are globally found in soils, and
appear to be adapted to the temperature of that habitat (Eichorst and Kuske,
2012). There are also known diazotrophs, such as the Oxalobacteraceae, that
were active at both -4 and 0 °C, making them likely key players in relatively C-

rich, N-limited environments such as the Arctic tundra soils (Yang et al. 2014).

It was hypothesized that the active bacterial community would differ at
different subzero temperatures, as has been demonstrated in a permafrost study
(Tuorto et al. 2014). This effect of temperature on active bacterial community
composition was demonstrated by the clustering of the temperature treated
biological replicates by PCA analysis (Figure 2.7). The active bacterial

communities clustered distinctly by temperature and separated from the initial
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resident tundra soil community. A tighter clustering at temperatures of 0°C and
-4°C was observed, while the -16°C incubation cluster was more distinct.

While we aimed to detect the earliest assimilation of the "*C-labeled
cellobiose, it is possible to have either cross-feeding or further bacterial
succession over time. However, despite the potential for cross-feeding, this study
still discerns the active bacterial communities at subzero temperatures.
Interestingly, even if there was cross-feeding, the SIP successfully identified
bacterial members that assimilate the by-products of the initial food chain. A long
incubation time (40 weeks) was required to obtain a detectable signal from the
SIP amended incubation at -16°C. This time frame is relevant and appropriate to
contrast to the warmer subzero temperatures since respiration occurs at a slower
rate at colder temperatures (Llyod and Taylor 1994). Another study that
examined bacterial replication at subzero temperatures in Alaska permafrost soil
incubations also took a similar time frame (Tuorto et al. 2014).

Finally, the active bacterial community distinguished by this SIP study is
different from that detected by rRNA-studies during the growing season in these
tundra soils (Mannisto et al. 2013). Here, using rRNA as a measure of activity, it
was determined that the Acidobacteria and Gammaproteobacteria dominate at
the site (Mannisto et al. 2013). Though they were not the most abundant in the
resident bacterial community, members of the Planctomycetes, Deinococcus-
Thermus, Actinobacteria, and Bacteroidetes were active at subzero temperatures
and also detected at the summer season temperatures (Mannisto et al. 2013).

This detection makes sense since the soil is from the same site and would be
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expected to bear the same inoculum of microbes—it is simply the activity by
various bacterial family members that may shift depending on the temperature
and/or season. However, it is also prudent to recognize that here the effect of
vegetation and other environmental factors may be not be able to be measured

as conducted in situ.

Understanding which members of the tundra soil microbial community are
active at subzero temperatures is critical in developing a better understanding of
soil C cycling as well as for assessing how climate change may impact
vulnerable polar environments. Here it was demonstrated that temperature has
an impact on cryo-active bacteria through the assimilation of *C-cellobiose into
bacterial DNA. This study suggests that temperature changes even within
subzero ranges may impact bacterial community composition, and thereby affect
soil microbial activities. This effect is further supported by differential responses
in respiration and C turnover in soils at similar subzero ranges, and this study
identifies the active bacterial family compositions within subzero ranges (Llyod

and Taylor 1994; Mikan et al. 2002; Michaelson and Ping 2003; Bore et al. 2017).
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CHAPTER 3: HOPANOIDS AND CAROTENOIDS OF ARCTIC TUNDRA

ACIDOBACTERIA

3.1 INTRODUCTION TO ACIDOBACTERIA

The phylum Acidobacteria was first described when Acidobacterium
capsulatum was isolated from an acidic mine drainage in Japan (Kishimoto et al.
1992). Members of the phylum Acidobacteria are among the most ubiquitous soil
bacteria (Jones et al. 2009), and a dominant bacterial group in Arctic tundra soils
(Pankratov 2012; Mannisto et al. 2013). There are currently 26 known
subdivisions within the Acidobacteria, with most isolates in subdivision 1 (Kielak
et al. 2016; Eichorst et al. 2018). Examples of Acidobacteria spp. are listed in
Table 3.1. As rhizosphere-dwellers, Acidobacteria have been shown to have
plant-growth stimulating effects, and even make exopolysaccharides in order to
attach cells to plant roots (Kielak et al. 2016).

Members of Acidobacteria are mostly chemoheterotrophs that can live in
acidic-neutral soils, with the exception of the photoheterotrophic
Chloracidobacterium thermophilum, which grows in mildly acidic-alkaline soils
(Tank and Bryant 2015). In particular, the prevalence of subdivision 1
Acidobacteria appear to be driven by soil pH (Sait et al. 2006; Jones et al. 2009;
Rousk et al. 2010). As a phylum of diverse metabolisms, recent studies have
even shown that some species have the potential to scavenge Ha to persist in
these soils (Greening et al. 2015). Others have shown that they are capable of

contributing to the global sulfur cycle by exhibiting dissimilatory sulfur metabolism
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(Hausmann et al. 2018). Some have argued that the Acidobacteria have a
similar breadth of diversity as the phylum Proteobacteria (Kielak et al. 2016;
Eichorst et al. 2018).

For this study, the dominance and survival of Acidobacteria in oligotrophic,
Arctic tundra soils raises the question of what features they possess that make
them so successful. To address this question, tundra Acidobacteria genomes
from Kilpisjarvi, Finland were explored. These Arctic tundra soil isolates are
Granulicella mallensis (Mannisto et al. 2012), Granulicella tundricola (Mannisto et
al. 2012), Terriglobus saanensis (Mannisto et al. 2011), along with undescribed
new isolates strains of A2288, M8UP23, M8UP39, MP8S11, MP8S7, and MP8S9
from the same Arctic tundra region of Kilpisjarvi, Finland.

Bioinformatic analysis of genomes of soil isolates is important since
genomic insights will pave the path for future testable experiments. The current
understanding of soil bacterial capabilities is relatively limited, and thus soil
bacteria are vastly overlooked for their potential biotechnological value and
overall roles in many ecosystems (Crits-Christoph et al. 2016). Here, using
described and novel acidobacterial isolates from the Kilpisjarvi tundra site,
bioinformatic analysis was conducted focusing on the hopanoid and carotenoid
pathways. This study aims to set the groundwork for future targeted lab

experiments on the acidobacterial isolates.
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3.2 INTRODUCTION TO ISOPRENOIDS

In paleobiology, one of the oldest identified lipid biomolecules of bacteria
are the isoprenoids, which are based on Cs units of isoprene. These include the
Cso isoprenoid such as hopanoids, which are membrane bound, as well
pigmented isoprenoid C4o molecules, the carotenoids (Lange et al. 2000; Anwar
etal. 1977).

Carotenoids, or tetraterisoprenoids, are organic pigments that are made
by all domains of life (Hertzberg et. al 1976; Goodwin 1980; Alcaino 2016). They
are split into two classes, xanthophylls with oxygen in the tetraterisoprenoids,
and carotenes that are solely hydrocarbon based. Carotenoids are commonly
characterized by pigment color, though there are also carotenoids such as
phytoene and phytofluene that are colorless (Meléndez-Martinez et al. 2015).
Some carotenoids are of high prophylactic value, such as vitamins and anti-
oxidants, and have even been observed to have anti-carcinogenic activity (Young
et al. 1991; Seddon et al. 1994; Nishino et al. 2002). Carotenoids are central in
photosynthesis in cyanobacteria (Paerl 1984), but their presence is also
observed in many non-photosynthetic organisms, including tundra bacteria
(Thirkell and Strang 1967; Krinsky et al 1978; Kirti et al. 2014; Han et al. 2016).

