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THESIS TITLE & ABSTRACT

Thesis Title

Metagenomic analysis of the biodiversity and seasonal variation in the meromictic Antarctic lake, Ace Lake

Thesis Abstract

Ace lake is a stratified lake in the Vestfold Hills, Antarctica. The presence of a thick ice-cover for ~11 months of the year
and a strong salinity gradient are responsible for its permanent stratification. Taxonomy analyses showed depth-based
segregation of its microbial community, including viruses. Functional potential analyses of the lake taxa highlighted their
roles in nutrient cycling.

In this thesis, the seasonal changes in Ace Lake microbial community were studied using a time-series of metagenomes
utilizing the Cavlab metagenome analysis pipeline. Statistical analyses of taxa abundance and environmental factors
revealed the effects of the polar light cycle, with 24 hours of daylight in summer and no sunlight in winter, on the
phototrophs identified in the lake, indicating the importance of light-based primary production in summer to prevail
through the dark winter. Analysis of viral data generated from the metagenomes showed the presence of viruses,
including a ‘huge phage’, throughout the lake, with a diverse population existing in the oxic zone. Analysis of virus-host
associations of phototrophic bacteria revealed that the availability of light, rather than viral predation, was probably
responsible for seasonal varations in host abundances.

Genomic variation in Synechococcus and Chlorobium populations, analysed using metagenome-assembled genomes
(MAGs) from Ace Lake, revealed phylotypes that highlighted their adaptation to the lake

environment. Synechococcus phylotypes were linked to complex interaction with viruses, whereas

some Chiorobium phylotypes were inferred to interact with Synechococcus. Some Chlorobium phylotypes were also
inferred to have improved photosynthetic capacity, which might contribute to the very high abundance of this species in
Ace Lake.

Comparative genomic analysis of Chlorobium was performed using MAGs from Ace Lake, Ellis Fjord, and Taynaya Bay
and the genome of a non-Antarctic Chlorobium phaeovibrioides. A single Chlorobium species, distinct from the non-
Antarctic species, was prevalent in the oxycline of all three stratified systems, highlighting its endemicity to the Vestfold
Hills. Patential Chlorabium viruses, representing generalist viruses, were identified in aquatic systems from the Vestfold
Hills and the Rauer Islands, indicating a widespread geographic distribution. Seasonal variation in

the Chlorobium population appeared to be caused by reliance on sunlight rather than the impact of viral predation, and
was inferred to benefit the host by restricting the ability of specialist viruses to establish effective lifecycles. The findings
in this thesis highlight the seasonal influence on Ace Lake biodiversity, the adaptations and potential interactions of the
two key species Synechococcus and Chliorobium, and the endemicity of Ace Lake Chiorobium to the Vestfold Hills.
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Abstract

Ace lake is a stratified lake in the Vestfold Hills, Antarctica. The presence of a thick
ice-cover for ~11 months of the year and a strong salinity gradient are responsible for its
permanent stratification. Taxonomy analyses showed depth-based segregation of its
microbial community, including viruses. Functional potential analyses of the lake taxa

highlighted their roles in nutrient cycling.

In this thesis, the seasonal changes in Ace Lake microbial community were studied
using a time-series of metagenomes utilizing the Cavlab metagenome analysis pipeline.
Statistical analyses of taxa abundance and environmental factors revealed the effects of
the polar light cycle, with 24 hours of daylight in summer and no sunlight in winter, on
the phototrophs identified in the lake, indicating the importance of light-based primary
production in summer to prevail through the dark winter. Analysis of viral data
generated from the metagenomes showed the presence of viruses, including a ‘huge
phage’, throughout the lake, with a diverse population existing in the oxic zone.
Analysis of virus-host associations of phototrophic bacteria revealed that the availability
of light, rather than viral predation, was probably responsible for seasonal variations in

host abundances.

Genomic variation in Synechococcus and Chlorobium populations, analysed using
metagenome-assembled genomes (MAGs) from Ace Lake, revealed phylotypes that
highlighted their adaptation to the lake environment. Synechococcus phylotypes were
linked to complex interaction with viruses, whereas some Chlorobium phylotypes were
inferred to interact with Synechococcus. Some Chlorobium phylotypes were also
inferred to have improved photosynthetic capacity, which might contribute to the very

high abundance of this species in Ace Lake.

Comparative genomic analysis of Chlorobium was performed using MAGs from Ace
Lake, Ellis Fjord, and Taynaya Bay and the genome of a non-Antarctic Chlorobium
phaeovibrioides. A single Chlorobium species, distinct from the non-Antarctic species,
was prevalent in the oxycline of all three stratified systems, highlighting its endemicity
to the Vestfold Hills. Potential Chlorobium viruses, representing generalist viruses,

were identified in aquatic systems from the Vestfold Hills and the Rauer Islands,



indicating a widespread geographic distribution. Seasonal variation in the Chlorobium
population appeared to be caused by reliance on sunlight rather than the impact of viral
predation, and was inferred to benefit the host by restricting the ability of specialist
viruses to establish effective lifecycles. The findings in this thesis highlight the seasonal
influence on Ace Lake biodiversity, the adaptations and potential interactions of the two
key species Synechococcus and Chlorobium, and the endemicity of Ace Lake

Chlorobium to the Vestfold Hills.
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1. General introduction

1.1 Antarctica

Antarctica is the coldest, driest continent on Earth and contains ~90% of the Earth’s ice
(AASSP, 2011). It covers nearly 14 million km? area, which increases to almost 20
million km? in winter. The Antarctic continent is divided into East and West Antarctica
by the Transatlantic Mountains. Nearly 98% of the Antarctic continent is covered by an
ice sheet of 2.2 km average thickness. Only ~0.4% of the continent, roughly 46,000
km?, is ice-free (Cavicchioli, 2015; Chown et al, 2015). Antarctica is surrounded by
Southern Ocean and most of its coastal ice is in the form of ice shelves (44%) and ice
walls (38%) (Drewry, 1983). It is the southern-most continent of Earth containing the
South Pole (90° S), with most of its coastal areas lying at lower latitudes reaching ~66°
S; the northern-most tip of the Antarctic peninsula reaches ~63° S. The Antarctic light
cycle includes a 24 h sunlight period in summer and a dark period with no sunlight in
winter, with the duration of these light and dark periods varying from a few weeks to a
few months depending on the latitude. Antarctica is also the windiest continent on
Earth, with katabatic winds blowing off the continent at high velocity; the speed of wind
gusts measured near the Antarctic coast sometimes exceed 200 kmh'!

(https://www.antarctica.gov.au/).

1.1.1 Antarctic lake biodiversity and ecology

Antarctica supports diverse life, including animals, plants, fungi, and a variety of
microbes (Chown et al, 2015). Apart from penguins, albatrosses, and seals, which
mainly inhabit the sub-Antarctic islands in the Southern Ocean, a rich assortment of
lichens, bryophytes, and non-lichenised fungi can be found in Antarctica along with a
few varieties of flowering plants, found only in the Antarctic peninsula (Peat et al,
2007; Bridge et al, 2008; Chown et al, 2015). Among the invertebrate organisms,
tardigrades, nematodes, springtails, and mites are present in Antarctica (Stevens et al,
2006; Velasco-Castrillon et al, 2014). However, microbial communities show the most
species diversity among all Antarctic life in a variety of habitats such as meltwater
ponds (Archer et al, 2014), lake ice (Gordon et al, 2000), Antarctic soils (Cary et al,
2010; Fierer et al, 2012; Zablocki et al, 2014), stratified lakes (Lauro et al, 2011; Yau et
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al, 2011; Yau et al, 2013; Laybourn-Parry and Bell, 2014), hypersaline lakes (Bowman
et al, 2000a; DeMaere et al, 2013; Tschitschko et al, 2018), and other Antarctic aquatic
systems (Laybourn-Parry and Pearce, 2007; Lopez-Bueno et al, 2009; Wilkins et al,
2013; Cavicchioli, 2015).

In Antarctica, only ~0.4% of the total landmass is ice-free and harbours a variety of
aquatic systems including lakes (both epiglacial and subglacial) and ponds (Cavicchioli,
2015; Chown et al, 2015). The Antarctic lake structure (microbial community types)
and function (prevalent nutrient cycles) can depend on a number of factors such as
availability of light, biotic factors (presence/absence of viruses), abiotic factors
(availability of nutrients and oxygen, salinity, temperature), and other biogeographical
and limnological factors (Figure 1.1; Cavicchioli, 2015). Single-celled eukaryotic algae
and cyanobacteria are the most prominent primary producers in the photic zone of many
Antarctic lakes, where they use light (energy source) and water (electron donor) for
carbon fixation and oxygen production (Campbell, 1978; Williams, 1979; Wright and
Burton, 1981; Franzmann et al, 1987; Rankin et al, 1999; Bowman et al, 2000a; Nadeau
and Castenholz, 2000; Bell and Laybourn-Parry, 2003; Laybourn-Parry et al, 2005;
Madan et al, 2005; Powell et al, 2005; Singh and Elster, 2007; Lauro et al, 2011; Kong
et al, 2012; Yau et al, 2013; Williams et al, 2014). However, green sulfur bacteria
(GSB) have been identified as important primary producers involved in anoxygenic
photosynthesis at the oxic-anoxic interface of some Antarctic meromictic systems,
where they use light (energy source) and hydrogen sulfide (electron donor) for carbon
fixation, reducing hydrogen sulfide to elemental sulfur (Burke and Burton, 1988a;
Bryant and Frigaard, 2006; Ng et al, 2010; Lauro et al, 2011). Due to cold temperature,
the surfaces of many Antarctic aquatic systems are covered by ice for most of the year,
which can impact the availability of light in the water column below the ice cover
(described below in section 1.2.1). The amount of available light can further affect the
abundance of microbial population, especially phototrophic microbes, as well as their
function in an aquatic system. For example, the phytoflagellate Pyramimonas
gelidicola, identified in two Antarctic lakes — Highway Lake and Ace Lake, has high
abundance in summer when sufficient light is available for photoautotrophic growth,
but has low abundance in winter when it resorts to phagotrophy for survival in the dark

(Bell and Laybourn-Parry, 2003; Laybourn-Parry et al, 2005).



In Antarctic environments where light is not available, e.g., during winter or in the
aphotic zones of lakes, chemoautotrophs have been identified as primary producers,
utilizing inorganic compounds like nitrogen, sulfur or iron as energy sources, in place of
light energy, for carbon fixation (Grzymski et al, 2012; Williams et al, 2012; Laybourn-
Parry and Pearce, 2016). Chemoautotrophic archaea and bacteria including members of
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Thaumarchaeota
have been reported in various Antarctic lakes (Sattley and Madigan, 2006; Mikucki and
Priscu, 2007; Kong et al, 2012; Wilkins et al, 2013; Yau et al, 2013; Vick-Majors et al,
2014; Cavicchioli, 2015; Achberger et al, 2016; Laybourn-Parry and Pearce, 2016).
Seasonal comparison of microbial diversity and function of some Antarctic
environments (Lake Fryxell, Lake Bonney Western lobe, Antarctic peninsula coastal
surface waters) showed a shift from photoautotrophy in summer when light is available
to chemoautotrophy in dark winter (Grzymski et al, 2012; Williams et al, 2012; Vick-
Majors et al, 2014). The chemoautotrophic archaea and bacteria in the Antarctic
peninsula coastal waters use energy produced through oxidation of ammonia or nitrite,
respectively, for carbon fixation (Grzymski et al, 2012; Williams et al, 2012). On the
other hand, Lake Fryxell and Western lobe of Lake Bonney harbour chemoautotrophic
bacteria that fix carbon using energy generated through sulfur oxidation (Sattley and

Madigan, 2006; Kong et al, 2012).

Apart from photoautotrophs and chemoautotrophs, Antarctic aquatic systems contain
heterotrophs that are involved in the conversion of complex organic compounds,
including organic carbon generated by autotrophs, into inorganic molecules (Takacs et
al, 2001; Mikucki and Priscu, 2007; Wilkins et al, 2013; Cavicchioli, 2015; Laybourn-
Parry and Pearce, 2016). Unlike lower latitude lakes, Antarctic lakes receive very little
exogenous nutrient input from their surrounding catchment areas, as the lakes are
covered by ice for most of the year (Laybourn-Parry and Pearce, 2016). Therefore, the
complex compounds utilised by heterotrophs mostly come from photoautotrophs and/or
chemoautotrophs in the system (Matsumoto, 1989; McKnight et al, 1991; Laybourn-
Parry and Pearce, 2016). Heterotrophic archaea and bacteria including members of
Actinobacteria, Alphaproteobacteria, Bacteroidetes, Betaproteobacteria, Chloroflexi,
Gammaproteobacteria, Haloarchaea, Sphingobacteria have been observed in various

Antarctic lakes (Mikucki and Priscu, 2007; Mosier et al, 2007; Lauro et al, 2011;



DeMaere et al, 2013; Wilkins et al, 2013; Yau et al, 2013; Vick-Majors et al, 2014;
Cavicchioli, 2015; Laybourn-Parry and Pearce, 2016).

As metazoan grazers of phytoplankton, bacteria and archaea are very few in the
Antarctic lakes, viruses seem to play an important role in nutrient mobilization and in
driving the evolution of hosts, thereby affecting lake ecology (Figure 1.1) (Kepner et al,
1998; Pearce and Wilson, 2003; Madan et al, 2005; Sdwstrom et al, 2007; Anesio and
Bellas, 2011; Lauro et al, 2011; Yau et al, 2011; Cavicchioli, 2015; Tschitschko et al,
2015; Laybourn-Parry and Pearce, 2016). The presence of strong wind in Antarctica has
also been suggested to play a role in shaping microbial communities through the
dispersal of microbes in the continent, just as it does in other ecosystems across the

globe (Wilkins et al, 2013; Cavicchioli, 2015).

The chemical composition of the aquatic systems such as their salinity, oxygen content,
and nutrient composition and concentration can govern Antarctic lake microbial
communities (Figure 1.1; Cavicchioli, 2015). For example, Deep Lake, Organic Lake
and Ekho Lake are three highly saline (hypersaline) lakes in the Vestfold Hills and have
been shown to contain similar high abundance populations of Gammaproteobacteria
and members of Cytophaga-Flavobacterium-Bacteroidetes group, along with low
abundance populations of Actinobacteria, Alphaproteobacteria and Firmicutes; a
majority of the Gammaproteobacteria belonging to the genus Marinobacter (Bowman
et al, 2000a). Similarly, methanogenic archaea have been identified in the dark, anoxic
waters of various stratified lakes in the Vestfold Hills (Bowman et al, 2000b; Lauro et
al, 2011), whereas a diverse population of haloarchaea thrives in the hypersaline lakes
from the Vestfold Hills and the Rauer Islands in East Antarctica (DeMaere et al, 2013;
Tschitschko et al, 2018).

The biogeographic locations of Antarctic lakes have also been shown to affect the type
of microbial communities observed in systems with similar physicochemical
compositions. A dominant population of Chlorobiaceae family members (GSB) along
with a low abundance population of Chromatiaceae tamily members (purple sulfur
bacteria) are prevalent in various meromictic lakes in the Vestfold Hills (Burke and
Burton, 1988a), but the meromictic Lake Fryxell in McMurdo Dry Valleys, East
Antarctica supports members of Chloroflexi (green non-sulfur bacteria) and a diverse
population of purple non-sulfur bacteria (Karr et al, 2003). Overall, the Antarctic lake
microbial ecosystem is very diverse and can be shaped by environmental factors (e.g.,
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temperature, light availability, wind) as well as biotic (e.g., presence/absence of
viruses), physical (e.g., presence/absence of ice cover), chemical (e.g., salinity,
nutrients), and geographical (location) characteristics of the aquatic systems in which

the microbes reside (Figure 1.1).

Figure 1.1 Various factors affecting Antarctic lake ecology. The availability of light (a), and
biotic (b), abiotic (c) and other factors (d) that potentially impact Antarctic lake structure and

function are shown. The schematic was taken from Cavicchioli (2015).