See Table 3.2 for more details and examples.
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Briefly, carotenoids biosynthesis stems from the terpenoid biosynthesis
pathway, where molecules of farnesyl diphosphate or geranyl-geranyl
diphosphate are catalyzed into various forms of phytoene by enzymes of CrtB,
(15-cis-phytoene synthase) as illustrated in Figure 3.1. Next, Crtl (phytoene
desaturase) catalysis ultimately leads to pigmented carotenoids of zeta-carotene,
neurosporene, lycopene (Wang et al. 2012; Kanehisa et al. 2016). Examples of

carotenoid and bacterial carotenoid producers are listed in Table 3.3.

e
/ o7 \<> ‘

o {,’9 0\\? O /\ U }/\ /\\\‘/

o

WW
CrtB S
Farnesyl diphosphate (FPP) — Phytoene

o f o N NN /Y
X ‘: ‘ X
/ o | |

°© : l { l \,rlt:vr%;,/L;,/*\;,/\\\T»\,,r~>:‘,f\,/<>('\,/\\T/
Phytofluene

l /st'\vk\\/\ /l:\»/‘swj%w\s/\jr '\*\»&IA/\T/\V/\\T/
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W\WW _ /K//\/'L\/\\)\/\ \/x/ﬁ/;v\fv\\(\/ﬁ,

Lycopene

Figure 3.1: Carotenoid biosynthesis pathway described in bacteria. The key
enzymes are CrtB and Crtl.
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Carotenoid Enzyme(s) Needed Bacterial examples

Candidatus Chloracidobacterium thermophilum,

Beta-carotene Crtl, Crty Sphingobacterium antarcticus, Rhodococcus erythropolis

Flavobacterium frigidarium, Xanthobacter autotrophicus,

Zeaxanthin CrtZ, CrtR . .
Acaryochloris marina
. Sphingomonas astaxanthinifaciens, Paracoccus
Astaxanthin Criw, Crtz carotinifaciens, Altererythrobacter ishigakien
Lycopene CarC, CrtH, Crtl, CriL Roseospira mediosalina, Candidatus Chloracidobacterium

thermophilum, Afifella marina

Sphingobacterium antarcticus, Natronocella acetinitrilica,
Erythrobacter longus

Thiocapsa roseopersicina, Acidiphilium facile,

Beta-cryptoxanthin  CriR, CrtZ

Spirilloxanthin CrtF, CrtC Methylobacterium radiotolerans

Neurosporene Crtl, carC, Acholeplasma Ia/dlalllvu, Rubribacterium polymorphum,
Mycobacterium phlei

Rhodopin CrtC, CrtF, Crt All?chromalfiur'n wgrmingii,'Ectothiorhodospira salini,
Thiorhodovibrio wigradskyi

Bacterioruberin crty, Crtl Micrococcus roseus, Azospirillum brasilense, Rubrobacter

radiotolerans

Table 3.3 Examples of carotenoids, carotenoid biosynthesis enzymes, and
carotenoid producing bacteria. This information on carotenoid biosynthesis
enzymes and bacterial producers was curated by the Prokaryotic Carotenoid
Database, ProCarDB (Nupur et al. 2016).

Sharing a metabolic pathway with the carotenoids are hopanoids.
Hopanoids are pentacyclic triterpenes that play a role in maintaining cellular
membrane stability in some bacteria (Ourisson et al. 1979). As bacterial analogs
of cholesterol, hopanoids are thought to be the bacterial equivalent of sterols,
and vital in maintaining membrane fluidity (Welander et al. 2009; Saenz et al.
2015). Hopanoids with methylation at C-2 or C-3 were long thought as
biomarkers of cyanobacteria and methanotrophs, but recent studies have
discovered that these membrane-bound lipids are found in the phylum

Acidobacteria (Rohmer et al. 1984; Summons et al. 1999; Fischer et al. 2005;

Damsté et al. 2017).
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Hopanoid formation relies on three key steps, elucidated in E. coli using
gene homologs from Zymomonas and Rhodopseudomonas (Pan et al. 2015).
Briefly, two molecules of farnesyl diphosphate (FPP) are catalyzed into
presqualene, and then reduced to the centrally important molecule of squalene.
Squalene is then cyclized by the enzyme squalene-hopene cyclase (SHC) to

form the simplest hopanoid, diploptene (Figure 3.2).

e e e

Squalene-hopene cyclase
(HpnF/SHC)

Squalene N Diploptene
Figure 3.2: Key step in the biosynthesis of the simplest hopanoid catalyzed by
the enzyme squalene-hopene cyclase (HpnF/SHC).

Further modifications of diploptene leading to more complex hopanoids
are possible by variations of the hopanoid (Hpn) pathway. While the central
reaction of hopanoid biosynthesis is catalyzed by squalene-hopene cyclase, or
HpnF, modifications to diploptene are found in some bacteria (Schmerk et al.
2015; Damsté et al. 2017; Belin et al. 2018). Further modifications by HpnH
(radical SAM protein), HpnG (phosphorylase), HpnA (sugar epimerase), Hpnl
(glycosyl transferase), HpnK (deacetylase), and HpnJ (radical SAM protein) lead
to adensoyl hopane, ribsoyl hopane, bacteriohopanetetrol (BHT), BHT
acetylglucosamine, BHT glucosamine, and BHT cyclitol ether, respectively (see

Figure 3.3; Pan et al. 2015; Damsté et al. 2017; Belin et al. 2018).
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It is intriguing that these isoprenoid molecules, once associated with
photosynthesis, are now being identified in non-photosynthetic organisms, and
little is known about their function or ecological significance. Hence, bioinformatic
analysis of these pathways are especially interesting and necessary.
Bioinformatic analysis is required to pave the path for future experiments of
tundra isolates of Acidobacteria from Kilpisjarvi, Finland. New isolates of
Acidobacteria have also been cultured from the same tundra region, and thereby
one can hypothesize that similar hopanoid and carotenoid production abilities
may be present, as the isoprenoids possibly allow for survival benefits in the

same tundra ecosystem.

3.3 METHODOLOGY

Species Descriptions and Culturing

Three Arctic tundra acidobacterial isolates, Granulicella mallensis strain
MPSACTX8 (Mannisto et al. 2012; Rawat et al. 2013), Granulicella tundricola
strain MPSACTX9 (Mannisto et al. 2012; Rawat et al. 2014), and Terriglobus
saanensis strain SP1PRS (Mannisto et al. 2011; Rawat et al. 2012) were chosen
for genome analysis. These described species can grow aerobically from 4 to
26°C, at pH 3-7.5 on a range of sugars (Mannisto6 et al. 2011, 2012). Previous
genome analyses of G. mallensis, G. tundricola, and T. saanensis have shown
that they have carbohydrate active enzymes (CAZymes), but other
characteristics such as isoprenoid capabilities remain unexplored (Rawat et al.

2012, 2013, 2014).
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New tundra acidobacterial strains A2288, M8UP23, M8UP39, MP8S11,
MP8S7, and MP8S9 were also isolated by Dr. Mannisto from the Kilpisjarvi
tundra site. Polysaccharide utilization and enzymatic capabilities were tested
using API Zym strips in the laboratory of Dr. Mannist6 in Finland on these new
isolates. All new Acidobacteria with the exception of MP8S7 grew as mucoid
colonies initially, and varied slightly by color. A2288 was a creamy beige, strain
MP8S11 was slightly yellow, strains M8BUP23 and M8UP39 were light yellow
when grown on 7% strength R2A media, at room temperature after 72 hours.

Strain MP8S7 was unable to be re-cultured in the Rutgers laboratory.

Genome Sequencing and Assembly

Strains for DNA extraction were grown in the laboratory of Dr. Mannisto,
and DNA was extracted and were sequenced by LGC Genomics. Using lllumina
MiSeq 300 bp paired-end sequencing, these six genomes generated 5 million
read pairs. Genome assembly and scaffolding was carried out using SPAdes
version 3.5.0. SPAdes assemblies of all new genomes were used for a
bioinformatic analysis with Roary version 3.11.2, using de novo assembly of
pangenomes to analyze further core genome phylogeny (Page et al. 2015).
These genomes were graciously annotated by Ms. Allison Hicks, using the
computing clusters of Harvard Medical School. Each assembly was then
annotated by Prokka (Seemann 2014), with running Prodigal for identification of
coding sequences (CDS) (Hyatt et al. 2010). Assemblies of new Acidobacteria

strains were also analyzed by QUAST, to determine overall contigs, genome
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size, CDS, and G+C content % (Gurevich et al. 2013). Following genome

annotation, gene sequences of interest were extracted for phylogenetic analysis.

Identification of Hopanoid and Carotenoid Biosynthetic Genes

For both isoprenoid biosynthesis pathways, all relevant genes were
exhaustively chosen from the databases of KEGG, InterPro, and JGI's COG
database to compare against those of the Acidobacteria from this study (Hunter
et al. 2009; Markowitz et al. 2015; Kanehisa et al. 2016). Gene sequences of
other Acidobacteria were gathered from NCBI and JGI databases. Each gene
was identified on the scaffold of G. mallensis, G. tundricola, and T. saanensis,
and then used as a reference for extracting genes from new strains A2288,
M8UP23, MBUP39, MP8S11, MP8S7, and MP8S9. Genes for 16S rRNA gene
phylogeny were extracted from the new acidobacterial strains following the

annotation, to be used in generating routine 16S rRNA gene phylogeny.

3.4 RESULTS AND DISCUSSION
Microscopic observations of new Acidobacteria strains
After transport to the Rutgers laboratory, new strains were cultivated on 72
strength R2A media at room temperature at pH 5.5. All isolates with the
exception of MP8S7 were grown and then further observed under the
microscope (Figure 3.4). Phase-contrast microscopy at 1000X total magnification
shows that the isolates are rods in the range of 1-3 um in length can appear in

pairs, and in a chain (Figure 3.4). All isolates appeared to be non-motile.