1.1.2 Physical characteristics of stratified aquatic systems in the Vestfold Hills,

Antarctica

The Vestfold Hills lie in East Antarctica and are mostly free of ice and snow; they are
classified as an Antarctic oasis. They were formed as a result of isostatic rebound (i.e.,
uplifting of the landmass) after the retreat of the continental ice sheet nearly 10,000
years ago, due to which the Vestfold Hills are riddled with thousands of supra- and sub-
glacial water bodies including fresh water, saline, and hypersaline systems (Gibson,
1999; Cavicchioli, 2015; Siegert et al, 2016). The Vestfold Hills are well-known for
their variety of stratified aquatic systems, with at least 34 stratified lakes and marine
basins reported in one study (Gibson, 1999). Stratified systems are also referred to as

meromictic systems — they have a well-mixed oxic mixolimnion, an oxic-anoxic
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interface, and an anoxic monimolimnion. In the Vestfold Hills, the permanent
stratification of lakes can be attributed to the presence of a protective ice cover that
remains for most of the year and prevents wind-driven mixing of the lake waters
(Burton and Barker, 1979; Burch, 1988; Burke and Burton, 1988a; Gibson and Burton,
1996). In summer, the melting ice cover and the inflow of melt water can create a layer
of freshwater on the surface of a stratified lakes, as is seen in Ace Lake in the Vestfold
Hills (Hand and Burton, 1981). The ice cover of most stratified lakes in the Vestfold
Hills completely melts by the end of December, whereas in some low salinity lakes, the
ice cover does not melt even by January (Gibson and Burton, 1996). Although the
melting of the ice cover exposes the stratified lakes to wind-driven mixing, the lake
waters mix to a depth of only a few metres, partly due to the stability provided by
thermal and chemical stratification of the lakes and partly because of the presence of the
additional fresher water layer on their surface (Walker, 1974; Burton and Barker, 1979;
Burch, 1988). As the ice cover reforms with approaching winter, salt from the newly
forming ice is exuded into the surrounding lake waters as brine, which sinks deeper and
drives the convective mixing of the mixolimnion waters of the lake (Gibson and Burton,
1996; Swadling, 1998; Rankin et al, 1999). The depth to which the mixing occurs
depends on the amount of salt excluded from the newly forming ice, which in turn is
affected by the thickness of the ice cover formed (Gibson and Burton, 1996; Rankin et
al, 1999). Due to the strong salinity gradient below the halocline, the sinking brine
mingles with the monimolimnion waters mainly by diffusion, precluding any mixing

(Canfield and Green, 1985; Rankin et al, 1999).

1.2 Ace Lake — a stratified lake in the Vestfold Hills, Antarctica

Ace lake is a marine-derived, stratified lake located in the Vestfold Hills in East
Antarctica (68.473° S, 78.189° E) (Figure 1.2). With a maximum depth of 25 m, the
Ace Lake water column is segregated into oxic mixolimnion and anoxic
monimolimnion by an oxic-anoxic interface (Figure 1.3) (Burton, 1980; Gibson, 1999;
Rankin et al, 1999). The lake surface is covered with ice for most of the year and melts
only in summer (Burton, 1980). Apart from the oxygen gradient, Ace Lake also has a
salinity gradient, which increases with lake depth — the lake salinity levels vary from

1.9 % at around 1 m depth to 4.2 % at around 24 m depth (Burton and Barker, 1979;



Hand and Burton, 1981; Burch, 1988; Bell and Laybourn-Parry, 1999; Rankin et al,
1999; Lauro et al, 2011; Panwar et al, 2020). The pH of Ace Lake waters steadily
decreases with depth, being slightly alkaline in the oxic zone and nearly neutral in the
anoxic zone (Burton and Barker, 1979; Hand and Burton, 1981; Rankin et al, 1999;
Lauro et al, 2011). The lake pH also fluctuates with season in the oxic zone, with more
variations observed at 2 m depth than at 10 m (Rankin et al, 1999). The seasonal heat
transfer to and from the lake, i.e., gain of heat through solar radiation or surrounding
rocks and loss of heat through the ice cover or into the lake sediment, has led to the
thermal stratification of Ace Lake. However, temperature data collected from Ace Lake
over more than three decades suggests that the thermal stratification of the lake is not as
prominent as it was in the past (Burton and Barker, 1979; Hand and Burton, 1981;
Burch, 1988; Bell and Laybourn-Parry, 1999; Rankin et al, 1999; Lauro et al, 2011;
Panwar et al, 2020). Nonetheless, the presence of an ice cover and a strong salinity
gradient allow for the permanent stratification of Ace Lake (Walker, 1974; Burton and
Barker, 1979; Burch, 1988; Rankin et al, 1999).



Figure 1.2 Ace Lake in the Vestfold Hills, East Antarctica. The Antarctic continent (a) is the
southern-most landmass on Earth and mostly lies within the Antarctic Circle (~66° S; red circle
in a). It is divided into East Antarctica (EA) and West Antarctica (WA) by the Transatlantic
Mountains. The Vestfold Hills (b) lie along the coastal region of East Antarctica and cover

approximately 411 km? area, containing ~3,000 aquatic systems including Ace Lake (orange
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circle in b) (Cavicchioli, 2015). Ace Lake is covered by ice for most of the year (d), which
melts in summer (c¢). The image of the Antarctic continent (a) was created in Google Earth Pro

(https://www.google.com/earth/). The image showing the satellite view of majority of the

Vestfold Hills (b) as well as the photographs of Ace Lake (¢, d) were adapted from Cavicchioli
(2015).

In Ace Lake, the oxycline, halocline, and thermocline lie across almost the same lake
depths, but this has not always been the case (Table 1.1). Earlier reports show that the
oxic-anoxic interface of Ace Lake was at 10 m depth in 1974 (Burton and Barker,
1979), at 12 m depth in 1992 (Rankin et al, 1999), and at 13 m depth 1996 (Bell and
Laybourn-Parry, 1999). Moreover, based on the concentration of manganese and
selenium in Ace Lake, two trace elements found in high concentration near the oxycline
of meromictic Antarctic lakes (Masuda et al, 1988), it has been speculated that the Ace
Lake oxic-anoxic interface could have been at a depth as low as 18 m at some point in
the past (Rankin et al, 1999). On the other hand, the halocline and thermocline, which
generally coincide in Ace Lake, were at depths higher up in the water column in the
oxic zone until less than two decades ago, when the halocline/thermocline dropped to
the level of the oxycline in Ace Lake (Table 1.1). These shifts in the physicochemical
gradients in Ace Lake might be due to a change in lake water level, because of inflow of
melt water, melting of ice cover, and/or evaporation of lake water, or might indicate the
result of ice formation, which impacts the depth to which the mixolimnion extends. It
has been speculated that if the halocline of a stratified lake were to be pushed down to a
low enough depth, due to reduction in lake water level or during formation of an ice
cover, the lake would completely mix removing any physicochemical gradients
prevalent in the water column (Gibson and Burton, 1996; Rankin et al, 1999). Such a
turn over event has been suggested to have occurred in Ace Lake in the past since its
isolation, during which most of the sulfur (76%) was lost from the lake (Burton and

Barker, 1979; Gibson and Burton, 1996; Rankin et al, 1999).



https://www.google.com/earth/

Figure 1.3 The physical, chemical, and biological structuring of Ace Lake. Ace Lake is a
stratified lake of marine origin, with an upper oxic zone (Aerobic Mixolimnion), a
chemocline/oxycline (Chemocline Oxycline), and a lower anoxic zone (Anoxic

Monimolimnion). The schematic was taken from Laybourn-Parry et al (2014).

Table 1.1 Changes in the position of the oxic-anoxic interface, halocline, and thermocline
in Ace Lake over a period of more than three decades. The values in the table represent the
Ace Lake depths at which the oxic-anoxic interface, halocline, and thermocline of the lake
waters were measured. * The data taken from various studies span more than three decades and

are shown chronologically from top to bottom.

Data Ace Lake depths
collection Oxic-anoxic Reference®
Halocline  Thermocline
date interface
Nov 1975 10 m 5-7m 7-10 m Burton and Barker, 1979
Dec 1977 9m - 7-10 m Hand and Burton, 1981
Feb 1979 9m 3-5m 4-5m
Burch, 1988
Aug 1979 9m 3-7Tm 4-Tm
Nov 1992 12 m 7-9 m 7-9 m
Rankin et al, 1999
June 1994 12 m 7-9 m 7-9 m
Feb 1996 12m 6—8 m 6—8 m
Bell and Laybourn-Parry, 1999
Oct 1996 13 m 8.5-9.5m 8.5-9.5m
12 m (first
Feb 2001 to
summer) - - Laybourn-Parry and Bell, 2014
Feb 2002

14 m (winter)
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14 m (second
summer)
Dec 2002
12 m (summer
to Dec - -
and winter)
2003
Lauro et al, 2011; Panwar et al,
Dec 2006 13m 12-13 m 11-13m
2020
Nov 2008 13m 12-13 m 12-13 m
Nov 2013 14 m 12-14 m 12-14 m
Aug 2014 15m 12.5-15m 12-14 m Panwar et al, 2020
Oct 2014 14m 12-14 m 12-14 m
Dec 2014 14m 12-14.5 m 12-14 m

1.2.1 Light penetration

The polar light cycle is distinct from the light cycle experienced in non-polar cold
environments, with 24 h of sunlight in summer and no sunlight in winter; the light and
dark periods lasting a few weeks in the Vestfold Hills. In 1979, incident light as high as
1,225 pEm™s! was measured in summer, and as low as 1.3 pEms! was measured in
winter at the surface of Ace Lake (Burch, 1988). As the lake is covered by ice for most
of the year, the lake depth to which the incident light can penetrate depends on the
opaqueness, thickness, and age of the ice cover (Kirk, 1994) as well as the
presence/absence and thickness of a snow cover (Burch, 1988). In ice-free conditions in
summer, only 10% of the incident light reaches 9 m depth in Ace Lake and light
penetrates up to 11.5 m depth (Hand and Burton, 1981; Burch, 1988; Rankin, 1998).
However, with a 2 m ice cover in spring, only 1% of the incident light reaches 9 m
depth and no light is available past 10 m depth in the lake. The presence of dense
populations of phototrophic bacteria in the mixolimnion and oxycline of Ace Lake also
prevents light from penetrating beyond 11.5 m depth in ice-free conditions (Rankin et
al, 1999). Apart from ice cover, the presence of a snow cover can further impede light
penetration — the amount of incident light penetrating through a 1.6 m ice cover with a
30 cm snow cover is three times less than the light penetration through the same ice
thickness but without a snow cover (Burch, 1988). Ice and snow cover not only affect
the amount of light, but also the wavelength of light that penetrates the water column.

Ice cover attenuates red light much more than blue or green light, whereas the presence
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of a snow cover causes a stronger attenuation of green and blue lights but not red light
(Burch, 1988). Generally, in the presence of a thick ice cover, green light penetrates

deeper into the water column in Ace Lake, than blue or red light.
1.2.2 Biodiversity

Life in Ace Lake have been extensively studied by various research groups since the
1970s, (1) to understand the overall biological composition of this meromictic lake
(Burton and Barker, 1979; Hand, 1980; Hand and Burton, 1981; Burch, 1988; Burke
and Burton, 1988a; Bell and Laybourn-Parry, 1999; Bowman et al, 2000b; Laybourn-
Parry et al, 2001; Coolen et al, 2004a; Coolen et al, 2004b; Laybourn-Parry et al, 2005;
Madan et al, 2005; Powell et al, 2005; Coolen et al, 2006; Lauro et al, 2011) or (ii) to
describe specific organisms identified in the system (Franzmann et al, 1991a;
Franzmann and Rohde, 1991; Franzmann and Dobson, 1992; Franzmann et al, 1992;
Bowman et al, 1997; Franzmann et al, 1997; Rankin, 1998; Bell and Laybourn-Parry,
2003; Ng et al, 2010). Generally, the biodiversity of each stratum of Ace Lake, i.e., the

oxic mixolimnion, the oxycline, and the anoxic monimolimnion, is distinct (Table 1.2).

Table 1.2 The biodiversity of Ace Lake assessed over a period of more than three decades.
Data were taken from various studies on Ace Lake, shown here chronologically from top to
bottom. # The second column indicates the method used to analyse diversity. ® The last column
describes the types of life forms identified in each stratum of Ace Lake: U, upper oxic zone
(mixolimnion); I, oxycline (oxic-anoxic interface); L, lower anoxic zone (monimolimnion); S,

anoxic zone sediment.

Reference study Method?* Biodiversity®

U: Paralabidocera antarctica and Acartia

sp. (copepods); a branched filamentous
Burton and Barker, p- (copepods)

1979 Microscopy Chlorophyta species; cyanobacteria;

Fragilaria sp. and Navicula sp. (diatoms)

I and L: high microbial cell count

U: P. antarctica (a copepod);
Pyramimonas sp. (a green alga);

Hand and Burton, Microscopy; cell culture cyanobacteria; diatoms

1981 and characterization I: heterotrophs
L: Chromatium sp. and Rhodospirillum sp.
(phototrophic bacteria); Desulfovibrio sp.
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(sulfate-reducing bacteria); anaerobic

heterotrophs; methanogens

Burch, 1988

Microscopy

U: Pyramimonas gelidicola; Cryptomonas
sp.; two unknown species of flagellates;
Navicula sp. and Pinnularia sp. (diatoms);

cyanobacteria

Burke and Burton,
1988a

Microscopy; enrichment
culture and morphology

characterization

I: dominated by Chlorobium vibrioforme
and Chlorobium limicola (green-coloured
GSB); few members of Chromatiaceae
family and Rhodospirillaceae family
(purple photosynthetic

bacteria) also identified

Mancuso et al, 1990

Lipid mass spectrometry

U: microeukaryotes
L: Desulfobacter sp.; Desulfovibrio sp.;

methanogenic bacteria

Franzmann et al,

1991a

Celle culture, isolation, and
characterization; /6S rRNA
gene-based phylogenetic

analysis

L: Carnobacterium funditum,

Carnobacterium alterfutulitum

Franzmann and

Rohde, 1991

Celle culture, isolation, and

characterization

L: an obligate anaerobic coiled bacterium

Franzmann and

Dobson, 1992

Cell culture and isolation;
16S rRNA gene-based

phylogenetic analysis

L: an anaerobic wall-less spirochete

Franzmann et al,

1992

Enrichment culture,
1solation, and
characterization; /6S rRNA
gene-based phylogenetic

analysis

L: Methanococcoides burtonii (a

methylotrophic methanogen)

Bowman et al, 1997

Enrichment culture,
isolation, and
characterization; /6S rRNA
gene-based phylogenetic

analysis

U (just above I): Methylosphaera hansonii
(a methanotroph)

Franzmann et al,

1997

Enrichment culture,

isolation, and

L: Methanogenium frigidum (a
hydrogenotrophic methanogen)
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characterization; /6S rRNA
gene-based phylogenetic

analysis

Bell and Laybourn-
Parry, 1999

Microscopy

U: P. antarctica; Notholca (a rotifer); Py.
gelidicola; Cryptomonas sp.;
Chlamydomonas sp.; few diatoms;
Gyrodinium sp. and

Gymnodinium sp. (dinoflagellates);
Mesodinium rubrum; Euplotes sp. (a
ciliate)

I and L (just below I): P. antarctica;
phototrophic bacteria; sulfate-reducing

bacteria

Rankin, 1998

Microscopy; cell culture
and 1solation; /6S rRNA
gene-based phylogenetic

analysis

U: Synechococcus sp. (a marine

cyanobacteria)

Bowman et al,

16S rRNA gene-based

S: Desulfosarcina; Syntrophus;
Prochlorococcus (probably dead cells

settled from mixolimnion); a wall-less

2000b phylogenetic analysis spirochete; other anaerobic bacteria;
Methanosarcina; other members of
Euryarchaeota

Laybourn-Parry et . )

Microscopy U: Viruses

al, 2001
U: Py. gelidicola; Cryptomonas sp.;
Chlamydomonas sp.; Gyrodinium

. lachrymal, Gonyaulax sp.,
Madan et al, 2005 Microscopy

Protoperidinium sp., and
Gymnodinium sp. (dinoflagellates), M.

rubrum; viruses

Powell et al, 2005

Flow cytometry; cell
culture and
characterization; /6S rRNA
gene-based phylogenetic

analysis

U: Synechococcus sp.; M. rubrum; Py.
gelidicola; Cryptomonas sp.; a phototropic

nanoplankter
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16S rRNA gene-based I: Chlorobium sp.

Coolen et al, 2006  phylogenetic analysis; lipid S: members of Methanosarcinales

chromatography (methanogenic archaea)
Metaproteogenomic
analysis; 16S rRNA gene-

Ngetal, 2010 ) I: Chlorobium sp. (referred to as C-Ace)
based phylogenetic
analysis

U: Mantoniella sp. (a green alga);
members of Phycodnaviridae (algal
viruses); Synechococcus sp.; members of
SARI11 clade, Flavobacteria,
Alphaproteobacteria, and
Deltaproteobacteria
Metaproteogenomic I: Chlorobium sp.; members of
analysis; /165 ¥rRNA gene-  Deltaproteobacteria (sulfate-reducing
Lauro et al, 2011 based phylogenetic bacteria) and Gammaproteobacteria
analysis; read taxonomic ~ L: members of Gammaproteobacteria,
classification Deltaproteobacteria,
Epsilonproteobacteria, Firmicutes, and
Euryarchaeota; members of Candidate
divisions OD1 and OP11 (bacterial
candidate phyla); members of

Siphoviridae, Myoviridae, and Podoviridae

(bacteriophage)

1.2.2.1 Mixolimnion

In Ace Lake, the calanoid copepod Paralabidocera antarctica is the most prominent
zooplankter (Burton and Barker, 1979; Hand and Burton, 1981; Bell and Laybourn-
Parry, 1999; Lauro et al, 2011). Another calanoid copepod (Acartia sp.) and a
harpacticoid copepod (Idomene scotti) were also identified in the Ace Lake oxic waters
and benthic mats, respectively (Burton and Barker, 1979; Rankin et al, 1999). Eukarya
capable of photosynthesis, including members of Chlorophyta (Mantoniella,
Chlamydomonas sp., Py. gelidicola), the photosynthetic ciliate Mesodinium rubrum,
and a Cryptomonas sp., are present in the oxic waters of Ace Lake (Burton and Barker,
1979; Hand and Burton, 1981; Burch, 1988; Bell and Laybourn-Parry, 1999; Madan et
al, 2005; Powell et al, 2005; Lauro et al, 2011). Of these, Py. gelidicola is a mixotroph
15



and can survive in limited light by feeding on bacteria or dissolved organic carbon
(DOC) in the lake waters (Bell & Laybourn-Parry, 2003; Laybourn-Parry et al, 2005;
Madan et al, 2005), whereas the cryptophyte (Cryptomonas sp.) is likely to be preyed
upon by M. rubrum (Nishitani and Yamaguchi, 2018). A large population of algal
viruses (Phycodnaviridae) is also present in the oxic zone of Ace Lake, which probably
preys on the green algae in the mixolimnion (Lauro et al, 2011). A few diatoms
(Fragilaria sp., Navicula sp., Pinnularia sp.) have been identified, but their presence in
the oxic lake waters has been attributed to diffusion from littoral algal mats (Burton and
Barker, 1979; Hand and Burton, 1981; Burch, 1988). Other members of the benthic mat
community of Ace Lake include green algae (Urospora penicilliformis, Rhizoclonium
implexium), brown algae (Ectocarpus sp.), cyanobacteria, ciliates (a large tube dwelling
member of Folliculinidae family), a platyhelminthe, nematodes, and three rotifer
species (Dartnall, 2000). The bacterial population in the Ace Lake oxic zone is
dominated by a cyanobacteria (Synechococcus), which is considered to be responsible
for the oxygenation of the mixolimnion (Burton and Barker, 1979; Hand and Burton,
1981; Burch, 1988; Rankin, 1998; Powell et al, 2005; Lauro et al, 2011). A high
abundance of the members of SAR11 clade (Pelagibacterales) has also been reported in
this zone, which is consistent with the marine origin of Ace Lake (Lauro et al, 2011).
Apart from these microbes, a methanotrophic bacteria, Ms. hansonii, is present in the
oxic zone of Ace Lake, at a depth just above the oxycline (Bowman et al, 1997). The
overall community structure of the Ace Lake mixolimnion is similar to that of marine

surface environments, but with ten-fold lower species richness (Lauro et al, 2011).
1.2.2.2 Oxycline

The oxycline of Ace Lake is dominated by Chlorobium (green-coloured GSB), the most
abundant organism in the lake (Burke and Burton, 1988a; Coolen et al, 2006; Ng et al,
2010; Lauro et al, 2011). Microscopy and cell culture studies have identified
Chlorobium vibrioforme and Chlorobium limicola as the two most abundant
Chlorobium species in the lake (Burke and Burton, 1988a), but a more recent
metagenomic analysis of the Ace Lake oxyline waters has shown that the clonal
population of a Chlorobium dominates this zone (Lauro et al, 2011). A few studies have
indicated that the Ace Lake Chlorobium is closely related to Chlorobium
phaeovibrioides, another GSB from a marine environment (Coolen et al, 2006; Ng et al,

2010). Other than Chlorobium, some members of the Chromatiaceae and
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Rhodospirillaceae families have also been identified in the Ace Lake oxycline, although
their abundance is much lower than Chlorobium (Hand and Burton, 1981; Burke and
Burton, 1988a). A number of sulfate-reducing bacteria (SRB), such as Desulfovibrio
sp., Desulfobacter sp., and other Deltaproteobacteria members, are present in the Ace
Lake oxycline alongside the Chlorobium (Hand and Burton, 1981; Mancuso et al, 1990;
Lauro et al, 2011).

1.2.2.3 Monimolimnion

The anoxic waters of Ace Lake support a diverse community of anaerobic bacteria,
methanogenic archaea, and bacteriophages. The anaerobic bacteria identified in Ace
Lake include Carnobacterium funditum, Carnobacterium alterfutulitum, members of
Gammaproteobacteria, Deltaproteobacteria, and Epsilonproteobacteria, members of
bacterial candidate phyla (Candidate divisions OD1 and OP11), as well as a coiled
bacterium and a wall-less spirochete (Hand and Burton, 1981; Franzmann et al, 1991a;
Franzmann and Rohde, 1991; Franzmann and Dobson, 1992; Lauro et al, 2011). SRB
are also present in the anoxic zone of Ace Lake, although not in the deepest depths of
the lake (Hand and Burton, 1981; Mancuso et al, 1990; Bell and Laybourn-Parry, 1999;
Lauro et al, 2011). The monimolimnion supports a population of methanogenic archaea
including Methanococcoides burtonii and Methanogenium frigidum (Hand and Burton,
1981; Mancuso et al, 1990; Franzmann et al, 1992; Franzmann et al, 1997; Coolen et al,
2004a; Coolen et al, 2006; Lauro et al, 2011). Studies of the Ace Lake sediment
samples indicate that members of Methanosarcinales order (including a
Methanosarcina sp.) are present in the anoxic zone of Ace Lake along with some
Deltaproteobacteria such as Desulfosarcina and Syntrophus (Bowman et al, 2000b;
Schouten et al, 2001; Coolen et al, 2004a; Coolen et al, 2006). A variety of
bacteriophage belonging to the Siphoviridae, Myoviridae, and Podoviridae families of
double-stranded DNA viruses have been identified in the anoxic zone of Ace Lake

(Lauro et al, 2011).

1.2.3 Water chemistry and nutrient cycling

1.2.3.1 Carbon

In lakes, autotrophs fix dissolved inorganic carbon (DIC) such as carbon dioxide,
carbonates and bicarbonates to produce organic carbon (dissolved and particulate) using
light energy (photoautotrophs) or energy generated through inorganic nitrogen, sulfur,
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and iron compounds (chemoautotrophs) (Alin and Johnson, 2007). The organic carbon
compounds are used by autotrophs and heterotrophs for respiration resulting in carbon
dioxide production (Alin and Johnson, 2007). Near lake surface the respired carbon
dioxide can be lost to the atmosphere through gaseous exchange, but near lake bottom
the carbon dioxide can remain stored as DIC for long periods, making it available to
methanogens and chemoautotrophs (Alin and Johnson, 2007). Methane produced by
methanogens can either be lost to the atmosphere through diffusion and gaseous
exchange or it can be utilised by methane-oxidising bacteria (Bastviken et al, 2008;
Hofmann et al, 2010). Excessive organic carbon often sinks to the lake bottom and is

buried in sediments over time (Alin and Johnson, 2007).

Ace Lake is covered by ice for most of the year, leaving little chance for exogenous
nutrient input, except during the ice-free periods in summer. The concentration of DIC
is high throughout Ace Lake, such that the lake waters are supersaturated with inorganic
carbon compared to the atmosphere (Burton, 1980). As significant levels of carbon
monoxide dehydrogenase were present throughout Ace Lake, carbon monoxide
oxidation might be an important pathway for energy production, which might explain
the high concentration of DIC in the lake (Lauro et al, 2011). Due to this, it has been
speculated that Ace Lake probably loses carbon to the atmosphere during ice-free
periods (Burton, 1980; Rankin et al, 1999). In the mixolimnion, the green algae and
cyanobacteria are the major primary producers capable of assimilating DIC (Rankin et
al, 1999). On the other hand, the members of Flavobacteria and Gammaproteobacteria
can degrade particulate organic carbon (POC) to DOC. The members of Actinobacteria
and SAR11 clade in the oxic zone of Ace Lake have the capacity to use DOC (Lauro et
al, 2011), which is consistent with the low concentration of DOC in the oxic zone
compared to the anoxic zone of Ace Lake (Hand and Burton, 1981; Bell and Laybourn-
Parry, 1999; Rankin et al, 1999; Lauro et al, 2011). The DOC concentration in Ace
Lake has also been shown to fluctuate seasonally (Bell and Laybourn-Parry, 1999;
Madan et al, 2005; Laybourn-Parry et al, 2007). At the oxycline of Ace Lake, anaerobic
carbon fixation by the Chlorobium and the SRB contributes toward the carbon cycle in
this zone (Lauro et al, 2011). SRB, together with fermentative bacteria and
methanogens, are also involved in the anaerobic degradation of POC (sinking
particulate matter produced in the mixolimnion) in the anoxic zone of Ace Lake (Burton

and Barker, 1979; Burton, 1980; Franzmann et al, 1988, Mancuso et al, 1990;
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Franzmann et al, 1991b; Franzmann and Dobson, 1992; Rankin et al, 1999; Lauro et al,
2011). Dissolved methane is absent in the oxic zone of Ace Lake, but its concentration
increases around the oxycline and reaches very high concentration in the anoxic zone
(Franzmann et al, 1991b). This accumulation of methane in the Ace Lake
monimolimnion has been attributed to methane production by methanogenic archaea
(members of Euryarchaeota) along with the absence of anaerobic methanotrophs in the
anoxic zone and low potential for aerobic methane oxidation (Franzmann et al, 1991b;
Lauro et al, 2011). Some of the methane diffuses to the lake surface and is lost to the
atmosphere in ice-free periods, but some of it can be utilised by methanotrophic bacteria

present in the oxic zone just above the oxycline (Bowman et al, 1997).

1.2.3.2 Sulfur

Microbial sulfur cycling involves redox reactions usually associated with sulfate, the
most commonly found sulfur form in lakes (Holmer and Storkholm, 2001; Luo, 2018;
Jorgensen et al, 2019). Some microbes can reduce sulfate to hydrogen sulfide and
organic sulfur, and assimilate them for biosynthetic purposes (assimilatory sulfate
reduction), while others such as anaerobic bacteria can reduce sulfate to hydrogen
sulfide for energy production (dissimilatory sulfate reduction) (Hordijk, 1993; Holmer
and Stockholm, 2001; Jergensen and Kasten, 2006; Luo, 2018). Oxidation of hydrogen
sulfide to organic sulfur, elemental sulfur, sulfite and/or sulfate can be driven by
microbes such as sulfur oxidizing bacteria (Holmer and Stockholm, 2001; Jergensen
and Kasten, 2006; Luo, 2018; Jergensen et al, 2019). Some chemoautotrophs use the
energy generated during sulfur oxidation for carbon fixation (Sattley and Madigan,
2006; Kong et al, 2012). Apart from sulfur reduction and oxidation, various microbes,
including some SRB, are capable of disproportionating inorganic sulfur into hydrogen
sulfide and sulfate (Bak and Cypionka, 1987; Jargensen et al, 2019). In lake sediments,
chemolithotrophs have been found to utilise ferrous sulfide (FeS) and hydrogen sulfide
to generate pyrite (FeS2) and hydrogen (Rickard and Luther, 2007; Zopfi et al, 2008;
Thiel et al, 2019). The hydrogen generated from this reaction can be potentially used as
reductant for carbon dioxide conversion to methane or reduction of organic matter

(Holmkvist et al, 2011; Thiel et al, 2019).

The overall concentration of sulfur in Ace Lake is much lower than what is observed in

sea water of similar chlorinity (Burton and Barker, 1979). This depletion of sulfur in
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Ace Lake, specifically in the anoxic zone, has been speculated to be the result of sulfate
reduction by the SRB and the subsequent loss of most of the hydrogen sulfide to the
atmosphere sometime in the past during a holomixis event (Burton and Barker, 1979;
Cromer et al, 2005). A syntrophic relationship between the GSB (Chlorobium) and SRB
in the Ace lake oxycline is a major component of sulfur cycling in the lake. Chlorobium
oxidise hydrogen sulfide into sulfate during anoxygenic photosynthesis, but cannot
utilise the sulfate they produce due to lack of genes associated with assimilatory sulfate
reduction (Coolen et al, 2006; Ng et al, 2010; Lauro et al, 2011). On the other hand, the
SRB require sulfate for anaerobic respiration and in the process convert sulfate back to
hydrogen sulfide, which can be used by Chlorobium (Coolen et al, 2006; Ng et al, 2010;
Lauro et al, 2011). This is consistent with the concentrated levels of sulfate in the oxic
zone through to the anoxic zone just below oxycline as well as the concentrated levels
of hydrogen sulfide in the anoxic zone of Ace Lake (Burton and Barker, 1979; Hand
and Burton, 1981; Franzmann et al, 1991b; Rankin et al, 1999). The SRB are also
present in the anoxic zone, close to the oxycline where the sulfate concentration is not
completely depleted (Hand and Burton, 1981; Mancuso et al, 1990; Bell and Laybourn-
Parry, 1999; Lauro et al, 2011). The hydrogen sulfide in the Ace Lake monimolimnion

helps maintain the reduced environment in this zone (Rankin et al, 1999).
1.2.3.3 Nitrogen

Microbes play an important role in the cycling of nitrogen, the most abundant (80%)
molecule in Earth’s atmosphere that plants and animals cannot utilise in its gaseous
form. Generally, nitrogen cycling involves nitrogen gas and its reduced (ammonia) and
oxidised (nitrite, nitrate, etc) forms. Some microbes such as some cyanobacteria can
reduce atmospheric nitrogen to its bioavailable form (ammonia) through nitrogen
fixation (Bernhard, 2010). Other microbes mineralise organic nitrogen (like amino
acids) to inorganic ammonia for energy production via ammonification (Strock, 2008;
Bernhard, 2010). Ammonia, in turn, can be oxidised to nitrites and nitrates via
nitrification (Bernhard, 2010). Some microbes such as chemoautotrophic bacteria and
archaea can utilise the energy produced from nitrification for carbon fixation (Grzymski
et al, 2012; Williams et al, 2012). Oxidised nitrogen such as nitrates, nitrites, nitric
oxide and nitrous oxide can be converted to nitrogen via the denitrification process
(Bernhard, 2010). However, some chemoheterotrophs have the capacity to reduce

nitrates and nitrites directly to ammonia (nitrate/nitrite ammonification) as part of
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anaerobic nitrate respiration (Kraft et al, 2011; Lam and Kuypers, 2011). Nitrite and
ammonia can also be converted to nitrogen via an anaerobic synproportionation reaction
termed as anammox, which has been identified as the major process for transforming
bioavailable fixed nitrogen to its inert gaseous form (Devol, 2003; Francis et al, 2007;
Bernhard, 2010). Anammox bacteria (members of Planctomycetes phylum) perform this
reaction in special lipid bilayer membrane chambers called anammoxosome in their

cytoplasm (Strous et al, 1999; Boumann et al, 2009; Jetten et al, 2009).