Figure 3.4: Phase contrast microscopy of new Acidobacteria strains grown on
solid media and viewed after 72 hours.
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Polysaccharide utilization and enzymatic capabilities

Using API Zym strips, isolates were tested for polysaccharide degradation
and enzymatic capabilities by Dr. Minna Mannisto. Isolates were able to use a
wide array of sugars, and all but MBUP23 tested negative for the enzyme alpha-

fucosidase (Table 3.4, data provided by Dr. Minna Mannisto).

| M8UP23 MB8UP39 A2288 MP8S11 MP8S7 MP8S9

Hydrolysis of polysaccharides
CMC - + + + + _
Xylan + + - + + +
Pectin + + + + + +
Lichenin - + + + -
Starch - + - - +
Xanthan + - + + - +
Gum arabic + + + + + +
Chitin (NAG test) + + + + + +

Enzyme Activity

esterase (C8) - + + + + +
trypsin - - + + + +
a-chymotrypsin - - - + + +
a-galactosidase + + + + + +
b-galactosidase + + + + + +
b-glucuronidase + + + + + +
a-glucosidase + + + + + +
b-glucosidase + + + + + +
N-acetyl-b-

+ + + + + +
alucosaminidase
a-fucosidase + - - - - -

Table 3.3: New isolates of Acidobacteria were tested for the ability to use
polysaccharides or the presences of certain enzymes using the using API Zym
testing.
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Genome Characteristics of Acidobacteria isolates
Genomes were uploaded and analyzed by QUAST to determine overall
characteristics of the draft assemblies. All strains had 56-60 G+C% content, with

a genome size of 5-7.2 Mb. Additional details are shown in Table 3.5.

+

Organism Contigs B(a:)sp(;s CDS Con ter(\;t o/co
MP8S11 273 6266013 5318 56.23
MP8S9 104 7296663 6061 60.52
MP8S7 80 6994016 5729 58.62
M8UP39 45 5582838 4779 57.42
M8UP23 121 5029249 4251 57.80
A2288 176 5625642 4808 56.69

Table 3.5: Genome characteristics of new Acidobacteria strains after assembly.
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Tree scale: 0.01 —

Candidatus Koribacter versatilis Ellin345 (AF498727.1)
% Bryobacter aggregatus (WG L_04284)
Candidatus Solibacter usitatus Ellin6076 (AY234728.1)
100 80 Geothrix fermentans DSM 14018 (WG L 01695)
78 L Luteitalea pratensis (NR 156918.1)

100 Chloracidobacterium thermophilum (NR 074296.1)
S Blastocatellia bacterium AA13 (WGS319442)
Acidobacterium capsulatum (NR 074106.1)

Silvibacterium bohemicum (NR 135209.1)
Terracidiphilus gabretensis (NR 146368.1)
Occallatibacter savannae (NR 147737.1)
Acidicapsa acidisoli (NR 148580.1)
MP8S7
Acidicapsa borealis (NR 117182.1)
Acidicapsa ligni (NR 116444.1)
Bryocella elongata (NR 117052.1)
Granulicella mallensis (NR 074298.1)
Edaphobacter aggregans (NR 043898.1)
Edaphobacter dinghuensis (NR 147748.1)
M8UP23
A2288
MP8S11
Edaphobacter lichenicola (MG385062.1)
M8UP39
Terriglobus saanensis (HM214538.1)
Terriglobus roseus (NR 043918.1)
MP8S9
Granulicella pectinivorans (AM887757.1)

Granulicella rosea (NR 115073.1)
Subdivision | 84— Granulicella tundricola (NR 074295.1)

51

E

Figure 3.5: Phylogeny of 16S rRNA gene (1354 bases) of Acidobacteria was
constructed by maximume-likelihood methodologies with 500 bootstrap replicates.
Phylogeny of Acidobacteria using the 16S rRNA gene

In Figure 3.5, the 16S rRNA gene of several established acidobacterial
strains was compared with the undescribed strains of A2288, MBUP23, M8UP39,
MP8S11, MP8S7, and MP8S9. Based on this analysis, all new strains fall into
subdivision 1 of the Acidobacteria. Strains MP8S7 is most distantly related based
on this phylogeny, while strains MP8S11, A2288, M8UP23, and Edaphobacter
lichenicola cluster closely. Strains MP8S11, A2288, and M8UP23 are likely

Edaphobacter spp.
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Phylogeny of Acidobacteria using the core genome

16S rRNA gene phylogeny is routinely used at a cutoff of <97% similarity
to aid in delineating a new species, but this definition is being postulated for a
new update for <99% similarity to help describe a new species using a full length
16S rRNA gene sequence (Stackebrandt and Goebel 1994; Edgar 2018).
Thereby, comparing other genetic elements of a strain (e.g. genes of interest)
may also help determining whether a new isolate is a novel species, and
contribute to overall species announcement.

In order to compare other features, genomes of select publically available
Acidobacteria were downloaded, and analyzed by Roary v.3.1.1.2, in conjunction
with new strains as pangenomes. Phylogeny of these strains was constructed
using a “core” set of genes (i.e., genes that are in >50% of all organisms being
compared). To visualize this phylogenetic analysis further, a presence/absence
matrix of all genes in these Acidobacteria strains was illustrated next to the
added phylogeny of “core” Acidobacteria genes in Figure 3.6. There were 382
core genes detected amongst the Acidobacteria new strains and the established
whole genomes, out of a total of 39,555 genes as shown in Figure 3.6. These
382 genes established the core genome of these strains.

Both the core genome phylogeny, as well as the 16S rRNA gene
phylogeny are in agreement that these new Acidobacteria isolates fall into
division 1, with strains A2288, M8UP23, M8S11, and M8UP39 being most closely

related (Figures 3.5, 3.6).



Core genome maximum
likelihood phylogeny (382 genes)
—— M8UP23

—— M8UP39

—— A2288

Ll ——— MP8S11

MP8S9

Granulicella_mallensis_strain_ MP5ACTX8

Acidobacterium_capsulatum_strain_ATCC_51196

MP8S7

Geothrix_fermentans_strain_DSM_14018

Bryobacter_aggregatus_strain_MPL3

Terriglobus_saanensis_strain_SP1PR4

0.06

Figure 3.6: Maximum likelihood phylogeny of core genes (genes in at
least 50% of the organisms listed). The core genome consisted of 382 of
genes that were shared by all listed Acidobacteria members.
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Genetic Pathway of Hopanoid and Carotenoid Biosynthesis in Acidobacteria

The genetic pathway was assembled by scanning genomes for nucleotide
identity >70% to known hopanoid and carotenoid biosynthesis genes. For
reference, each of the hopanoid and carotenoid biosynthesis pathways have
been catalogued in Table 3.6 (hopanoids) and Table 3.7 (carotenoids) with the
location in bp for described species as listed in the NCBI-Genome database. For
new Acidobacteria strains, the exact location could not be determined, though
relevant matches to the genes were extracted and putative genetic pathways
were assembled.

The gene crtB encoding for squalene-phytoene synthase (SPS) is
sometimes either annotated with the label “phytoene-synthase” or “squalene-
phytoene synthase”. As a result, both labels have been taken into account
whenever crtB/SPS was detected. It is of interest that the overlap between the
carotenoid and hopanoid pathway lies with this essential enzyme (Hemmi et al.
1994; Kannenberg et al. 1999; Zhang 2007). The function of crtB/SPS in the
carotenoid biosynthesis pathway is to generate phytoene, which is the first step
in the pathway towards the carotenoids lycopene, neurorosporene, zeta-
carotene, and phytofluene biosynthesis. The function of the crfB/SPS in the
hopanoid pathway is to generate squalene, which is a critical metabolite that gets

cyclized into the basic hopanoid, diploptene.
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From the identification of genes present in these Acidobacteria, the
potential ability to produce specific carotenoids and hopanoids can be
determined. Based on the presence of genes, G. mallensis, G. tundricola, and T.
saanensis have the potential of producing diploptene, adenosylhopane,
ribosylhopane, bacteriohopanetetrol (BHT), BHT acetylglucosamine, BHT
glucosamine, and BHT cyclitol ether. Genes in the same regional proximity have
been boxed in these maps. Strain MP8S9 has the capability of producing
diplopetene, adenosylhopane, ribosylhopane, and BHT. The presence of hpnJ
implies that the ability to make BHT cyclitol ether is possible, however genes
needed to connect the overall pathway were not detected in strain MP8S9.
Additionally, hpnJ appears in all new Acidobacteria strains even though other
essential genes were not identified, suggesting either an alternative or divergent
pathway(s). Further, it appears that hpnJ appears to be the most conserved gene
based on detection across all the strains in this study.

The key genes in the hopanoid biosynthesis pathway are those that make
squalene and those that cyclize squalene. While the synthesis of squalene is
catalyzed by squalene synthase (hpnC), this process may also be accomplished
by squalene/phytoene synthase (SPS), or even the annotated “phytoene
synthase (crtB)”. This is likely the case in many of these strains, as there appears
to be the presence of crtB but not necessarily hpnF (Figures 3.7, 3.8). As a
result, hopanoid biosynthesis pathways could be identified in the species of G.
mallensis, G. tundricola, and T. saanensis, and MP8S9. It is possible that this

biosynthetic pathway is also found in the new acidobacterial strains, but the
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sequence diversity may be too great to detect missing hopanoid/carotenoid
biosynthesis genes. Further, the protein squalene-synthase (encoded by hpnC)
also synthesizes squalene, but is detected separately from the crtB/SPS in select
strains, and may add functional redundancy. Thus, when generating phylogeny
of crtB/SPS, separate phylogenies were constructed for each protein, per their

annotated identity.
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Terriglobus roseus (Ga0132002)
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Subdivision |

Figure 3.9: Maximum likelihood phylogeny using amino acids sequences of 721
positions of HpnF, and 500 bootstrap replicates. The distinct cluster of
subdivision 1 Acidobacteria was highlighted with a bar.

Enzyme HpnF/SHC is critical in catalyzing the formation of the first and

simplest hopanoid, diploptene. Hence this enzyme is of the utmost importance

for any downstream hopanoid biosynthesis pathway. Based on the phylogeny of

this critical enzyme, there appears to be clustering of HonF/SHC encoding

Acidobacteria similar to the 16S rRNA gene phylogeny, as shown in Figure 3.9.
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Strain MP8S9 was the only new strain where the HpnF/SHC was detected using
known sequences, and clusters similarly with the Granulicella genus members.

Genes in the production of carotenoids were also detected in the same
genome region of the hopanoids. crtB (phytoene synthase) and crtl (phytoene
desaturase) encode for the complete pathway for the synthesis of phytoene to
the production of phytofluene, zeta-carotene, neurosporene, and finally, lycopene
(Henke et al. 2017). The genes crtB and crtl/ were detected in G. tundricola and
T. saanensis, but not in G. mallensis (crtl not detected). Perhaps the lack of crt/
is consistent with the physical color description of G. mallensis, as colonies are
white or light beige due to the lack of the lycopene pigment, while the phytoene
carotenoid synthesized by crtB is colorless (Mannisto et al. 2012). In contrast, crt/
was identified in G. tundricola and T. saanensis, providing them with the potential
to express the full pathway of lycopene biosynthesis. As expected, colonies of G.
tundricola and T. saanensis are pink (Mannisto et al. 2011, 2012).

crtB was the only carotenoid biosynthesis gene detected in strains A2288,
MP8S9, M8UP23, suggesting that phytoene synthase may be a more essential
enzyme for carotenoid biosynthesis. Based on the slight yellow colony
pigmentation of remaining new strains where carotenoid genes were not
detected, there is most likely a divergent or different carotenoid biosynthesis

pathways present.
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Tree scale: 0.1

{ Acidipila rosea (Ga0215723)
Acidobacterium sp. PMMR2 (N655DRAFT 0391)
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Candidatus Chloracidobacterium thermophilum B (NC 016024)

85 Granulicella tundricola (ADW68693.1)

100
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Edaphobacter aggregans (Go0013014)
A2288 (L 03203)
M8UP23 (L 00097)
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64

Bryocella elongata (SEF64330.1)
Granulicella mallensis (AEU36920.1)

Terriglobus roseus (Ga0025128)

Figure 3.10: Phylogeny of CrtB (phytoene synthase) of Acidobacteria. Phylogeny
was generated by maximum likelihood using amino acids sequences of 278
positions, and 500 bootstrap replicates.

The phylogeny of CrtB surprisingly does not follow the same trend as the
HpnF/SHC or of the 16S rRNA gene tree as demonstrated by Figure 3.10. Here,
strain M8UP23 clusters more closely with strains outside of subdivision 1
Acidobacteria unlike the 16S rRNA gene or the whole genome phylogeny. To
continue with this analysis, proteins that are annotated as CrtB, but also encode
for squalene/phytoene synthase (SPS) were also analyzed by creating another

amino acid phylogeny of Acidobacteria strains in Figure 3.11.
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Upon examination, it is apparent that only G. mallensis has the enzyme
SPS amongst the select tundra Acidobacteria strain isolates (Figure 3.11). This
also suggests that squalene biosynthesis for these other tundra Acidobacteria
strains is accomplished by the squalene synthase (HpnC). However, for G.
mallensis, SPS is a critical enzyme for the potential hopanoid/carotenoid

biosynthesis.

Preliminary Data on Hopanoid Production in Acidobacteria strains and Future
Work

The whole genome sequencing, and bioinformatic analysis of tundra saoill
isolates has provided the framework for future gene expression studies, by
identifying key genes and synthetic pathways (see supplemental material for of
16S rRNA gene and hopanoid biosynthetic gene sequences of Acidobacteria
tundra isolates). This future work will more precisely unravel the dynamics of
hopanoid or carotenoid function in tundra soil Acidobacteria under changing
conditions. In preliminary work (Zahorik 2016) diploptene, BHT glucosamine, and
BHT cyclitol ether hopanoids were detected in G. mallensis, G. tundricola, and T.
saanensis. Though additional replication of hopanoid measurements need to be
carried out for future work, there appears to be a weak trend that the higher
temperatures induce higher diploptene production by some Acidobacteria

isolates. Results of this preliminary work are summarized in Table 3.8.
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BHT
BHT
Species °C pH Diploptene cyclitol
glucosamine

ether
G. mallensis 15 5 21.6 29.8 15.6
G. mallensis 15 55 11.3 427 2.7
T. saanensis 15 5 12.6 54 1 10.2
T. saanensis 15 6 6.1 429 15.8
T. saanensis 15 7 24.6 457 6.8
G. mallensis 25 5 447 31.3 8.6
T. saanensis 25 6 41.6 321 75

Table 3.8: Relative abundance of Acidobacteria hopanoids under varying
temperature and pH conditions. This data comes from the G.H. Cook Scholar
Senior Thesis of Amanda Zahorik (2016).

Similar analysis of acidobacterial carotenoid production could be
performed in future work. Detection and quantification of the pigments phytoene,
phytofluene, neurosporene, zeta-carotene, and lycopene could be carried out
under varying environmental parameters (temperature, pH, salinity, radiation,
etc.) to understand which carotenoids are are produced in response to particular
stressors. Because the production of these have been detected to increase
during thermal stress, both warmer and colder temperatures could be used to
explore whether certain pigments, or pigment combinations are expressed under
varying thermal conditions (Fong et al. 2001; Dieser et al. 2010; Mojib et al.

2013). This study design could answer, though also raise further questions into
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which carotenoid is expressed during which thermal stress, and how this
expression affects overall lipid membrane and cell survival.

Carotenoid and hopanoid synthesis in bacteria have intertwined pathways,
and are understudied in combination. In Methylobacterium extorquens, when the
hopanoid synthesis pathway was disrupted by the mutation of the HpnF/SHC
protein, the bacterium overproduced carotenoids (Bradley et al. 2017).
Furthermore, systems of both carotenoid/hopanoids biosynthesis of tundra
bacteria are likely divergent from those of warmer regions. The acidobacterium
Chloracidobacterium thermophilium was isolated from the hot springs of Yellow
Stone National Park, and has the ability to make carotenoids and hopanoids
(Bryant et al. 2007; Tank and Bryant 2015). Thus, it would also be interesting to
contrast the inverse adaption strategies of the thermophilic phototrophic C.
thermophilum with those of the Arctic tundra soils. While it is difficult to
generalize what the effect of hopanoids/carotenoids would be on an organism
when stressed, one can hypothesize that the response may result in
modifications of these isoprenoids uniquely to each organism. The type/amount
of carotenoid/hopanoid produced, environmental stresses, strain biology could be

compared to explore the potential adaptations.
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3.5 SUPPLEMENTAL INFORMATION
S.1 16S rRNA GENES OF NEW ACIDOBACTERIA STRAINS EXTRACTED
FROM WHOLE GENOMES