In Ace Lake, dissolved nitrogen gas is concentrated in the oxic zone through to a few
metres into the anoxic zone, but is absent in the lower depths (>18 m) (Burton, 1980). A
few microbes with the potential for nitrogen fixation have been identified in Ace Lake.
Of these, the Chlorobium in the Ace Lake oxycline is suspected to drive nitrogen
fixation in the lake (Lauro et al, 2011). Although nitrogenase proteins were not
identified in the Ace Lake metaproteome from the oxycline, their absence might have
resulted from the inhibition of nitrogenase genes by the ammonia present in the zone at
the time (Ng et al, 2010; Lauro et al, 2011). Other than Chlorobium, the cyanobacteria
in the algal mats of Ace Lake are capable of low levels of nitrogen fixation (Rankin et
al, 1999; Lauro et al, 2011). However, Synechococcus, the most abundant cyanobacteria
in Ace Lake mixolimnion waters, cannot fix nitrogen (Powell et al, 2005). In the
monimolimnion, some of the methanogenic archaea, e.g., M. burtonii, contain
nitrogenase genes and have the potential for fixing nitrogen (Allen et al, 2009). Other
than nitrogen fixation, the potential for low levels of denitrification has been identified
in Ace lake, but nitrification probably does not occur (Lauro et al, 2011). This is
consistent with the absence of oxidised nitrogen (nitrates and nitrites) from the anoxic
zone of Ace Lake where ammonia i1s concentrated, and its low concentration in the oxic
zone of the lake compared to marine waters (Burton, 1980; Hand and Burton, 1981;
Burch, 1988; Perriss et al, 1995; Gibson et al, 1997; Rankin et al, 1999). The
oxygenated nitrogen concentration in the Ace Lake oxic zone increases in winter
(Rankin et al, 1999). Chlorobium as well as members of Actinobacteria and SAR11
clade are potentially involved in nitrogen absorption and assimilation (Ng et al, 2010;
Lauro et al, 2011). Moreover, members of Planctomycetes have been predicted to
perform anaerobic ammonia oxidation (anammox) in the anoxic zone of Ace Lake
(Lauro et al, 2011), where ammonia is concentrated around 15 m depth (Burton, 1980;

Hand and Burton, 1981). The concentration of ammonia fluctuates seasonally, being
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higher at the end of summer and in early winter (Bell, 1998; Bell and Laybourn-Parry,
1999; Laybourn-Parry et al, 2002; Madan et al, 2005; Laybourn-Parry et al, 2007).
Considering the low concentration of oxidised nitrogen in Ace Lake as well as the low
potential for denitrification and absence of nitrification in the lake, the overall lake
community appears to depend on nitrogen fixation by the Chlorobium (Lauro et al,

2011).
1.2.34 Other macronutrients and trace metals

Phosphorus is essential to life on Earth, being a major component of genetic material
(DNA, RNA), energy storage components (ATP) and biological membranes
(phospholipids). In aquatic systems, it is generally found in the form of dissolved or
particulate and organic or inorganic phosphorus (Wetzel, 2001). Organic phosphate is
mainly present in the oxic zone of Ace Lake (Hand and Burton, 1981; Burch, 1988). On
the contrary, soluble reactive phosphorus (an important algal nutrient) is concentrated in
depths below the halocline of Ace Lake, reaching maximum concentration in the lower
depths of the anoxic zone (Hand and Burton, 1981; Burton, 1980; Burch, 1988; Rankin,
1998; Bell and Laybourn-Parry, 1999). The concentration of silicate (an important
nutrient for diatoms) in Ace Lake increases with depth in the oxic zone (Hand and

Burton, 1981; Rankin et al, 1999).

Microbes generally require small amounts of trace metals to perform various metabolic
functions. For example, iron is an essential component of GSB photosynthetic
mechanism, iron and molybdenum are found in nitrogenase involved in nitrogen
fixation, magnesium is a component of photosynthetic components like
bacteriochlorophyll, and cobalt is found in the corrin rings of cofactors like
adenosylcobalamin. The concentration of various trace metals has been previously
measured in Ace Lake (Masuda et al, 1988). Most trace metals, such as potassium,
calcium, magnesium, iron, strontium, chromium, cobalt, and antimony, have an
increasing concentration gradient from oxic to anoxic waters of Ace Lake. Others like
copper and nickel are present only in the oxic or anoxic zone, respectively. The
concentration of aluminium, manganese, and selenium was reported to be highest at 18
m depth in Ace Lake, but zinc concentration was lowest at this depth (Masuda et al,
1988). The concentration of most of these trace metals in Ace Lake is much higher than
their concentration in sea water, which might be due to inflow of aerosols and
weathering of rocks surrounding the lake since its isolation (Masuda et al, 1988).
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1.3 Chlorobium species and their geographic distribution

The genus Chlorobium belongs to the Chlorobiaceae family of GSB, which were first
recognised as a distinct group of phototrophic bacteria by Pfennig and Triiper (1971).
They are anaerobic photoautotrophs that fix carbon dioxide via reverse tricarboxylic
acid cycle (rTCA) and perform anoxygenic photosynthesis using sulfide or other sulfur
compounds as electron donors, eventually oxidising the sulfur compounds to sulfate
(Sakurai et al, 2010; Tang and Blankenship, 2010). Chlorobium spp. also use a
bacteriochlorophyll a-containing type I reaction centre placed in their chlorosomes (very
sensitive light-harvesting antennae) for gathering light from low light environments
(Eisen et al, 2002; Blankenship and Matsuura, 2003). As bacteriochlorophyll A (fmoA)
gene is specific to GSB, it can be used for the phylogenetic analysis of the members of
Chlorobiaceae family (Alexander et al, 2002; Alexander and Imhoff, 2006). The major
pigments and carotenoids in the photosynthetic apparatus of GSB include
bacteriochlorophyll c, d, or e and chlorobactene, isorenieratene, or y-carotene,
respectively (Schmidt, 1978; Gibson et al, 1984; Imhoff, 2014). GSB can be green- or
brown-coloured depending on the carotenoids and pigments they contain — green-
coloured GSB have chlorobactene and bacteriochlorophyll ¢ or d, whereas brown-
coloured GSB contain isorenieratene and bacteriochlorophyll e (Imhoff, 2014). The
brown-coloured GSB are more sensitive to light and can outperform the green-coloured
GSB under very low light conditions. Most GSB depend on vitamin B12 for growth and
its deficiency can severely affect their bacteriochlorophyll content, precluding

chlorosome formation (Sato et al, 1981; Fuhrmann et al, 1993).

As Chlorobium are obligate anaerobes and contain a photosynthetic apparatus
(chlorosomes) that is very sensitive to low light, they grow in reduced environments
(Van Gemerden and Mas, 1995). Overall, Chlorobium have been isolated from anoxic
aquatic habitats from across the globe irrespective of the environmental temperature —
from hydrothermal vents as well as lakes in the temperate and tropical zones and polar
lakes (Table 1.3). Instead, availability of light and reduced sulfur compounds appears to
be important requirements for the growth of these GSB. For example, a GSB isolated
from a deep-sea hydrothermal vent was speculated to survive in the dark ocean depths

using the geothermal radiation and effluents from the black smoker as sources of light
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and reduced sulfur, respectively, for anoxygenic photosynthesis (Beatty et al, 2005).
This notion was supported by the absence of the organism from the surrounding oxic
ocean waters. In general, the Chlorobium from stratified lakes have been identified
and/or isolated from the oxic-anoxic interface, where the available light is low and the

waters are rich in reduced sulfur (Table 1.3).

Table 1.3 Global distribution of some Chlorobium species. * The background colour indicates
the overall temperature conditions of the habitat — habitats such as hot springs and
hydrothermal vents are shown in red; warm tropical habitats are shown in yellow (<30° N/S
latitude); habitats in temperate zone (between 30 and 50° N/S latitudes) are shown in light blue;
subpolar habitats (between 50 and 60° N/S latitude) are shown in blue; and polar habitats (>60°
N/S) are shown in dark blue. ® The last column indicates the methods applied for the
identification of the Chlorobium species and the publications in which they were reported. All
aquatic habitats, except hot springs and hydrothermal vents, described here are stratified
systems. The Chlorobium species were identified in the oxycline of these systems. The data are

arranged from top to bottom in the direction of north to south latitude.

Habitat* Chlorobium species Methods and references®

Metagenomic analysis;

Lake A in Ellesmere Island, High read taxonomic
. Chlorobium sp. ) )
Arctic Canada classification (Comeau et

al, 2012)

Cell culture, isolation, and
Chlorobium phaeovibrioides;
) characterization; 16S rRNA
two strains — one green-

coloured (GrKhr17) and one
brown-coloured (BrKhr17)

gene-based phylogenetic
analysis (Grouzdev et al,
2019)

PCR-DGGE analysis; 165

Hot spring microbial mats in GSB that clustered with rRNA gene-based
Greenland uncultured Chlorobium sp. phylogenetic analysis

(Roeselers et al, 2007)

Cell culture, isolation,
characterization, and
Lake Polden in Norway. Chlorobium luteolum sequencing

(https://genome.jgi.doe.gov

/portal/pellu/pellu.home.ht
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ml; part of a project led by
Donald A Bryant)

Sediment samples from
freshwater creeks and ditches

near Konstanz, Germany

Chlorobium ferrooxidans

Cell culture, isolation, and
characterization; /6S rRNA
gene-based phylogenetic
analysis (Heising et al,

1999)

Black Sea meromictic basin

Chlorobium
phaeobacteroides, C.

phaeovibrioides, Chlorobium

sp.

Pigment chromatography
(Repeta et al, 1989);

Cell culture, isolation, and
characterization; pigment
chromatography
(Overmann et al, 1992)

Lake Faro, Italy

C. phaeobacteroides

Radioisotopic analysis
(Sorokin and Donato,
1975); Van Gemerden and
Mas, 1995

Fayetteville Green Lake, New

York

C. phaeobacteroides

Cell culture and isolation
(Culver and Brunskill,
1969)

Lake Banyoles, Lake Vilar, Lake

Ciso, Lake Nou, Lake

Coromines, Lake Negre, Lake

Estanya, and Lake Moncortes in

Spain

C. phaeobacteroides,

Chlorobium limicola

Cell culture, isolation, and
characterization; pigment
chromatography
(Montesinos et al, 1983)

Lake Banyoles, Spain

C. luteolum

Metagenomic analysis; 165
rRNA gene-based
phylogenetic analysis
(Llorens—Mares et al,

2017)

Cullera estuary, Spain

C. phaeovibrioides

Radioisotopic analysis;
pigment chromatography
(Miracle and Vicente,
1985); Van Gemerden and
Mas, 1995
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Fluorescence
spectrophotometry;
pigment chromatographys;
microscopy (Chapin et al,

2004)

C. limicola,

Cross Reservoir, Kansas Chlorochromatium
aggregatum

Plumes of a deep-sea GSB that clustered with

hydrothermal vent in East Pacific &/ JeJgeleiti/iRssRE:vit!

Rise Prosthecochloris sp.

Cell culture, isolation, and
characterization; pigment
chromatography;
microscopy;
bacteriochlorophyll A and
16S rRNA gene-based
phylogenetic analysis

(Beatty et al, 2005)

Two Chlorobium spp. that
Bietri Bay, a stratified lagoon in  clustered with Chlorobium
western Africa vibrioforme and C.

phaeobacteroides

Cell culture, isolation, and
characterization (Caumette,

1984)

Lake Fidler, Tasmania C. limicola

Microscopy (Baker et al,
1985)

Hot spring microbial mats in

Chlorobium tepidum
New Zealand

Cell culture and isolation
(Castenholz et al, 1990);
Cell culture, isolation, and
characterization (Wahlund

et al, 1991)

C. limicola, C. vibrioforme

Cell culture, isolation, and
morphology
characterization (Herbert

and Tanner, 1977)

Ace Lake in the Vestfold Hills,

Antarctica with C. phaeovibrioides

Chlorobium sp. that clustered

Microscopy; enrichment
culture and morphology
characterization (Burke
and Burton, 1988a); 165
rRNA gene-based
phylogenetic analysis; lipid
chromatography (Coolen et
al, 2006);
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Metaproteogenomic
analysis; /65 rRNA gene-
based phylogenetic
analysis (Ng et al, 2010);
Metaproteogenomic
analysis; /65 rRNA gene-
based phylogenetic
analysis; read taxonomic

classification (Lauro et al,

2011)
Ellis Fjord, Taynaya Bay, Ace Microscopy; enrichment
Lake, Burton Lake, Clear Lake, culture and morphology
C. vibrioforme, C. o
McCallum Lake, Abraxas Lake, characterization (Burke
limicola
Pendant Lake, and Fletcher Lake and Burton, 1988a; Burke
in the Vestfold Hills, Antarctica and Burton, 1988b)

In most studies listed in Table 1.3, the /65 rRNA (ribosomal RNA) marker gene has
been used for phylogeny assessment (Heising et al, 1999; Beatty et al, 2005; Coolen et
al, 2006; Roeselers et al, 2007; Ng et al, 2010; Lauro et al, 2011; Llorens—Mares et al,
2017; Grouzdev et al, 2019). Some studies have also used fino4 gene for taxonomic
classification (Beatty et al, 2005), and chromatography to differentiate between
pigments from phototrophic bacteria and eukarya and/or to identify the Chlorobiaceae
members (Montesinos et al, 1983; Miracle and Vicente, 1985; Repeta et al, 1989;
Overmann et al, 1992; Chapin et al, 2004; Beatty et al, 2005; Coolen et al, 2006). A few
metagenomic studies have also identified Chlorobium in habitats from different global
locations — Lake A (Arctic; Comeau et al, 2012), Lake Banyoles (Spain; Llorens—
Mares et al, 2017), Ace Lake (Antarctica; Ng et al, 2010; Lauro et al, 2011). Culture-
based studies have identified C. limicola in multiple Antarctic lakes (Burke and Burton,
1988a; Burke and Burton, 1988b), in a Subantarctic bay (Herbert and Tanner, 1977),
and a lake in Tasmania (Baker et al, 1985) in the Southern Hemisphere as well as in
multiple lakes in Spain (Montesinos et al, 1983) in the Northern Hemisphere. Moreover,
C. phaeovibrioides was identified in an estuary in Spain (Miracle and Vicente, 1985) as
well as a Subarctic lake (Grouzdev et al, 2019), and a Chlorobium closely related to C.
phaeovibrioides has also been identified in an Antarctic lake (Burke and Burton, 1988a;

Coolen et al, 2006; Ng et al, 2010; Lauro et al, 2011). Considering the locations of their
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habitats, the distribution of different species of Chlorobium does not appear to be
restricted to specific geographic localities, except probably the thermophile Chlorobium

tepidum.

1.4 Metagenomics

The advances in sequencing technology, such as high-throughput sequencing (HTS),
have made it possible to efficiently sequence large quantities of DNA in a cost-effective
manner. HTS is performed by next-generation sequencing technologies (also called
second-generation sequencing technologies) and refers to massively parallel sequencing
of DNA, which allows for sequencing of whole genomes within a time-frame of days.
To put this in perspective, the sequencing of human genome (~3 billion bp long) using
the first-generation sequencing technologies (also referred to as Sanger sequencing)
took more than a decade and cost billions of dollars (Grada and Weinbrecht, 2013). The
cost of sequencing a human genome using HTS methods would be less than a thousand

dollars now (https://www.genome.gov/about-genomics/fact-sheets/). HTS can be used

for direct sequencing of environmental DNA samples without the need for culturing,
although it can be used for sequencing DNA from cultures as well. Some of the well-
known HTS platforms include Illumina, 454 pyrosequencing, ABI SOLiD, Ion torrent,

and Nanopore technologies.

Unlike genomic DNA sequences from a single isolate, metagenomes represent a
snapshot of a microbiome. Metagenomics can be used: (i) to understand the overall
community structure and functional potential of an environment; (ii) to compare the
community structure and functional potential of different environments through
comparative metagenomics; and (iii) to analyse the shift in community structure and
functional potential over a period of time by utilising a time-series of metagenomes
from the environment. Metagenomes have been found to be especially useful in
studying environments that contain microbes that have not been cultured or cannot be
easily cultured, such as the microbial communities in Antarctic lakes. Metagenomics-
led studies of Antarctic lakes in the Vestfold Hills have provided insights into the lake
communities and led to important discoveries, such as the inter-genera gene exchange
among the haloarchaea in the hypersaline Deep Lake (DeMaere et al, 2013) and the

presence of virophages in Organic Lake (Yau et al, 2011). Metagenomic studies of Ace
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Lake and Organic Lake, two meromictic Antarctic lakes, have shown the niche
adaptation of various microbial communities and their potential contributions to nutrient

cycling in the lakes (Lauro et al, 2011; Yau et al, 2013).

Metagenome analysis can be challenging, and using metagenomes to understand
microbial communities can have some limitations. Metagenomes are usually large
datasets, making data handling and computational analysis a little difficult (Wooley and
Ye, 2009). Efficient computational tools and approaches are required to analyse
metagenomes, especially considering the high species diversity usually captured in them
(Wooley and Ye, 2009). Metagenome sequence assemblers allow for generation of long
contigs, which can be used to produce draft genome assemblies. However, a large
portion of metagenomes, especially small contigs and unassembled reads, cannot be
binned into genome assemblies, and their functional potential analysis can be tricky
owing to their short lengths (Prakash and Taylor, 2012). Another limitation of using
metagenomes is based on the reference databases available for analyses. Depending on
the origin of the metagenome, a large number of the metagenome sequences can be
unclassified because of unavailability of closely related reference organisms in the
databases (Prakash and Taylor, 2012; Teeling and Glockner, 2012). Such unclassified
sequences can indicate data from novel organisms or proteins. This has been observed
for environmental metagenomes such as those from oceans and soil, and it has been
speculated that the bias in the number of database sequences from human-associated
sources might contribute to it (Frias-Lopez et al, 2008; Prakash and Taylor, 2012).
Another challenge of analysing metagenomes is that there is no single tool for the
analysis of metagenomic data, therefore, results from various computational tools need
to be generated separately and then combined and interpreted in a comprehensive

manner.
1.4.1 Methods for metagenomic data analysis

As metagenome sequencing has become relatively easy and routine, various methods
and software capable of handling large datasets have been developed for the analysis of

metagenomes, so that meaningful data can be generated (Figure 1.4).

29



Figure 1.4 Schematic showing metagenome preparation and analysis. Metagenomes are
prepared from environmental samples and can be used for the analysis of biodiversity and
functional potential of the environment. The steps covered by the green background show
metagenome sequencing and initial data preparation. The steps covered by the orange
background show metagenomic data analyses. The sequencer image shown in the schematic

was adapted from https://www.illumina.com/systems/sequencing-platforms/hiseq-x.html. The

icons used in the figure were taken from The Noun Project website

(https://thenounproject.com/).

The taxonomic classification of metagenomic data is a two-step process: (i) alignment
of query read, contig, or protein sequences to the sequences in the reference databases
and (i1) mapping of the alignment output to the taxonomy provided in the reference
databases. Various software capable of performing either one or both steps are
available. Some of the well-known alignment software such as BLAST (Altschul et al,
1990), LAST (Kielbasa et al, 2011), Bowtie 2 (Langmead and Salzberg, 2012), and
DIAMOND (Buchfink et al, 2014) have been used in conjunction with mapping
software like MEGANG6 (Huson et al, 2016), MetaPhlAn2 (Segata et al, 2012), and
PhyloSift (Darling et al, 2014) (described below in sections 1.4.1.1 and 1.4.1.2). Other
software such as Kaiju (Menzel et al, 2016) perform sequence alignment as well as
taxonomy mapping. The sequence clusters generated by taxonomic binning of
metagenome sequences are referred to as operational taxonomic units (OTUs), as they
are produced based on sequence homology of query to closely related reference

sequences. OTUs usually represent taxonomic levels like genus and species to which
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metagenome sequences might belong. For species verification of bacterial and archaeal
OTUs, it has been suggested that >99% 16S rRNA gene identity and >95% average
nucleotide identity (ANI) to a reference species might be sufficient to establish their
close relatedness (Chan et al, 2012; Kim et al, 2014). ANI of 95-96% is considered
equivalent to the 70% cut-off of DNA-DNA hybridisation, previously used to
distinguish between prokaryotic species (Brenner, 1973; Stackebrandt and Goebel,
1994; Goris et al, 2007; Richter & Rossello-Mora, 2009; Chan et al, 2012; Kim et al,
2014).

The OTU abundance data generated using taxonomic classification software can be
used for various types of statistical analyses. PRIMER v7 (Primer-e, NZ) is an efficient
statistical tool for the analysis of multivariate data and is capable of handling large
datasets. It was specifically designed for the analysis of environmental data including
OTU abundances as well as biomass measures. PRIMER v7 has multiple subroutines
that allow for a variety of analyses: (i) calculating similarity matrices; (ii) sample and
variable clustering analyses; (ii1) multi-dimensional scaling analyses (MDS, nMDS);
(iv) analysis of similarity (ANOSIM) tests; (v) analysis of environmental factors; (vi)
assessing relationship between environmental factors and abundance/biomass data; (vii)
calculating biodiversity measures; (viii) plotting diversity curves; and more. Its
interactive user interface makes PRIMER v7 a relatively easy to use software that does
not require a high-level of technical expertise to start with. Other than this software, R
language tools are often used for statistical analyses of environmental data, but that

requires the user to know/learn R computing language.

The OTU bins, generated from binning of metagenomic sequences based on their
taxonomic classification, can be filtered using RefineM (Parks et al, 2017). This
software removes contamination from a bin by sifting out the outlier sequences based
on their taxonomic classification, GC content, coverage, and/or tetra nucleotide
frequency (TNF). For taxonomic classification of the sequences, RefineM uses the
Genome Taxonomy Database (GTDB) as a reference database. RefineM and GTDB are
often used with CheckM (Parks et al, 2015) to assess and improve the completeness of a
bin. Various software are available for the genomic analyses of refined OTUs
depending on the type of analysis to be performed. For example, JSpeciesWS (Richter
et al, 2016), pyani (Pritchard et al, 2016), and fastANI (Jain et al, 2018b) can be used

for calculating the ANI of an OTU against reference genomes, the genomic variation in
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an OTU bin can be assessed using Artemis (Rutherford et al, 2000), Integrated Genome
Browser (Nicol et al, 2009), Integrative Genomics Viewer (IGV; Robinson et al, 2011),
or Mauve (Darling et al, 2004), and MEGA (Kumar et al, 2018) can be used for

phylogenetic analysis.
14.1.1 Sequence alignment
BLAST

BLAST is the most commonly used alignment tool that allows for nucleotide-nucleotide
sequence matching using blastn, megablast, and tblastx modules, protein-protein
matching using blastp module, translated nucleotide-protein matching using blastx
module, and protein-translated nucleotide matching using tblastn module. Sequence
alignment with BLAST+ (an updated version of BLAST; Camacho et al, 2009) has
three distinct phases: (i) reading the query sequence, applying any input filters, and
preparing an index table using the ‘perfect hashing’ function; (ii) matching the reference
sequences against the query sequences in search of hits; (iii) reassessing alignments in
search of indels and mismatches and calculating alignment statistics, such as bit score
and e-value. BLAST+ is capable of aligning very long query and reference sequences
faster than the BLAST search tool. This is accomplished by splitting the query sequence
into smaller overlapping sequences in the first phase of BLAST+ alignment and then
merging the sequences and their alignments in the last phase (Camacho et al, 2009).
Splitting the query sequence also reduces the amount of processor cache memory used

for alignment, making it more efficient (Camacho et al, 2009).
LAST

LAST alignment tool can be used for the alignment of nucleotide as well as protein
query sequences to a reference database. This tool uses the standard ‘seed-and-extend’
algorithm for alignment, but uses ‘adaptive seeds’ as opposed to ‘fixed-length seeds’
used by BLAST and other alignment tools (Kielbasa et al, 2011). Here, seeds refer to
short stretches of query sequences (by default starts with 1 bp in LAST) that are picked
for initial alignment to reference sequences. The ‘adaptive seeds’ approach allows
variable length sequence matches between the query and reference sequences as long as
the matching sequence occurs no more than a pre-defined number of times (by default
10) in the reference sequence. This method greatly improves the speed of LAST for the
alignment of long sequences (by 10 to 100-fold) when compared with ‘fixed-length-
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seeds’ approach, without compensating the alignment sensitivity (Kielbasa et al, 2011).
Other versions of ‘adaptive seeds’, such as ‘adaptive spaced seeds’ (where some
positions on the seed are allowed to have any mismatches) and ‘adaptive subset seeds’
(where some positions on the seed are allowed to have certain mismatches), also

improve alignment speed of large sequences (Kielbasa et al, 2011).
Bowtie 2

Bowtie 2 is an alignment tool that allows for fast, sensitive, and accurate gapped
alignment of reads to reference sequences (Langmead and Salzberg, 2012). As an initial
step, it uses the ‘full-text minute index’ approach to index the reference sequences. The
main alignment phase is divided into four steps: (i) selecting a seed sequence (by
default starts with 20-25 bp) from the query sequence; (ii) aligning the seed to the
indexed reference sequences in search of an ungapped alignment; (iii) prioritizing seed
alignments and calculating their position on the reference sequence; and (iv) extending
the seed alignments to full alignments using dynamic programming. When compared
with other alignment tools like BWA, Bowtie, and SOAP2, the alignment speed of
Bowtie 2 is better for both unpaired and paired-end reads of various lengths (100—400
bp) (Langmead and Salzberg, 2012). The accuracy of Bowtie 2 is also better than the
other tools in case of unpaired reads, but is on par with BWA for paired-end reads

(Langmead and Salzberg, 2012).
DIAMOND

DIAMOND alignment tool was specifically developed for the fast and sensitive
alignment of reads to reference protein sequences, and is also capable of aligning
protein query sequences (Buchfink et al, 2014). Like BLAST and LAST alignment
tools, DIAMOND uses the ‘seed-and-extend’ algorithm for alignment, but uses ‘spaced
seeds’ in place of ‘adaptive seeds’ (used by LAST) or ‘fixed-length seeds’ (e.g., used by
BLAST) (Buchfink et al, 2014). ‘Spaced seeds’ are small stretches of query sequences
where some positions are considered to be of low importance and are allowed to have
mismatches, which can lead to faster alignment. The number of such positions and their
layout in a seed sequence is referred to as the weight and shape of a ‘spaced seed’. For
improved sensitivity, DIAMOND uses specific combinations of seed weight and shape
(sensitive: 12x15-24; most sensitive: 9x16) (Buchfink et al, 2014). Moreover, it uses a

‘double indexing’ approach in which the spaced seeds and their locations on query as
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well as reference sequences are simultaneously parsed and arranged in dictionary order.
A comparative analysis of DIAMOND and BLASTX using permafrost metagenomic
reads shows that DIAMOND is more than four-orders of magnitude faster than
BLASTX, and the two methods have similar sensitivity (Buchfink et al, 2014).

Overall, among these alignment software used with mapping software, LAST is often
used for alignment of long sequences, due to its improved computing speed and ability
to handle frame-shifts (Darling et al, 2014; Huson et al, 2018; Bagci et al, 2019). For
large datasets of short sequences, such as metagenomic reads and proteins, DIAMOND
is suggested due to its fast alignment speed, especially with mapping tools like MEGAN
(Bagci et al, 2019).

1.4.1.2 Taxonomic classification
MEGANG

MEGAN software was developed for the taxonomic classification of metagenomic
reads and can be used for classification of protein sequences. Prior to using MEGAN,
the metagenomic reads need to be aligned against a reference database; MEGAN can
work with the aligned reads from BLAST as well as DIAMOND outputs (Huson et al,
2007). MEGAN software uses the ‘lowest common ancestor’ (naive LCA) algorithm to
assign taxonomy to the aligned reads and creates a phylogenetic tree from the output
(Huson et al, 2007). This algorithm allows sequences specific to a species to be
assigned to the species node in the phylogenetic tree, but the more conserved sequences,
such as genus- or family-specific sequences, are assigned to higher taxa levels. A more
recent version of MEGAN, namely MEGANG6, provides additional modules for
functional potential analyses, such as COG (clusters of orthologous groups) analysis
using eggNOG database, KEGG analysis using KEGG Orthology (KO) database (only
available in the paid-version of MEGAN), and GO (gene ontology) analysis using
InterPro database (Huson et al, 2016). These functional potential analyses of the query
sequences generate: (1) COG annotations and categorisations as well as the abundances
of functional groups; (i1) KO annotations and the abundances of metabolic pathways;
and (ii1) GO annotations and the abundances of protein families. An additional
functionality recently added to the MEGAN graphical user interface (GUI) is the ‘gene-
centric assembly’ module, which allows the user to request the assembly of all reads

assigned to any taxonomic or functional node in MEGAN (Huson et al, 2017). The data
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generated by MEGAN can be visualised in the MEGAN GUI and can be used to

generate various plots, charts, clusters, and networks.
PhyloSift

PhyloSift software is a phylogenetic analysis pipeline for both genome and metagenome
analyses using protein or nucleotide query sequences (Darling et al, 2014). Unlike most
taxonomic classification tools that use reference databases of all protein or nucleotide
sequences, PhyloSift uses a database of marker genes for taxonomic assignments. The
PhyloSift marker gene sets include core markers, such as small subunit (SSU) rRNA
genes, mitochondrial genes, and plastid genes, and extended markers, which are an
extremely large dataset of clade-specific gene sequences. These marker gene sets are
automatically updated on a regular basis to include markers from newly assembled

genomes. PhyloSift uses a combination of LAST and hmmalign (http://hmmer.org/) for

alignment of query DNA sequences of length <600 bp and query protein sequences and
uses LAST and Infernal (Nawrocki and Eddy, 2013) for aligning query DNA sequences
>600 bp to the reference marker genes. The taxonomic classification of the aligned
queries is performed using pplacer (Matsen et al, 2010). An analysis of the
computational resources needed to run PhyloSift shows that it requires roughly 5 h to
analyse 10°reads on a single processor, using around 8 GB memory (Darling et al,

2014).
MetaPhlAn2

MetaPhlAn2 was originally created for the phylogenetic analysis of metagenome reads
(Segata et al, 2012). It uses Bowtie 2 to align the reads to its database of clade-specific
markers, which were prepared from taxa-specific genes coding for various functions.
The relative abundances of the taxa identified in the metagenomes are calculated based
on the number of reads assigned to the taxa and the length of the markers. A
comparative analysis of MetaPhlAn and other phylogenetic analysis tools such as
PhymmBL, Phymm, RITA, and NBC shows that MetaPhlAn is faster and more accurate
in classifying reads (Segata et al, 2012). However, a drawback of using this software is
that only well-characterised environments can be accurately analysed (Darling et al,
2014). All reads belonging to the taxa whose marker genes are not present in the
MetaPhlAn2 database are grouped as ‘unclassified’ (Segata et al, 2012). Although
MetaPhlAn2 provides the flexibility to add customised clade-specific markers to its
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database, the process of adding the markers is exhaustive and requires technical
expertise.