>A2288_L_04284_16S_ribosomal_RNA

AGAGTTTGATCCTGGCTCAGAATCAACGCTGGCGGCGTGCCTAACACATGC
AAGTCGCACGAGAAAGGGGCTTCGGCTCTGAGTAAAGTGGCGCACGGGTG
AGTAACACGTGACTAATCTACCCTCGAGTGGGGAATAACTGAGAGAAATCTT
AGCTAATACCGCATAACACTTACGAGTCAAAGCAGTAATGCGCTTGGGGAG
GAGGTCGCGGCCGATTAGCTAGTTGGCGGGGTAATGGCCCACCAAGGCGA
TGATCGGTATCCGGCCTGAGAGGGCGCACGGACACACTGGAACTGAAACA
CGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGGG
GAAACCCTGACGCAGCAACGCCGCGTGGAGGATGAAATATCTTGGTATGTA
AACTCCTTTCGATGGGGAAGATTATGACGGTACCCATAGAAGAAGCCCCGG
CTAACTTCGTGCCAGCAGCCGCGGTAATACGAGGGGGGCAAGCGTTGTTC
GGATTTATTGGGCGTAAAGGGTGCGTAGGCGGTTTGATAAGTCTGATGTGA
AATCTATGGGCTCAACCCATAGTCTGCATTAGAAACTGTCGGGCTTGAGTAT
GGGAGAGGTGAGTGGAATTTCCGGTGTAGCGGTGAAATGCGTAGATATCG
GAAGGAACACCTGTGGCGAAAGCGGCTCACTGGACCATAACTGACGCTGAT
GCACGAAAGCTAGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCTAGCC
CTAAACGATGATTGCTTGGTGTGGCAGGTACCCAATCCTGCCGTGCCGAAG
CTAACGCGATAAGCAATCCGCCTGGGGAGTACGGTCGCAAGGCTGAAACT
CAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATT
CGACGCAACGCGAAGAACCTTACCTGGGCTCGAAATGTAGTGGAATCCGG
CAGAAACGTCGGCGTCTAGCAATAGACCGCTATATAGGTGCTGCATGGCTG
TCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTATCTTCAGTTGCTACCATTTAGTTGAGCACTCTGACGAAACCGCCTCG
GATAACGGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCTTTATGT
CCAGGGCTACACACGTGCTACAATGGCCGGTACAAACCGCTGCAAACCCG
CGAGGGGGAGCTAATCGGAAAAAGCCGGCCTCAGTTCGGATTGGAGTCTG
CAACTCGACTCCATGAAGCTGGAATCGCTAGTAATCGTGGATCAGCATGCC
ACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACATCACGAAA
GTGGGTTGCACTAGAAGTCGGTGCG-CTAAC-CGCAAGGGAGCAGCCGCCC

>M8UP39_L_02005_16S_ribosomal_RNA

AGAGTTTGATCCTGGCTCAGAATCAACGCTGGCGGCGTGCCTAACACATGC
AAGTCGCACGAGAAAGGGTAGCAATACCTGAGTAAAGTGGCGCACGGGTG
AGTAACACGTGACTAATCTACCCTCGAGTGGGGAATAACTGAGAGAAATCTT
AGCTAATACCGCATAACACTTACGAGTCAAAGCAGCAATGCGCTTGGGGAG
GAGGTCGCGGCCGATTAGCTAGTTGGCGGGGTAATGGCCCACCAAGGCGA
TGATCGGTATCCGGCCTGAGAGGGCGCACGGACACACTGGAACTGAAACA
CGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGGG
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GAAACCCTGACGCAGCAACGCCGCGTGGAGGATGAAATATCTTGGTATGTA
AACTCCTTTCGATGGGGAAGATTATGACGGTACCCATAGAAGAAGCCCCGG
CTAACTTCGTGCCAGCAGCCGCGGTAATACGAGGGGGGCAAGCGTTGTTC
GGATTTATTGGGCGTAAAGGGTGCGTAGGCGGTTTGGCAAGTCTTGTGTGA
AATCTTCGGGCTCAACCCGAAGTCTGCACAAGAAACTGCCGGGCTTGAGTA
TGGGAGAGGTGAGTGGAATTTCCGGTGTAGCGGTGAAATGCGTAGATATCG
GAAGGAACACCTGTGGCGAAAGCGGCTCACTGGACCATAACTGACGCTGAT
GCACGAAAGCTAGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCTAGCC
CTAAACGATGATTGCTTGGTGTGGCAGGTACCCAATCCTGCCGTGCCGAAG
CTAACGCGATAAGCAATCCGCCTGGGGAGTACGGTCGCAAGGCTGAAACT
CAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATT
CGACGCAACGCGAAGAACCTTACCTGGGCTCGAAATGTAGTGGAATCCGG
CAGAAACGTCGGCGTCTAGCAATAGACCGCTATATAGGTGCTGCATGGCTG
TCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTATCTTCAGTTGCTACCATTTAGTTGAGCACTCTGACGAAACCGCCTCG
GATAACGGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCTTTATGT
CCAGGGCTACACACGTGCTACAATGGCCGGTACAAACCGCTGCAAACCCG
CGAGGGGGAGCTAATCGGAAAAAGCCGGCCTCAGTTCGGATTGGAGTCTG
CAACTCGACTCCATGAAGCTGGAATCGCTAGTAATCGTGGATCAGCATGCC
ACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACATCACGAAA
GTGGGTTGCACTAGAAGTCGGTGCGCTAACCGCAAGGGAGCAGCCGCCC

>MP8S11_L_02935_16S_ribosomal_RNA

AGAGTTTGATCCTGGCTCAGAATCAACGCTGGCGGCGTGCCTAACACATGC
AAGTCGCACGAGAAAGGGTAGCAATACCTGAGTAAAGTGGCGCACGGGTG
AGTAACACGTGACTAATCTACCCTCGAGTGGGGAATAACTGAGAGAAATCT
CAGCTAATACCGCATAACACTTACGAGTCAAAGCAGCAATGCGCTTGGGGA
GGAGGTCGCGGCCGATTAGCTAGTTGGCGGGGTAATGGCCCACCAAGGCG
ATGATCGGTATCCGGCCTGAGAGGGCGCACGGACACACTGGAACTGAAAC
ACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGG
GGAAACCCTGACGCAGCAACGCCGCGTGGAGGATGAAATATCTTGGTATGT
AAACTCCTTTCGATGGGGAAGATTATGACGGTACCCATAGAAGAAGCCCCG
GCTAACTTCGTGCCAGCAGCCGCGGTAATACGAGGGGGGCAAGCGTTGTT
CGGATTTATTGGGCGTAAAGGGTGCGTAGGCGGTTTGATAAGTCTGATGTG
AAATCTATGGGCTCAACCCATAGTCTGCATTAGAAACTGTCGGGCTTGAGTA
TGGGAGAGGTGAGTGGAATTTCCGGTGTAGCGGTGAAATGCGTAGATATCG
GAAGGAACACCTGTGGCGAAAGCGGCTCACTGGACCATAACTGACGCTGAT
GCACGAAAGCTAGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCTAGCC
CTAAACGATGATTGTTTGATGTGGCAGGTACCCAATCCTGCCGTGTCGAAG
CTAACGCGATAAACAATCCGCCTGGGGAGTACGGTCGCAAGGCTGAAACTC
AAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTC
GACGCAACGCGAAGAACCTTACCTGGGCTCGAAATGTAGTGGAATCCGGCA
GAAACGTCGGCGTCTAGCAATAGACCGCTATATAGGTGCTGCATGGCTGTC
GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCC
TTATCTTCAGTTGCTACCATTTAGTTGAGCACTCTGACGAAACCGCCTCGGA
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TAACGGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCTTTATGTCC
AGGGCTACACACGTGCTACAATGGCCGGTACAAACCGCTGCAAACCCGCG
AGGGGGAGCTAATCGGAAAAAGCCGGCCTCAGTTCGGATTGGAGTCTGCA
ACTCGACTCCATGAAGCTGGAATCGCTAGTAATCGTGGATCAGCATGCCAC
GGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACATCACGAAAGT
GGGTTGCACTAGAAGTCGGTGCG-CTAAC-CGCAAG-GGAGCAGCCGCCC