Kaiju

Kaiju is capable of fast and sensitive analysis of metagenomic read taxonomy and does
not rely on external alignment software for matching metagenomic reads to a reference
database. Like Bowtie 2, it uses the ‘full-text minute index’ approach to index the
reference protein database (Menzel et al, 2016). The metagenomic reads are translated
into six reading frames and are fragmented at their stop codons. Kaiju uses two
algorithms to align the query fragments to the indexed database using a k-mer based
approach: (i) ‘maximum-exact-match’ (MEM) algorithm which allows only exact
matches — query fragments are first sorted by their lengths and then aligned against the
indexed database until the longest exact match is obtained and (ii) ‘Greedy’ algorithm
which allows substitution and thereby sequence extension — query fragments are
arranged based on their BLOSUMS62 score and then aligned against the indexed
database until the best scoring match is obtained (Menzel et al, 2016). K-mers refer to
all possible sub-sequences of length ‘k’ in a sequence, e.g., the sequence TCG has two
possible 2-mers (TC and CG) and one 3-mer (TCG). Relative abundances are calculated
as the number of reads assigned to a taxon relative to the total number of reads in the
metagenome. A comparative analysis of Kaiju-MEM and Kaiju-Greedy as well as other
k-mer based methods such Kraken and CLARK shows that Kaiju-MEM is fastest at
computing the taxonomies of all types of read sequences tested — Illumina unpaired
and paired-end reads (100 bp and 250 bp) and 454 unpaired reads (350 bp) (Menzel et
al, 2016). However, Kaiju-Greedy has the highest sensitivity and accuracy of taxonomic
assignments among the tested software. Moreover, a comparative analysis of Kaiju-
MEM, Kaiju-Greedy, and Kraken using metagenomes from various environments,
including human-associated, freshwater, seawater, soil, bioreactor samples, shows that
Kaiju-Greedy is able to classify most reads in all metagenomes (24—73%) as compared

to Kaiju-MEM (19-65%) and Kraken (3—46%) (Menzel et al, 2016).
MEGAN-LR

MEGAN-LR is the latest version of MEGAN and was specially designed for taxonomic
classification of long reads and contigs using the ‘interval-union LCA’ algorithm

(Huson et al, 2018). This algorithm is a variation of the naive LCA algorithm and is
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divided into a number of steps: (i) identifying intervals, where intervals refer to pieces
of query sequences to which the reference proteins have alignments; (ii) identifying
significant alignments to an interval — an alignment is considered significant if its bit
score is within 10% (default value) of the best bit score of an alignment covering the
same interval; (iii) union of intervals — for a query sequence, the various significant
interval alignments of reference proteins from different taxa are put together and if two
interval alignments overlap they are merged into one; and (iv) LCA assignment — for
each query, the interval sets from different taxa are compared and the query is assigned
to the taxon that covers >80% of the aligned query sequence, prioritizing the lowest-
level taxa (e.g., species- and strain-level taxa) (Huson et al, 2018). The developers of
MEGAN-LR suggest the use of LAST alignment tool for sequence alignment prior to
taxonomic mapping, as LAST can handle frame-shifts and can align long sequences
with high speed and sensitivity (section 1.4.1.1). A comparative analysis of the
LAST/MEGAN-LR approach and Kaiju shows that the sensitivity and accuracy of
LAST/MEGAN-LR is much better than that of Kaiju (Huson et al, 2018). However,

Kaiju is much faster at computing the taxonomies.

1.5 Objectives

This is the first metagenomics-led seasonal study of Ace Lake in the Vestfold Hills,
East Antarctica, using time-series samples spanning nearly a decade (Dec 2006—Jan
2015) and including samples from austral summer (Dec 2006, Feb 2014, Dec 2014, Jan
2015), winter (Jul and Aug 2014), and spring (Nov 2008, Nov 2013, Oct 2014). The
overall aim of this thesis was to analyse the time-series of metagenomes from Ace Lake,
to assess the impact of change in season on the microbial community structure and
functional potential of the lake. Various software and computational methods were
tested to improve upon a preliminary in-house metagenome analysis pipeline referred to
as Cavlab pipeline (Chapter 2). The upgraded Cavlab pipeline, along with other
computational methods required for specific analyses, were used for a comprehensive
study of Ace Lake metagenomes, including analysis of biodiversity, functional
potential, viruses and their potential hosts, and two key bacteria (Chlorobium and
Synechococcus) (Chapters 3, 4, and 5). Furthermore, with the availability of

metagenomes from three stratified marine systems, namely Ace Lake, Ellis Fjord, and
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Taynaya Bay, in the Vestfold Hills, the endemicity of one key microbe (Chlorobium)
from Ace Lake was analysed (Chapter 5).

The specific aims of this thesis were:

e To test various software and computational approaches for taxonomy, abundance
and functional potential analyses of Antarctic metagenomes, to assess their
reproducibility and robustness (Chapter 2). The methods that worked well with the
Antarctic metagenomes annotated by Joint Genome Institute’s Integrated Microbial
Genomes (JGI's IMG) system were used to improve upon the preliminary Cavlab
pipeline for metagenome analysis. The methods were tested because the Antarctic
metagenomes represented data from environments that were not as well-
characterised as other systems often used for building and testing software
databases, especially clade-specific databases. Therefore, computational approaches
had to be carefully selected for comprehensive analyses of Ace Lake seasonal data.

e To assess Ace Lake viral data, including viral contigs representing complete virus
genomes, the most abundant viral contigs, and viral contigs potentially associated
with some of the most abundant members of Ace Lake microbial community, such
as Micromonas (a green alga), Synechococcus (a cyanobacterium), and Chlorobium
(a GSB) (Chapter 3). These analyses were performed to determine the distribution
and abundance of viral populations in various strata of Ace Lake (mixolimnion,
oxycline, monimolimnion) in different seasons (summer, winter, spring). The
association between virus and host abundances were also explored, to assess the
potential impact of viral predation vs seasonal light availability, both of which can
be responsible for changes in these phototrophic host abundances.

e To investigate genomic variation in the metagenome-assembled genomes (MAGs)
of Synechococcus generated from metagenomes from different time periods and Ace
Lake depths (Chapter 4). Synechococcus was identified throughout Ace Lake, in the
oxic mixolimnion, oxic-anoxic interface and anoxic monimolimnion, and its
abundance varied with season (described below in Chapter 3). Therefore, genomic
variation analyses were performed to determine the presence/absence of different
phylotypes, and potentially ecotypes, of Synechococcus in different seasons and Ace
Lake depths.

e To investigate genomic variation in Chlorobium MAGs generated from

metagenomes from different time periods (Chapter 5). Chlorobium abundance

38



varied with season (described below in Chapter 3), therefore genomic analyses were
performed to identify potential phylotypes or ecotypes of Ace Lake Chlorobium
from different seasons. With the availability of Chlorobium MAGs from two other
Vestfold Hills stratified systems (Ellis Fjord and Taynaya Bay) that are known to
harbour GSB (Burke and Burton, 1988a), the analysis of Chlorobium was expanded

to assess its endemicity to the Vestfold Hills.
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2. Computational approaches to analyse metagenomic data

2.1 Introduction

Analysis of large sequencing datasets, such as metagenomes, requires the use of
software and methods capable of performing large-scale data analysis, some of which
were discussed in Chapter 1. Although various computational tools for metagenome
analysis are available, none of them can be used for complete analysis of a metagenome.
Instead, different tools for metagenome analyses, such as taxonomy, abundance and
functional potential, have to be used separately and their results have to be combined
and interpreted for comprehensive metagenome analysis. A good way to combine the
use of multiple software on one dataset is to create a pipeline that takes in the input data,
calls specified software to perform various analyses, and generates results in specific
formats. This also allows for time-efficient parallel runs of multiple software on a
dataset. For the development of a pipeline for such comprehensive analysis of
metagenomes, various aspects, such as the type of input data available, the purpose of
analysis, and the type of output generated, need to be considered before selecting
appropriate software/approaches. In this chapter, various software/approaches were
tested to assess their capability to analyse the microbial community and functional
potential of Antarctic metagenomes annotated by JGI’s IMG system. The computational
approaches found to be suitable for analysis of these IMG-annotated metagenomes were

incorporated in a pipeline.
2.1.1 Antarctic metagenomes

The metagenomes discussed in this chapter were sequenced from samples collected
from various Antarctic lakes. The water samples were sequentially extracted onto large
format filters of sizes 20, 3, 0.8, and 0.1 um, and some 0.1 pm filtrates were further
concentrated through tangential flow filtration. DNA was extracted from the biomass on
the filters as described previously (Ng et al, 2010; DeMaere et al, 2013; Tschitschko et
al, 2018). The metagenomes were either sequenced at J. Craig Venter Institute (JCVI)
using 454 and Sanger sequencing methods or at JGI using Illumina technology. JGI-
sequenced metagenomes were initially assembled using Megahit (Li et al, 2015; Li et al,

2016) (referred to as Megahit-assembled metagenomes hereafter). With the change in
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JGI’s assembly method from Megahit to metaSPAdes (Nurk et al, 2013; Nurk et al,
2017), all Megahit-assembled metagenomes and any newly sequenced metagenomes
were re-assembled/assembled using metaSPAdes (referred to as Spades-assembled
metagenomes hereafter). JCVI-sequenced metagenomes were assembled in-house using
metaSPAdes. All metagenomes were annotated by JGI’s IMG system using their
annotation pipeline (Huntemann et al, 2015). The descriptions of the metagenomes —
their sample collection site, depth, and filter fraction; IMG genome ID; metagenome
size; and total protein coding genes are provided Appendix A: Table Al. Ace Lake
samples were collected from the surface (referred to as Upper 1 or U1); mixolimnion or
upper oxic zone (referred to as Upper 2 or U2 and Upper 3 or U3); oxic-anoxic interface
or oxycline (referred to as Interface or I); and monimolimnion or lower anoxic zone

(referred to as Lower 1 or L1, Lower 2 or L2, and Lower 3 or L3).
2.1.2 Computational software/approaches tested for metagenome data analysis

Various software were tested for the development of an in-house pipeline that would
perform taxonomic classification and explore functional potential of Antarctic
metagenomes annotated by JGI’s IMG system (Figure 2.1). These software were tested
to assess the reliability and robustness of their analysis of Antarctic metagenomes
(described below in section 2.2). Additional software were utilized for further genome-

level analyses of the pipeline outputs and for statistical analyses (Figure 2.1).
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Figure 2.1 Software tested for the development of a pipeline for Antarctic metagenome
analysis. The in-house metagenome analysis pipeline (Cavlab pipeline) was developed for
taxonomic classification and functional potential analysis of Antarctic metagenomes. LAST and
DIAMOND were tested for sequence alignment of reads, proteins, or contigs. PhyloSift,
MetaPhlAn2, and Kaiju were tested for read taxonomic classification, whereas MEGAN-LR
was tested for contig taxonomic classification. MEGANG6 was used for protein taxonomic
classification as well as COG function analysis. The taxonomy output of the Cavlab pipeline
was further examined at genome-level. RefineM was used for refining the OTU bins to produce
high-quality OTU bins, whereas JSpeciesWS, fastANI, and pyani were used for calculating the
ANTI of the refined OTU bins. Specific OTUs of interest and MAGs were compared to their
closest related reference genomes using BLAST+/Bowtie2 and Mauve alignment algorithm, and
were visualised using IGV and Mauve, respectively. MEGA was used for assessing the
evolutionary relationship between specific OTUs of interest and their closest related species.
The abundance output of the Cavlab pipeline was used for statistical analysis of the

metagenomes using PRIMER v7.

Described below are the software tested and/or used for analysis of Antarctic

metagenomes (discussed in Chapter 1 section 1.4):
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PhyloSift software was developed for the phylogenetic classification of metagenomes
as well as genomes. It is dependent on other computing languages and software, such as

Perl, HMMER (http://hmmer.org/), RAXML (Stamatakis, 2014), FastTree (Price et al,

2010), and Pplacer, for the taxonomic classification of DNA or protein sequences and
for creating phylogenetic trees from the outputs. PhyloSift uses LAST alignment tool to
align read, protein, or contig sequences against its database of core and extended set of
markers. It uses hmmalign module of HMMER for taxonomic classification of DNA
sequences <600 bp and protein sequences, and uses Infernal for taxonomic
classification of DNA sequences >600 bp. The output is then converted to a

phylogenetic tree using Pplacer from the Guppy software kit (Ueno et al, 2003).

DIAMOND is an alignment tool that can be used for aligning DNA or protein
sequences to a protein database, such as the NCBI-nr protein database. For DNA to
protein alignment, it translates the DNA prior to alignment. DIAMOND can align short
read sequences much faster (20,000 times faster) than the BLASTX alignment tool,
which also aligns translated DNA to protein databases (Buchfink et al, 2014).

LAST can be used for the alignment of DNA as well as protein sequences against a
nucleotide or protein database. LAST tool uses an ‘adaptive seed’ algorithm (described
in Chapter 1 section 1.4.1.1) that allows for better alignment of long sequences, such as

contigs (Kielbasa et al, 2011).

MEGANG is a collection of tools that can be used to analyse metagenomes. Its
command-line options allow for taxonomic classification and functional potential
analyses of reads and proteins, which need to be aligned to a database prior to

MEGANG classification using specific mapping files (available from https://software-

ab.informatik.uni-tuebingen.de/download/megan6/welcome.html). Its most commonly

used command-line modules include blast2rma, which uses a tab-delimited alignment
output file, and daa2rma, which uses the DIAMOND alignment output file. It allows for
some functional potential analyses using the mapping files for InterPro, eggNOG, and
KO databases, which provide GO, COG, and KO annotations of proteins, respectively.
MEGANG also has an interactive GUI, which can be used for taxonomic classification
and functional analyses of reads and proteins, and for preparing bar charts, clusters,
PCoA (Principal Coordinates Analysis) plots, networks, etc. The MEGAN6 GUI also
allows for comparative analysis of multiple datasets, by using the ‘Compare’ mode with
MEGANG outputs. MEGANG has a community edition that is free to use and an
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ultimate edition, which is a paid version that includes the latest KO database mapping

files for functional potential analysis.

MEGAN-LR is an off-shoot of MEGANG that was created specifically for the
taxonomic assignment of contigs and long reads. Its command-line options for
taxonomic classification and functional analyses are similar to MEGANG, with an
additional set of options for long reads and contigs. As with MEGAN6, MEGAN-LR
can map only pre-aligned sequences, and LAST alignment tool has been recommended
for use with MEGAN-LR (Huson et al, 2018). The latest version of the MEGANG6
community edition GUI includes the additional MEGAN-LR options.

MetaPhIAN2 is a software specifically designed for metagenome phylogenetic analysis.
Apart from taxonomic classification, it calculates the relative abundances of the taxa
identified in the metagenomes. It uses Bowtie2 for alignment of reads to its clade-

specific marker database, which is available for download as part of the software.

Kaiju software was developed for the taxonomic classification of metagenome reads. It
uses a k-mer based algorithm to align reads against a protein database, such as the
NCBI-nr protein database, and calculates relative abundances by counting the number
of reads assigned to a taxon relative to the total reads in the metagenome. Of the two
algorithm modes of Kaiju alignment, namely MEM and Greedy (described in Chapter 1
section 1.4.1.2), the Greedy mode was reported to be more sensitive and precise in the

taxonomic classification of 250 nucleotide long Illumina paired-end reads (Menzel et al,
2016).

RefineM software was developed to assess genome completion and contamination. It
can also be used to assess the taxonomic composition of an OTU bin, to refine an OTU
bin, and to generate high quality bins for genomic analyses. RefineM assesses the GC
content, TNF, and coverage of the OTU bin contigs, based on which it identifies the
outlier sequences that do not belong in the OTU bin. Additionally, it has modules that
identify the genes on the OTU contigs and assign taxonomy to the genes and contigs in
the OTU bin. RefineM taxonomy output, prepared using Krona (Ondov et al, 2011), can
be visualised in an internet browser, showing the taxonomic composition of the OTU

bin.