>MP8S7_L_00196_16S_ribosomal_RNA

AGAGTTTGATCCTGGCTCAGAATCAACGCTGGCGGCGTGCCTAACACATGC
AAGTCGAACGAGAAAGGGACTTCGGTCCTGAGTACAGTGGCGCACGGGTG
AGTAACACGTGACTAACCTACCCTGGAGTGGGGAATAACTGAGGGAAACCT
TAGCTAATACCGCATAACACCTACGGGTCAAAGGAGCAATTCGCTTCAGGA
GGGGGTCGCGGCCGATTAGTTAGTTGGCGGGGTAATGGCCCACCAAGACA
GTGATCGGTATCCGGCCTGAGAGGGCGCACGGACACACTGGAACTGAAAC
ACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGG
GGAAACCCTGACGCAGCAACGCCGCGTGGAGGATGAAATCCCTTGGGATG
TAAACTCCTTTCGATCGGGACGATTATGACGGTACCGGAAGAAGAAGCCCC
GGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAGGGGGGCAAGCGTTGT
TCGGAATTATTGGGCGTAAAGGGAGTGTAGGCGGTTTGGTAAGTTGTGTGT
GAAATCTTCGGGCTCAACCCGAAGTCTGCACACAAAACTGCCGGGCTTGAG
GGTGGGAGAGGTGAGTGGAATTTCCGGTGTAGCGGTGAAATGCGTAGATAT
CGGAAGGAACACCTGTGGCGAAAGCGGCTCACTGGACCATTTCTGACGCT
GAAACTCGAAAGCTAGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCTA
GCCCTAAACGATGACTGTTTGGTGTGGCGGGTACCCAATCCCGCCGTGCC
GTAGCTAACGCGTTAAACAGTCCGCCTGGGGAGTACGGTCGCAAGGCTGA
AACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTT
AATTCGACGCAACGCGAAGAACCTTACCTGGGCTCGAAATGTACAGGAATC
CGGTGGAAACATCGGCGCCCAGCAATGGGCCTGTATATAGGTGCTGCATG
GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCG
CAACCCTTACCTCCAGTTGCCATCATTTAGTTGGGCACTCTGGCGGAACCG
CCTCGGATAACGGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCT
TTATGTCCAGGGCTACACACGTGCTACAATGGCCGGTACAAACCGTTGCAA
ACCCGCGAGGGGGAGCTAATCGGAAAAAGCCGGCCTCAGTTCGGATCGCA
GTCTGCAACTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAGA
ATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACATCA
CGAAAGTGGGTTGCACTAGAAGCCGGTGGGCTAACTCGCAAGAGAGGCAG
CCGTCC

>MP8S9_L_03184_16S_ribosomal_RNA

AGAGTTTGATCCTGGCTCAGAATCAACGCTGGCGGCGTGCCTAACACATGC
AAGTCGCACGAGAAAGGGCTTCGGCCTGAGTAAAGTGGCGCACGGGTGAG
TAACACGTGAATGATCTACCTCCGAGTGGGGAATAACTGAGAGAAATCTTAG
CTAATACCGCATAATACCCACGGGTCAAAGCAGCAATGCGCTTGGAGAGGA
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GTTCGCGGCCGATTAGCTAGTTGGCGGGGTAATGGCCCACCAAGGCGATG
ATCGGTATCCGGCCTGAGAGGGCGCACGGACACACTGGAACTGAAACACG
GTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGCGCAATGGGGGA
AACCCTGACGCAGCAACGCCGCGTGGAGGATGAAGTATCTTGGTACGTAAA
CTCCTTTCGATGGGGAAGATAATGACGGTACCCATAGAAGAAGCCCCGGCT
AACTTCGTGCCAGCAGCCGCGGTAATACGAGGGGGGCAAGCGTTGTTCGG
AATTATTGGGCGTAAAGGGTGCGTAGGCGGTTTGACAAGTCTTATGTGAAAT
CTTCGGGCTCAACCCGAAGTCTGCATGAGAAACTGTTGAGCTTGAGTATGG
GAGAGGTGAGTGGAATTTCCGGTGTAGCGGTGAAATGCGTAGATATCGGAA
GGAACACCTGTGGCGAAAGCGGCTCACTGGACCATAACTGACGCTGAGGC
ACGAAAGCTAGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCTAGCCCT
AAACGATGATTGCTTGGTGTGGCCGGTACCCAATCCGGCCGTGCCGAAGCT
AACGCGATAAGCAATCCGCCTGGGGAGTACGGTCGCAAGGCTGAAACTCA
AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
ACGCAACGCGAAGAACCTTACCTGGGCTCGAAATGTACATGAATCCGGCAG
AAACGTCGGCGTCTAGCAATAGACATGTATATAGGTGCTGCATGGCTGTCG
TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCT
TATCTTCAGTTGCTACCATTTAGTTGAGCACTCTGACGAAACCGCCTCGGAT
AACGGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCTTTATGTCCA
GGGCTACACACGTGCTACAATGGCCGGTACAAACCGCTGCAACCCCGCGA
GGGTGAGCTAATCGGAAAAAGCCGGCCTCAGTTCGGATTGGAGTCTGCAAC
TCGACTCCATGAAGCTGGAATCGCTAGTAATCGTGGATCAGCATGCCACGG
TGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACATCACGAAAGTGG
GTTGCACTAGAAGTCGGTGCG-CTAAC-CGCAAG-GGAGCAGCCGCCC

S.2. CAROTENOID BIOSYNTHESIS SEQUENCES OF NEW
ACIDOBACTERIA ISOLATES

Phytoene desaturase (CrtB)

>A2288 L_03203_All-trans-phytoene_synthase
VTNAEAYAVCAGIAQREAKNFYYSFRVLPEHKRNAMCAVYAFMRRADDISDDE
ALPVAQRRVVMGDWLEAWRAARRSGVSEDPVFVALNDTQRKFAIPDALLEDLV
RGTTMDLDIEGSQAGMVSVTETVADKTQTLQVYQDFEGLYRYCYLVASVVGLV
CIRIFGYTDPRAEDLAEKTGVAFQLTNILRDVSEDAERGRIYLPLQDLSAGRVEV
KQLLQVVRREAETKVVRSLLAQEAARALVYYAAAEELLPLIDKDSRAALWVLVTI
YRGLLERIMAKNYDVFSERVSVPTSRKLMILAQGMGMAVRNRMVS

>M8UP23_L_00097_All-trans-phytoene_synthase
VTTVEAYAVCAGIAQREAKNFYYSFRVLPEPKRNAMCAVYAFMRRADDISDEE
TMPVVERRVVMTEWLGAWREARRSGVSDDPVFVALNDTQKKFAIPDALLEDLV
RGTTMDLEESQADVVLVTDIVADKTQTLQVYEDFEGLYRYCYLVASVVGLVCIRI
FGYSDPRAEVLAEKTGVAFQLTNILRDVSEDAERGRIYLPMEDLTAGRVEVGQL
LQVVRREAETKVVRSLLAQEAARALVYYAAAEELLPLIDRDSRAALWVLVTIYRG
LLERIMAKNYDVFSERVSVPTSRKLLILAQGMGMAVRNRMVS
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>M8UP23_L_00098_All-trans-phytoene_synthase
VNDTTAMQHALLGAPHEYLTPLERPTLAEARAWCRELATSHYENFHVATFFLP
AKVRPHFESIYAYCRVADDLGDEVEDHEVATRLLNSWGAMLEECYDAPERSM
HPVFVALRETIRECDPPRQLFLDLLHAFRMDQYKTEYESWEELLEYSHYSANPV
GRLVLWVCGYTDEARALMSDKVCTALQLANFWQDVVEDKERGRRYLPAESMV
RFGVDEGQIEGRVFTPEFRGMMQELVVRTRVMLLEGGEISQHVDKELKVVLDL
FRKGGEAILNGITRQDFDVLRGRPVVSKTRKAGLLIEALVGKLSAGMAS

>MP8S9_L_05241_All-trans-phytoene_synthase
VTVEAAYAACRVIAKREAKNFYYSFRVLPQAKSDAMCAVYAFMRKADDLSDDE
SLSLEARRAGMAEWLGAWRAARAGGATDDPVFLALGDAQRRFGISDGLLEDL
VRGTTLDLEERQDGVAPVAVKDETYQVYETFDGLYRYCYLVASVVGLVCIKVF
GYRDPAAEKLAEETGIAFQLTNILRDVKEDAERGRVYLPLDDMRTAGADVEQVV
VASEDGIVGRGVKFLMVREGDRAKAYYRSAEALMPMIDADSRAALWVMVTIYR
RLLEKIAAKGYPVTTRVSLSTVEKLSILVQGALMARRLKGAR

S. 3. HOPANOID BIOSYTHESIS SEQUENCES OF NEW ACIDOBACTERIA
ISOLATES

Squalene-hopene cyclase (HpnF)