FastANI, pyani, and JSpeciesWS are tools for measuring ANI. FastANI uses the
MashMap (Jain et al, 2018a) algorithm for pairwise alignment of a query and a
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reference sequence. It can be used to calculate the ANI of multiple OTUs at a time, by
providing a list of OTU and reference sequence files in the command-line options.
Pyani is a python module used for calculating ANI and TNF of sequences for genome
comparison. Pyani can calculate ANI using three alignment methods — ANIb uses
BLAST+, ANIm uses MUMmer (Kurtz et al, 2004), and ANIblastall uses legacy
BLAST for alignment. It can be used for calculating ANI of multiple sequences at a
time, by providing a list of all sequence files (query as well as reference) in the
command-line. It computes an all-versus-all alignment, where each OTU/genome is
aligned to all other OTUs/genomes provided as input. Pyani also calculates the
alignment fraction, i.e., the percentage of query sequences that align a reference
sequence. JSpeciesWS is an online service for ANI and TNF calculation

(http://jspecies.ribohost.com/jspeciesws/#analyse). Similar to pyani, it can align

sequences using ANIb or ANIm method, and it can either perform an all-versus-all
alignment or a reference genome can be specified. It also provides a measure for

alignment fraction.

The contig alignment and IGV approach can be used for the genomic analysis of
specific OTUs identified in a system, allowing for direct comparison between an OTU
and its closely matching reference genome. For contig alignment, Bowtie2 and blastn or
megablast module of BLAST+ can be used for aligning the contigs from a metagenome,
OTU, or MAG to a reference genome. Contig alignment can also be used to identify
contigs of interest, e.g., viral contigs in metagenomes. IGV is a Java-based visualisation
software that was developed for interactive analysis of large datasets. The contig
alignment output files, namely, BAM and BAI format files, can be visualised using the
IGV GUI, which shows a direct comparison between the reference and query sequences,
highlighting mismatches and indels in the query sequence. Also, multiple alignment
BAM files can be viewed simultaneously on IGV, making it easy to compare data from

different samples.

Mauve is another alignment and visualisation tool that can be used for genomic
analysis. During multiple sequence alignment, it identifies conserved regions between
the reference and query sequences, and in the visual output, it represents them in the
form of aligned segments, referred to as locally collinear blocks in Mauve. The
‘progressiveMauve’ algorithm of Mauve is recommended for sequence alignment

(Darling et al, 2010).
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MEGA is an alignment and visualisation tool that can be used for diverse purposes,
including sequence alignment and constructing phylogenetic trees. The phylogenetic
placement of an OTU can identify its closest related species group, which might provide
insight into its probable function and interaction with its environment. Phylogenetic
trees can be prepared using SSU rRNA genes or other clade-specific markers, such as

bacteriochlorophyll A (BclA) protein sequence.

PRIMER V7 is a statistical analysis tool that provides many options for multivariate
analysis of multiple samples/metagenomes, including options for assessing
similarity/dissimilarity between samples, sample clustering, calculating a variety of
species diversity measures, and preparing PCoA and PCA (Principal Component
Analysis) plots. It can also be used for abundance analysis as well as to analyse

environmental factors or even to assess the relationship between the two.
2.1.3 Aims

The main aim was to improve a preliminary metagenome analysis pipeline, named
Cavlab pipeline, for the in-depth analysis of time-series metagenomes from Ace Lake in
the Vestfold Hills. For this purpose, various software and computational methods were
tested on Antarctic metagenomes, and the most reliable and robust approaches were
incorporated in to the pipeline. The Cavlab pipeline was specifically developed to
handle metagenomes generated by JGI’s IMG system. The pipeline was organised to be
used with IMG data — to efficiently use the input IMG folder structure, perform a list
of analyses and generate outputs into specified folders that can be easily accessed and
analysed using other in-house scripts. Additional software/methods were also used for
the genomic and statistical analyses of the outputs generated by the pipeline. The
software/approaches were tested on metagenomes from Ace Lake, Deep Lake, Club

Lake, Organic Lake, and Rauer Island lakes.

Apart from improving the Cavlab pipeline, a specific aim was to develop a pipeline for
analysis of archaea COG (arCOG) for the purpose of studying the functional potential
contribution of archaea in metagenomes from archaea-rich environments (Appendix D).
This pipeline relied on the output of DIAMOND and MEGANG protein taxonomy
component of Cavlab pipeline and was tested on a Megahit-assembled metagenome

from Deep Lake surface (Appendix A).
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2.2 Method development
2.2.1 Improving the preliminary Cavlab pipeline

The preliminary in-house metagenome analysis pipeline (referred to as Cavlab pipeline
v1.2 hereafter; Appendix B) was written using Python v3.5.2, for the analysis of
metagenomes sequenced and annotated by JGI’s IMG system. Cavlab pipeline v1.2
included specific metagenome analyses: (i) read taxonomic classification using
PhyloSift, (ii) protein taxonomy and abundance analysis using DIAMOND and
MEGANG, (iii) functional potential analyses using the IMG COG and KO annotation
files (hereafter referred to as metagenome COG and KEGG files), and (iv) initial steps
for generating MAGs using MetaBAT (Kang et al, 2015). Each component of the
pipeline was tested to assess its suitability for the analysis of Antarctic metagenomes
(Appendix A) and changes were made to fix any errors incurred during pipeline runs
(Table 2.1). The pipeline code was often modified to improve the output folder structure
and input file verification step, to update software and database versions, and sometimes
to reduce the computational resources required to run a pipeline component (Table 2.1).
Additional analytical components were also added to the pipeline to generate specific
outputs of use, and the components were tested on Antarctic metagenomes to assess

their suitability (described in detail in the sections below).

Table 2.1 Cavlab pipeline versions — issues identified and changes made to improve the

pipeline. ORF, open reading frame.

Cavlab pipeline . o )
) Issues (I) and changes (C) in the Cavlab pipeline, which was run on
version
UNSW Katana computer cluster
[development date]

I: The time taken to run the PhyloSift software on Katana (referred to as
wall time) exceeded the maximum time limit (200 h) available for
Katana runs. There were problems with the automatic updates of the

PhyloSift database.
vl.3a

[23 March, 2017] ) )
used for the pipeline PhyloSift runs.

C: PhyloSift v1.0.1 was downloaded to Katana scratch node and was

Additionally, ‘--config flag’ was added to the PhyloSift command-line
to force it to use the config file phylosifirc, which contained instructions

for the software to use specific downloaded versions of the PhyloSift
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database. This prevented automatic update of PhyloSift database during

Katana runs.

v1.3b
[30 March, 2017]

I: The date in the output head folder name (Cav_LaunchDate) was not
in a proper format and was confusing.

C: The head folder naming format was modified to Cav_YYMMDD, i.e.,
30 Mar 2017 would now be Cav_170330 in place of Cav_2017330.

v1.3b.1
[18 April, 2017]

I: PhyloSift software runs on Katana still exceeded the maximum wall
time.

C: PhyloSift runs in the pipeline were stalled.

vl.4.1
[20 April, 2017]

I: The COG and KEGG analyses run on some of the large metagenomes
exceeded Katana maximum wall time.

C: The COGKEGG python script wall time was increased from 48 h to
60 h, to accommodate for runs on large metagenomes.

Additionally, the PBS job script (run on Katana) output and error files
were merged by giving the command ‘#PBS -j oe’ in the job script, to

keep a track of the errors that spawn during Katana runs.

v1.4.2
[17 May, 2017]

I: Input file name error — due to similar file names, wrong protein files
were being selected for analysis.

The COG and KEGG analyses run on the large metagenomes still
exceeded Katana maximum wall time.

C: The protein file selection criteria was improved to ensure that protein
files associated with assembled data were selected for analysis, and not
the unassembled data protein files.

The COGKEGG python script wall time was further increased to 96 h.

vl.4.2a
[25 May, 2017]

I: The COG and KEGG analyses run on the large metagenomes still
exceeded Katana maximum wall time.

C: The COGKEGG python script wall time was increased to 120 h.

vl.5
[28 May, 2017]

I: The COG and KEGG analyses run on the large metagenomes still
exceeded Katana maximum wall time.

C: The COGKEGG python script was split into individual COG and
KEGG scripts. COG runs were found to be more time-consuming and
often prevented KEGG runs from initiating, if the wall time exceeded
maximum limit during the COG run. COG wall time was kept at 120 h,
but KEGG wall time was reduced to 12 h.

v2.0
[3 July, 2017]

I: The COG analysis run had high wall time (120 h).
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C: COG python script was modified so that the processing time was
reduced from >100 h to <10 mins. This was achieved by using
dictionaries, in place of lists, for storing and handling variable values.
The wall time for COG analysis was changed to 12 h.

NCBI COG conversion database file was updated using data available
on ftp:/ftp.ncbi.nih.gov/pub/COG/COG2014/data.

PhyloSift component was removed, because the time taken to run it on a
metagenome exceeded the maximum wall time (200 h) available on
Katana at the time.

CRISPR script was added to the pipeline that used the IMG CRISPR
annotation file as input. The output would include all spacer sequences
along with the IDs of the contigs in which they were identified.
MEGAN script was updated to include KEGG mapping file (containing
data from Feb 2015; prepared by the developers of MEGANG), as an

additional functional potential analysis.

v2.1
[13 July, 2017]

I: JGI IMG changed the output folder structure of newly sequenced and
annotated metagenomes.

C: For metagenomes with inconsistent IMG folder structure, new
commands were added for identification of the correct folder containing
the filtered read sequences, and associated changes were made to the

MetaBAT preparation script.

v2.2
[7 August, 2017]

C: The latest NCBI-nr protein database (July 2017) was downloaded
(from ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/), ~80 GB data.

MEGANG version was also updated to v6.8.18, along with the accession
ID-based taxonomy and function mapping files (downloaded from

https://software-ab.informatik.uni-

tuebingen.de/download/megan6/welcome.html) corresponding to the

updated NCBI-nr protein database. The latest NCBI database included
protein sequences and their corresponding accession IDs, but did not
include protein GI numbers. Therefore, the GI numbers in the old

MEGANG6 mapping files did not match the database.

v2.2a
[8 August, 2017]

C: CRISPR script was updated to produce a FASTA file of the spacer
sequences, with their position in a contig and corresponding contig ID
mentioned in the header. The spacer sequences were to be used for

aligning against viral contigs for virus-host analysis.
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v2.2b
[10 August, 2017]

I: MEGAN6 KEGG mapping file did not match the latest NCBI
database and caused error.

C: KEGG mapping file was removed from MEGANG6 analysis. It
contained protein GI numbers, and not accession IDs, and therefore, did
not match the updated, accession ID-based NCBI-nr protein database.
The updated KEGG mapping file was only available to the users of
MEGANG6 Ultimate Edition (paid version that provides the latest
mapping files to KO database).

MEGANG script was updated to include the InterPro mapping file for

additional functional analysis based on GO data.

v3.0
[2 February, 2018]

I: In MEGANG script runs, abundance calculation was not performed,
because the software did not accept the contig read depths mentioned in
corresponding protein sequence headers.

C: MetaPhlAn2 was added to the pipeline as a method for read-based
taxonomic classification and relative abundance estimation.

LAST and MEGAN-LR were added to the pipeline as a method for
contig taxonomic classification.

Protein sequence file pre-processing step was modified to add protein
names to the protein sequence headers in place of contig read depths, to
support functional potential analysis in place of abundance calculation.
CRISPR script was removed from the pipeline, as a more in-depth virus
analysis of the metagenomes would be available on IMG-VR (Péaez-
Espino et al, 2017).

MetaBAT preparation script was also removed from the pipeline.
Output folder structure was modified to make it more comprehensive.
The updated NCBI-nr protein database (December 2017) was
downloaded, ~87 GB data.

Updated MEGANG6 mapping files were also downloaded.

v3.1
[15 February, 2018]

I: MetaPhlAn2 output excluded 99% of the filtered reads.

C: MetaPhlAn2 was removed from the pipeline, due to issues with its
database. The database did not include most of the species previously
identified in Antarctic metagenomes, thereby, giving biased abundance

estimations.

v3.1a
[19 February, 2018]

C: Modifications were made to the script that picked data from the
coverage and mapping files, to make the process slightly faster and the

code more comprehensive.
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v3.2
[27 February, 2018]

C: Modifications were made to the script that read the contig sequence
file, to ensure that the scaffold sequence file in the

QC _and Genome_Assembly folder would be selected and read.

v3.3
[1 March, 2018]

C: COG and KEGG python scripts were altered to acquire the total
coverage of ORFs that did not fall under any of the COG categories or
specified KO numbers. The COG abundances were now represented as
absolute abundances, and no longer represented as a fraction of the total
abundance of all proteins (sum of corresponding contig read depths) in
the metagenome. The formulae for KEGG pathway/enzyme abundance
calculation were also changed.

The head folder name would now include the pipeline version as well.

v3.3a
[10 April, 2018]

C: The updated NCBI-nr protein database (March 2018) was
downloaded, ~93 GB data.
MEGANG6 mapping files corresponding to the updated NCBI-nr protein

database were also downloaded.

v4
[28-29 May, 2020]

C: Output folder structure was updated, including changing some folder
names.

For contig taxonomy, LAST and MEGAN-LR methods were replaced
by a method that uses the IMG protein taxonomy annotation file
(Phylodist file).

Additional KO numbers and pathways/enzymes were added to KEGG
functional analysis. Four more KEGG database files were added to the
pipeline — one associated with sulfur metabolism and three with
methane oxidation or nitrification.

Latest MEGANG6 mapping files were downloaded, corresponding to the
NCBI-nr protein database downloaded in July 2019, ~132 GB data.

v4.1
[13 June, 2020]

I: JGI IMG changed the standard filenames of annotated data in the
newly sequenced and annotated metagenomes.

C: The latest file designations used by JGI for the metagenome
annotation files were added to the script in the resource files verification
component.

The script was modified to accurately differentiate between coverage
files that used Contig IDs and the ones that used Scaffold IDs, and to
appropriately use both. The former was associated with metagenomes
that were sequenced outside of JGI, but annotated by JGI IMG, and did

not require a scaffold to contig mapping file.
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Minor issues with the latest metagenome COG files were also fixed.

The second column in the COG files are blank, so the script prepares a

new COG file for these, with the second column removed.

The latest version of the pipeline (referred to as Cavlab pipeline v4.1; Appendix C) has
three main analytical components: (i) contig taxonomic classification using the IMG
protein taxonomy annotation file (hereafter referred to as Phylodist file) and OTU
abundance calculation using the contig coverage files; (ii) protein taxonomy and
function analysis using DIAMOND and MEGANG6 with protein sequence file; and (iii)
functional potential analyses using the metagenome COG and KEGG files.

2.2.2 Taxonomic identification

2.2.2.1 DIAMOND and MEGANG6

DIAMOND and MEGANG6 were a part of Cavlab pipeline v1.2, and were used for
protein taxonomic diversity analysis (Appendix B). In Cavlab pipeline v2.0, KEGG
analysis was added to the MEGANG runs using a MEGAN6 KEGG mapping file
corresponding to data in KO database from February 2015 available at the time.
DIAMOND/MEGANG6 module of Cavlab pipeline v2.0 was tested on Megahit-
assembled metagenomes from Ace Lake 2008 and Deep Lake 2013-2015 (Appendix
A), two very different Antarctic lake systems, to assess its reliability and robustness.
Some taxonomy data were available from Ace Lake (Lauro et al, 2011) and Deep Lake
(DeMaere et al, 2013), which were used as reference to assess the output of
DIAMOND/MEGANG runs. The method would be considered robust, if its output was

reliable and comparable to previous observations from different lake systems.