>MP8S9_L_04795
MESGSVNPQAKTQPARPRFGRMDLGLEYVAAGIERAKNWLLGQQHADGYWC
GELEADVMLEADYIFMHTLLGTGDPGRMKRAVNEILRHQNADGGWSLYPGGP
SNINYGVKAYFALKLMGWTADQPVLVKAREWVLANGGVVECNTFTKMYLCAM
GQYDYDAVPAVPPEIILFPDWFYFNIYEISAWSRAILVPLSIIYAKKPFKKLAAGQ
GIEELFVGGRAKADLRLKWDRKHIFSWRNVFLFADRVAHLAERVHIRPLRKKAL
KRAEQWMLDHFERSDGLGAIYPAMLNAIIALIVLGYSKDDPQVIRAMDEFEKLGI
DCPEGTTDYPTPTFRMQPCFSPVWDTAQVLSVLGEVGLAKDDPRLLKGADWL
L SKEIRYQGDWSHKAKIADASCWCFFHNNDHQPDVDDTCEVLLALKSVDHPHE
RHQHEVSQRAVAWIFAMQCKGGGWASFDKDNTKKLFESIPFADHNAMIDPPTA
DITGRALEMLAAYGYTQRDPRVAKAIEFVLKEQSIDGSWFGRWGVNYLYGTFL
VLRGLEAIGYWHHEPAVVSATEWIRMVQNPDGGWGETCGTYDDDMYKGVGP
STPSQTAWALLGLLAGGDSRSDSVAKGVRWLIERQHEDGSWDELMPGRNGE
SYYTGTGFPRVFYLGYHLYKQYFPLLALTTYKKAIEREQAEG

Hopanoid biosynthesis associated radical SAM protein (HpnJ)

>A2288 L 03199 HpnJ
MPLKTLFLNPPSFEKFDGGASSRWPATREIESYWYPVWLTYPAGMLEGSRLVD
APPHHIKWQEVVEILKDYEFLVLFTSTMGWDGDQKMAEVIKQTYSSIKISFVGPP
VTTSPDKALNECPAIDFICRREFDFSVVEYANGKPLNEILGVSYKDKATGKILHN
PDRAQVTPEQLDEMPWATEIYHRDLDVTKYNVPFLLHPYVALYSTRGCPAQCT
FCLWPQTLSGHAWRKRSTDDVAAEMKQAKELFPHVKEFFFDDDTFNIQKARTI




90

ELCEKLKPLGLTWSCTSRVTTDYDTLKAMKEAGCRLLIVGYESGDPQILKNIKKG
ATVQRALDFTRDCHKLGLVIHGDFILGLPGETRESIRNTIDFAKQLDCETIQVSIA
HAFPGTEFFDYAKDNGFITNEAMNDDGGHQMAHIEYPGLPVEYVMEMVHKFY
DEYYFRPKAAFRVVWQAIVNRDVPRLYTEAKSFMELRSKRNKAVRAVKEANAA
KAQESVSMNA

>M8UP39_L_01120 protein HpnJ
MPLKTLFLNPPSFEKFDGGASSRWPATREIESYWYPVWLTYPAGMLEGSRLLD
APPHHIKWQEVVEILKDYEFLVLFTSTMGWDGDQKMAEVIKQTYPSIKISFVGPP
VTTSPDKALNECPAIDFICRREFDFSVVEYANGKPLNEILGISYKDKATGKILHNP
DRPQVTPEELDEMPWATEIYHRDLDVTKYNVPFLLHPYVALYSTRGCPAQCTF
CLWPQTLSGHAWRKRSTDDVAAEMKQAKELFPHVKEFFFDDDTFNIQKVRTIE
LCEKLKPLGLTWSCTSRVTTDYDTLKAMKEAGCRLLIVGYESGDPQILKNIKKGA
TVQRALDFQRDCHKLGLVVHGDFILGLPGETRESIRNTIDFAKQLDCETIQVSIA
HAFPGTEFFDYAKDNGFITNEAMSDDGGHQMAHIEYPGLPVEYVMEMVHKFY
DEYYFRPKAAFRVVWQAIVNRDVPRLYTEAKSFMELRSKRNKAVRAVKEANAA
KAQESVSMNA

>MP8S9_L_05250 protein HpnJ
MKPLKTLFLNPPSFENFDGGASSRWPATREIESYWYPVWLAYPAGMLEGSKLL
DAPPHHVSAQETIEIAKDYEFLVLFTSTVGWHGDHGLAEAIKRGNPSIKIAFVGP
PVTTDPDRALNECPVIDFVCRREFDFSVVEYANGKPLPEILGISYKDATGTIQHN
PDRPQVEDLDAMPWVTDIYARDMDVTKYNVPFLLHPYVSLYSTRGCPAQCTFC
LWPQTLSGHAWRKRSTDDVAAEMAHAKKLFPHVKEFFFDDDTFNIQKARTIEL
CAKLKPLGLTWSCTSRVTTDRDTLKAMKEAGCRLLIVGFESGDPQILKNIKKGA
TVERARDFVKDCHDLGLIIHADFILGLPGETKESIRNTIEFAKQLDCETIQVSVAH
AFPGTEFYDYAAKNGFITNDVMADTGGHQMAHIEYPGVPAEYVMEMVHRFYD
EYYFRPKAAFRVVWKAIVNRDVPRLYVEARSFMKLRAQRNKASRAKKEENALK
AQESVSMNA

>M8UP23_L_00093 protein HpnJ
MPLKTLFLNPPSFEKFDGGASSRWPATREIESYWYPVWLTYPAGMLEGSRLLD
APPHHIKWQEVVEILKDYEFLVLFTSTMGWDGDQKMAEVIKQTYPNIKISFVGPP
VTTSPDKALTECPAIDFICRREFDFSVVEYANGKPLNEILGVSYKDKATGKILHNP
DRPQVTPEELDEMPWATEIYHRDLDVTKYSVPFLLHPYVSLYSTRGCPAQCTF
CLWPQTLSGHAWRKRSTDDVAAEMKQAKELFPHVKEFFFDDDTFNIQKARTVE
LCEKLKPLGLTWSCTSRVTTDYDTLKAMKEAGCRLLIVGYESGDPQILKNIKKGA
TVQRALDFQRDCHKLGLVVHGDFILGLPGETRESIRNTIDFAKQLDCETIQVSIA
HAFPGTEFFDYAKENGFITNEAMSDEGGHQMAHIEYPGLPVEYVMEMVHKFYD
EYYFRPKAAFRVVWQAIVNRDVPRLYTEAKSFMSLRSKRNKAVRAVKEANAAK
AQESVSMNA

>MP8S11_L_00468 protein HpnJ
MPLKTLFLNPPSFEKFDGGASSRWPATREIESYWYPVWLTYPAGMLEGSRLVD
APPHHISWQEVVEILKDYEFLVLFTSTMGWDGDQKMAEVIKQTYPNIKISFVGPP
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VTTSPEKALNECPAIDFICRREFDFSVVEYANGKPLNEILGVSYKDKATGQILHN
PDRAQVTPEQLDEMPWATEIYHRDLDVTKYNVPFLLHPYVALYSTRGCPAQCT
FCLWPQTLSGHAWRKRSTDDVAAEMKQAKELFPHVKEFFFDDDTFNIQKARTI
ELCEKLKPLGLTWSCTSRVTTDFDTLKAMKEAGCRLLIVGYESGDPQILKNIKKG
ATVERARDFTRDCHKLGLVIHGDFILGLPGETRESIRNTIEFAKQIDCETIQVSIAH
AFPGTEFFDYAKTNGFITNEAMSDDGGHQMAHIEYPGLPVEYVMEMVHKFYDE
YYFRPKAAFRVVWQAIVNRDVPRLYTEAKSFMELRSKRNKAVRAVKEANAAKA
QESVSMNA

>MP8S7_L_05326 protein HpnJ
MSTTLPTKTAPLKTLFLNPPSFENFDGGASSRWPATREIESYWYPVWLAYPAG
LLEGSRLLDAPPHHVTAAETIEICKEYEFLVLFTSTVGWEGDQRLAEAIKAANPAI
KIAFVGPPVTTSPDKALNECLALDFICRREFDYSIVEYAQGKPLSEILGISYRANS
ATGYKIIHNPDRPQIEDLDAMPWATKIYKRDMDVTRYNVPFLLHPYIALYSTRGC
PAQCTFCLWPQTLSGHAWRKRSTDDVAAELKWAKENFPEVKEFFFDDDTFNI
QRARTIELCEKLKPLNITWSCTSRVTTEYDTLKAMKEAGCRLLIVGFESGDPQIL
KNIKKGATVEKARQFAKDCNDLGLVIHGDFILGLPGETKESIQNTINFAKSLDVET
IQVSIAHAYPGTEFFDYAEKNGFITNEDAMSDAGGHQMAHIEYPGLPKEYVLEM
VHKFYDAYYFRPKAAFRVIWKAIVNRDVPRLYVEAKAFLKLRKERMNMVKDAKK
LQGKADPVGAGA

Hopanoid adenosyl-hopene transferase (HpnH)

>A2288 L 03247 HpnH
MAVPVSQAWTVATYVLKQKLMGRKKYPLVLMLEPLFRCNLACAGCGKIQYPAH
ILKAELSPEECFRAVEECGTPMVAIPGGEPLLHPQMPEIVAGLVARKKYVYMCT
NALLLKEKLHLFKPSKYLSFSVHVDGQREHHDFSVCREGGYDIAMEGVRVAVE
AGFRVTTNTTLFDGADPNSVRAHFDELMVAGVESMMVSPGYTYDKAPDQKHF
LGRARSKKLFRSILSNRKKTWRFNASPIFMEFLMGKKDLTCTPWGMPTFSIFG
WQKPCYLLQDGYADSFKELMETVQWSNYGTESGNPQCANCMVHSGYEASGV
NYTFSSLKGLLQTAKGIFFSKYEDEGAMKLLNEWKPTSHGPLVQIGSPVAKSAT
ELQEVSGD

>M8UP39_L_01325 HpnH
MAVPVSQAWTVATYVLKQKMMGRKKYPLVLMLEPLFRCNLACAGCGKIQYPA
HILKAELSPEECFKAVEECGTPMVAIPGGEPLLHPQMPEIVAGLVARKKYVYMC
TNALLLKEKLHLFKPSKYLSFSVHVDGQREHHDFSVCREGGYDIAMEGVRVAV
EAGFRVTTNTTLFDGADPNSVRAHFDELMVAGVESMMVSPGYTYDKAPDQKH
FLGRARSKKLFRSILSNRKKTWRFNASPIFMEFLMGKKDLTCTPWGMPTFSIFG
WQKPCYLLQDGYADSFKELMETVEWSNYGTESGNPQCANCMVHSGYEASGV
NYTFSSLKGLLQTAKGIFFSKYEDEGAMKLLNEWKPASYGPLVQIGAPVTNSAS
ELQEVSGD
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Hopanoid Phytoene/Squalene Synthase HpnC/CrtB

>M8UP23_L_00098
MQHALLGAPHEYLTPLERPTLAEARAWCRELATSHYENFHVATFFLPAKVRPH
FESIYAYCRVADDLGDEVEDHEVATRLLNSWGAMLEECYDAPERSMHPVFVAL
RETIRECDPPRQLFLDLLHAFRMDQYKTEYESWEELLEYSHYSANPVGRLVLW
VCGYTDEARALMSDKVCTALQLANFWQDVVEDKERGRRYLPAESMVRFGVDE
GQIEGRVFTPEFRGMMQELVVRTRVMLLEGGEISQHVDKELKVVLDLFRKGGE
AILNGITRQDFDVLRGRPVVSKTRKAGLLIEALVGKLSAGMAS
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Chapter 4: THE COMPLETE GENOME SEQUENCE OF ARCTIC TUNDRA

SOIL BACTERIUM MUCILAGINIBACTER MALLENSIS

ABSTRACT

The complete genome sequence of the Arctic tundra soil bacterium
Mucilaginibacter mallensis MP1X4 is reported here from a single colony isolate.
This psychrotolerant member of the Bacteroidetes is amongst the understudied
family Sphingobacteriaceae. Genome analysis reveals a breadth of
polysaccharide utilization loci (PUL) that are involved in degradation of complex
glycans, making the species well adapted for organic carbon rich environments
as the Arctic tundra heath soils. The genome sequence of M. mallensis strain
MP1X4 is 6.01 MB, comprised of 1 contig. The G+C content is 41.28% with
5,079 total genes and 5,025 protein coding genes. There are two 5S, 16S and
23S rRNA genes and 45 tRNA genes. Here we also provide insights into carbon

metabolism of M. mallensis, with an emphasis on carbohydrate-active enzymes.

4.1 INTRODUCTION
As the Latin prefix “muci” indicates mucus, the genus Mucilaginibacter
was fittingly described in 2007 for the slimy heterotrophic, aerobic, Gram-
negative bacteria isolated from a Siberian peat bog (Pankratov et al. 2007). This
genus is within the family Sphingobacteriaceae, and currently comprises 55
described species. Not much is known about the ecological roles or impacts of

members of the genus Mucilaginibacter, though its species have been found in
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aquatic, terrestrial, warm, cold, and industrial environments (Madhaiyan et al.
2010, Hwang et al 2013, Chen et al. 2014; Joung et al. 2015; Lee et al. 2015;
Kim et al. 2016; Zhao et al. 2016; Zheng et al. 2016). Another observation
amongst isolated species, is that members of Mucilaginibacter are found in
carbon-rich environments (e.g. tundra/rhizosphere soils, plant matter, wetlands,
lichens) and that they produce copious amount of extracellular polysaccharides
(Pankratov et al. 2007; Han et al. 2012; Jiang et al. 2011; Paiva et al. 2014,
Zheng et al. 2016). Thus, they are likely well-adapted to process complex
polysaccharides, which is also consistent with many other members of the
phylum Bacteroidetes (Salyers et al. 1977; Martens et al. 2009; Flint et al. 2012;
Foley et al. 2016; Grondin et al. 2017).

This characteristic of complex carbohydrate digestion in many members of
the Bacteroidetes is due to them having Polysaccharide Utilization Loci (PULs),
identified based on the existence of the Starch Utilization System operon, Sus
(Foley et al. 2016). The Sus operon encodes for proteins that bind and degrade
starch/glycans at the cell surface prior to transport of oligosaccharides through
the Gram-negative outer-membrane for conversion to monomers in the periplasm
(Foley et al. 2016). Because members of the Mucilaginibacter have been
frequently isolated from carbon-rich environments, they are hypothesized to play
a vital role in carbon usage and cycling in carbon-rich soils such as the tundra
(Mannisto et al. 2010; Sanyal et al. 2018). Further, members of Bacteroidetes in
these tundra soils were found to be resilient to freeze-thaw cycles (Mannisto et

al. 2009).
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Several cold-adapted bacteria belonging to the genus Mucilaginibacter
were isolated from the Arctic-Alpine tundra soils of the Malla nature preserve in
Kilpisjarvi, Finland (Mannisto et al. 2010). Mucilaginibacter mallensis strain
MP1X4 is a copious producer of extracellular polymeric substances, thus making
its complex carbon metabolism intriguing, and appears to be adapted for the
temperature challenges of the frigid carbon-rich Arctic tundra soils (Mannisto et
al. 2010). In our analysis of its complete genome, we highlight the carbon

processing capabilities of this bacterium.

4.2 ORGANISM INFORMATION

Classification and features

Mucilaginibacter mallensis MP1X4 is a Gram-negative bacterium and
member of the family Sphingobacteriaceae, in the phylum Bacteroidetes. M.
mallensis forms pale yellow mucoid colonies on R2A agar, growing at pH 4.5-7
and at a temperature range of -3-33°C (Mannisto et al. 2010). The cells are non-
motile rods 1-2 ym in length, after being grown for 30 hours on 2 R2A plates of
pH 5.5 at room temperature (Figure 4.1). The original announcement and
species description of Mucilaginibacter mallensis MP1X4 was provided by
Mannisto et al. (2010), where details of its isolation from Arctic tundra soils in
Kilpisjarvi, Finland are available. This species, along with M frigotolerans, was
isolated from Finnish Lapland soil (Mannisté and Haggblom 2006; Mannisto et al.
2010). From the same region, M. lappiensis was isolated from a lichen

(Mannisto et al. 2010).
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Figure 4.1: Microscopy of Mucilaginibacter mallensis MP1X4.

Most Mucilaginibacter species have been isolated from a variety of soils, or from
plant/woody materials as illustrated in Figure 4.2. However, a few members of
the genus Mucilaginibacter have been found in relatively unusual sources, such
as air-conditioners (Kim et al. 2016), and dye wastewater (Hwang et al. 2014).
Phylogeny of the 16S rRNA gene of all Mucilaginibacter species described in the
genus is illustrated in Figure 4.3. This phylogenetic tree was constructed using a
maximum likelihood phylogeny with 500 bootstraps using using 1338 positions
through the program MEGA v. 7.0.14. Each of the 59 (excluding outgroups)
described species is colored to indicate the source that each species was
isolated from, and represents the same color in the phylogenetic tree in Figure
4.2 and in Figure 4.3. Members of the order Sphingobacteriales were used as a
collective outgroup. The closest relative of M. mallensis is M. gynuensis, which

was isolated from rotten wood in South Korea (Khan et al. 2013). Other closely
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related species include M. pedocola (isolated from heavy-metal contaminated
paddy field), and M. pyschrotolerans (from Tibetan peatlands) (Tang et al. 2016;
Deng et al. 2017). Within clusters, there is some pattern of grouping depending
on the source of isolation, for example the group of M. jinhuensis, M.
polytrichastri, M. daejeonensis, and M. galli, which were from plant matter (Figure
4.3).

M. mallensis is likely to possess complex plant polysaccharide processing
adaptations since it has been isolated from carbon-rich soil. This is also likely
consistent with the current characterization of the Mucilaginibacter genus. This
study explored the complex plant polysaccharide processing adaptations of
Mucilaginibacter mallensis with compari