Cavlab pipeline v2.0 — DIAMOND and MEGAN6

export JAVA OPTIONS="-Xmx55g"

diamond makedb --in nr Nov2016.fasta -d nr Nov2016 -p 8

diamond blastp -d nr_Nov2016 -q ProteinSequenceFile.faa -a Output.daa -e 0.001 -p 8
diamond view -a Output.daa > -o Output.tab -f tab

blast2rma -r ProteinSequenceFile.faa -i Output.tab -o Output.rma -g2t gi_taxid prot.dmp.gz -
a2eggnog acc2eggnog-June2016X.abin -g2kegg gi2kegg-Feb2015X.bin -f BlastTab -mag -fun
EGGNOG KEGG

Prerequisites (version): DIAMOND (v0.8.4); Java (v8u45); MEGANG (v6.4.5).
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Katana resources: nodes = 1, processors = 8, memory = 64 GB, wall time = 48 h.
export JAVA OPTIONS is a Java command that was used to set the maximum heap size to
55 GB (-Xmx55g), to prevent MEGANG6 from running out of memory.
diamond makedb prepared an index file (-d) for the NCBI-nr protein database (--in) using
parallel runs on 8 processors (-p 8). This needs to be run only once on a database, to create
index files. All subsequent alignment runs used these indexed files.
diamond blastp aligned the query protein sequences (-q) against the database index files (-d)
using parallel runs on 8§ processors (-p 8). The output alignment file (-a) displayed only the
alignments with e-value <0.001 (-e 0.001).
diamond view converted the DIAMOND output file (-a) to a tabular format (-f), to generate a
tab-delimited file (-0) that could be used with blast2rma module of MEGANG6.
blast2rma mapped protein GI numbers to taxonomy (-g2t) and accession IDs to eggNOG
database (-a2eggnog) to assign taxonomy and COG numbers to metagenome protein sequences
(-r), respectively, based on the data in the input alignment file (-i).
= -fBlastTab specified the alignment file format.
= -fun EGGNOG KEGG specified that the eggNOG database-based COG (EGGNOG)
and KO database-based KEGG (KEGGQG) functional analyses (-fun) should be
performed.
= _mag specified that taxonomic assignments should be coverage-based. The read depth
of contigs corresponding to the proteins were mentioned in the protein sequence

headers.

To accommodate the change in the NCBI-nr protein database (the sequence headers
were changed from GI numbers to accession IDs), the NCBI database and the
MEGANG6 mapping files were updated in Cavlab pipeline v2.2. Additionally, InterPro
database-based functional potential analysis was added to the MEGANG runs in Cavlab
pipeline v2.2b, using the MEGANG InterPro mapping file.

Cavlab pipeline v2.2b — DIAMOND and MEGAN6

export JAVA OPTIONS="-Xmx55g"

diamond makedb --in nr_July2017.fasta -d nr_July2017 -p 8

diamond blastp -d nr_July2017 -q ProteinSequenceFile.faa -a Output.daa -e 0.001 -p 8
diamond view -a Output.daa -o Output.tab -f tab

blast2rma -r ProteinSequenceFile.faa -i Output.tab -o Output.rma -a2t prot acc2tax-

May2017.abin -a2eggnog acc2eggnog-Oct2016X.abin -a2interpro2go acc2interpro-
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Nov2016XX.abin -bm BlastP -f BlastTab -ram readMagnitude -fun EGGNOG INTERPRO2GO

-V

Prerequisites (version): DIAMOND (v0.8.4); Java (v8u45); MEGANG (v6.8.18).
Katana resources: nodes = 1, processors = 8, memory = 96 GB, wall time = 48 h.
export _JAVA_OPTIONS, diamond makedb, diamond blastp, and diamond view were
used as mentioned earlier in this section, except that an updated NCBI-nr database (downloaded
in July 2017) was used in diamond makedb and blastp modules.
blast2rma was also used as described earlier in this section, except for the following changes in
the options:
a) In place of -g2t used -a2t option, which allowed taxonomic classification using
accession ID-based taxonomy mapping file.
b) Added InterPro database-based GO classification using the accession ID-based InterPro
database mapping file (-a2interpro2go).
¢) MEGANG version and all its mapping files were updated. In the new MEGANG6
version, -mag option had been replaced by -ram readMagnitude, which performed the
same function.
d) -bm specified the blast module (blastp) used for generating the alignment file.
e) In the -fun option, INTERPRO2GO was added to indicate that InterPro database-based
functional analysis should also be performed.
f) -v option printed MEGAN6 command-line options to the output log file, for future

reference.

Additional command-line options were added to the DIAMOND blastp module, to
further improve the protein-protein alignment. As per the recommendations of the
developers of MEGANG, the blast2rma module of MEGANG6 was replaced by daa2rma
module, which can directly use the DIAMOND alignment output file.

Cavlab pipeline v3.0 — DIAMOND and MEGANG6
export JAVA OPTIONS="-Xmx64g"
diamond makedb --in nr Dec2017.fasta -d nr_Dec2017 -p 8

diamond blastp --more-sensitive -d nr_Dec2017 -q ProteinSequenceFile.faa -o Output.daa -f

100 --algo 0 --index-mode 1 -p 8 -v

daa2rma -1 Output.daa -o Output.rma -a2t prot_acc2tax-May2017.abin -a2eggnog acc2eggnog-
Oct2016X.abin -a2interpro2go acc2interpro-Nov2016XX.abin -fun EGGNOG INTERPRO2GO

-V

Prerequisites (version): DIAMOND (v0.9.10); Java (v8u91); MEGANG6 (v6.10.5).
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Katana resources: nodes = 1, processors = 8, memory = 96 GB, wall time = 64 h.
export JAVA OPTIONS, diamond makedb, and diamond blastp were used as mentioned
earlier in this section, except that the blastp module also included the following options:

e --more-sensitive was used for better alignment of long sequences, as recommended in
DIAMOND v0.9.10 manual (also mentioned in DIAMOND v0.9.21 online manual;
https://usermanual.wiki/Pdf/diamondmanual.1718530976/view).

e - 100 set the output format to DIAMOND alignment archive (.daa), which was the
default output format in previous versions.

e --algo and --index-mode are advanced options that were used for improved seed search,
for reliable and faster alignments. The double-indexed seed search algorithm (—algo 0)
was used, with a 4x12 index mode (--index-mode 1). In double-indexed algorithm,
both query and reference sequences are indexed and are arranged as a dictionary of
seed-location pairs, making the computations much faster (Buchfink et al, 2014).

daa2rma is a MEGANG6 module that works similar to blast2rma module, and was used to

directly map the DIAMOND output file (.daa) to the NCBI-nr protein database.

In Cavlab pipeline v4.1, the updated versions of NCBI-nr protein database, DIAMOND,
and MEGANG6 were used. The latest versions of the software have slightly different

command-line options.

Cavlab pipeline v4.1 — DIAMOND and MEGAN6
diamond makedb --in nr_Jul2019.fasta -d nr_Jul2019 -p 16

diamond blastp --more-sensitive -d nr_Jul2019 -q ProteinSequenceFile.faa -o Output.daa -f 100
--algo 0 --index-mode 1 -p 16 -v

export JAVA OPTIONS="-Xmx96g"

daa2rma -1 Output.daa -o Output.rma -a2t prot acc2tax-Jul2019X1.abin -a2eggnog
acc2eggnog-Jul2019X.abin -a2interpro2go acc2interpro-Jul2019X.abin -v

Prerequisites (version): DIAMOND (v0.9.31); Java (v8ul21); MEGANG (v6.15.1).

Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time = 48 h.

export _JAVA_OPTIONS, diamond makedb, diamond blastp, and daa2rma were used as
described earlier in this section, except that daa2rma no longer supports the -fun option, which
used to highlight the functions to be performed; the program now automatically confirms this by

reading the mapping files used.

2.2.2.2 LAST and MEGAN-LR
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LAST and MEGAN-LR were introduced in Cavlab pipeline v3.0, as tools for assessing
contig-based taxonomic diversity. MEGAN-LR has been specifically designed for use
with long reads and contigs, and the developers recommended using LAST for contig
alignment (Huson et al, 2018). As contig sequences are much longer than protein or
read sequences, and much less likely to be shared through horizontal gene transfer
(HGT), it was reasoned that their taxonomic classification would be more reliable.
Therefore, the LAST/MEGAN-LR method was tested on Megahit-assembled
metagenomes from different Antarctic lake systems, namely Ace Lake 2006 and 2008,
Deep Lake 2006, 2008, and 2013-2015, Club Lake 2014, Organic Lake 2006, and
Rauer Island lakes 1, 3, 6, 11, and 13 (Appendix A). The method was also tested on
some of the Spades-assembled metagenomes from Ace Lake oxycline (0.1 um-filter
from 2008 and 2013) and Deep Lake surface (0.1 pm-filter from 2006 and <0.1 pm-
filter from November 2014) available at the time (Appendix A). Spades-assembled Ace
Lake oxycline metagenomes were selected to assess the population of GSB, a
Chlorobium, previously observed at this depth of Ace Lake (Ng et al, 2010; Lauro et al,
2011). Deep Lake Spades-assembled metagenomes from 0.1 um and <0.1 pm-fraction
were randomly selected to assess the haloarchaeal population (members of Halobacteria
class) population previously observed in Deep Lake (DeMaere et al, 2013). The method
would be considered robust, if its output was reliable and comparable to the previous

observations from both Ace Lake and Deep Lake.

Cavlab pipeline v3.0 — LAST and MEGAN-LR
export JAVA OPTIONS="-Xmx64g"
lastdb -vpcRO1 -i110 -P16 nr Dec2017 nr_Dec2017.fasta

lastal -P16 -fMAF -D10000 -RO1 -F15 -pBL80 -v nr Dec2017 ContigSequenceFile.fna
Output.maf

maf2daa -i Output.maf -r ContigSequenceFile.fna -p 16 -o Output.daa -v

daa2rma -1 Output.daa -o Output.rma -lg -alg longReads -ram readCount -a2t prot_acc2tax-
Oct2017X1.abin -a2eggnog acc2eggnog-Oct2016X.abin -a2interpro2go acc2interpro-
Nov2016XX.abin -fun EGGNOG INTERPRO2GO -v

Prerequisites (version): LAST (v914); Java (vu91); MEGAN-LR (v6.10.5).
Katana resources: nodes = 1, processors = 16, memory = 96 GB, wall time = 24 h.
lastdb is a LAST module that was used to create a database index, which was further used with

the other modules of LAST, e.g., the lastal module. This needs to be run only once on a
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database, to create index files. All subsequent alignment runs used these indexed database files.

The command-line options were:

-v printed the command-line options to the output log file, for future reference.

-p specified that the input database sequences were proteins.

-R0O1 was used to identify simple repeats in the database sequences and flag them. The
first digit ‘0’ allowed conversion of the input database sequences to uppercase, whereas
the second digit ‘1’ allowed conversion of simple repeats to lowercase.

-c masked the lowercase letters in a sequence (simple repeats), so that during alignment
these lowercase letters would be excluded from initial matches.

-110 instructed the program to perform at least 10 initial matches per query position.

-P16 mentioned the number of processors used for parallel runs.

lastal is a LAST module that was used to align the query nucleotide sequences to the NCBI-nr

protein database.

-P16, -v, and -R01 worked the same as in lastdb module.

-pBL80 used BLOSUMSO0 score matrix for aligning the query nucleotide sequences to
the reference protein sequences.

-D10000 defined the number of query letters to be used per random alignment.
-fMAF specified the output file format.

-F15 mentioned the frameshift cost, which also let the program know that the input

query was a DNA sequence.

maf2daa is a LAST module that converted the input MAF alignment file (-i) to a DIAMOND

alignment file (-0), using the contig sequence file as a reference (-r). The function ran parallelly

on 8 processors (- p 8) and the command-line options were printed to the output log file (-v).

daa2rma was used as described earlier in section 2.2.2.1. Additional MEGAN-LR options used

for contig taxonomic assignment were:

-lg specified that the input sequences were long sequences.

-alg longReads used the algorithm specifically designed for long reads and contigs
(Huson et al, 2018).

-ram readCount allowed MEGAN-LR output to display the number of contigs assigned
to a taxa node, when the output was visualised in MEGANG6 GUI. This was the default

option in the previous versions of MEGANG.

To utilise the output of LAST/MEGAN-LR to calculate OTU abundances in

metagenomes, a python script was prepared. Prior to running the script, the

LAST/MEGAN-LR output was used to prepare an input file containing the taxa

identified in the metagenome and the contigs IDs assigned to the taxa. For this, the

MEGAN-LR output file was opened in the MEGANG6 GUI and all the species nodes
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were selected [Select > Rank > Species]. The taxa names and their corresponding
contig IDs were exported to a document file [File > Export > Text (CSV) Format.
Choose data to export. taxonName_to_readName; Choose count to use: assigned;
Choose separator to use: comma > OK > FileA-species.doc > Save]. The data in the
output document file was cleaned by removing the quotes from the taxa names, and the
document was used for calculating OTU abundances in the metagenome using the
python script below (text in red are comments and were not implemented by the python

script):

#calculating OTU abundance using LAST/MEGAN-LR output
csv

#iHt# Reading data from the MEGAN-exported document file
d={}

open('FileA.doc', 't') as datafile:

row in datafile:

row = row.rstrip()

row = row.split(',")

d.setdefault(row[0],[]).append(row[ 1:]) #creates a dictionary with taxa names as keys and a
list of Contig IDs; d = {speciesl:[[ContigA, ContigB, ContigC,...]], species2:[[ContigP,
ContigQ, ContigR,...]],...}

species = list(d.keys()) #list of taxa names; species = [species], species2,...]

##H# Data prep: matching scaffold ID coverages to scaffold ID contig names (Contig IDs)
coverage = {}
open(Metagenome contig coverage file, 't') as covfile:
covesv = csv.reader(covfile, delimiter = "\t')
next(covcsv)
TOW 111 COVCSV:
coverage[row[0]] = row[1]
maps = {}
open(Contig ID to scaffold ID mapping file,r') as mapfile:
mapcsv = csv.reader(mapfile, delimiter = "\t")
row 111 mapcsyv:
maps[row[0]] = row[1]
covmap = {}
1 in range(len(maps)):

covmap|[maps[i]] = coverage[i]
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#### Calculating taxa coverages

taxa =[]
total =0
1ssues =0

sp_contigs =0
j in range(len(species)): # picking each taxon for abundance calculation
contigs = []
sublilst in d[species[j]]:
y in sublilst:
contigs.append(y) # list of contigs associated with a taxon
abund =0
k in contigs:
sp_contigs += 1 # count the total number of contigs associated with the taxa
k in covmap.keys():

abund = abund + float(covmap[k]) # if a contig has coverage, sum it up

issues += 1 # if a contig does not have a coverage, it is an error
total = total + abund # calculate total abundance of species contigs

taxa.append([species[j], abund])

#### Writing abundances to output file
open(Output filename, 'w', newline = ") as writefile:
csvfile = csv.writer(writefile, delimiter = "\t")
a in range(len(taxa)):
csvfile.writerow([taxa[a][0], taxa[a][1]])
csvfile.writerow(['Coverage total', total])
csvfile.writerow(['Contigs without coverage', issues])

csvfile.writerow(['Contigs analysed', sp_contigs])

For comparative metagenome analyses, OTU abundance files from different

metagenomes were merged together using a MetaPhlAn2 python code:

MetaPhlAn? file merge function
cd metaphlan2/utils

python3 merge metaphlan_tables.py *-speciesAbn.txt > CombinedSpeciesAbn.txt

Prerequisites (version): Python (v3.6.5).
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Katana resources: nodes = 1, processors = 1, memory = 16 GB, wall time = 1 h.

cd changed the current working directory to the ‘utils’ folder in MetaPhlAn2, where the
‘merge_metaphlan_tables.py’ python script for merging abundance data was stored.

python3 ran the merge metaphlan_tables.py python script on the input OTU abundance files
from multiple metagenomes and created a single text file containing abundances of all identified
OTUs across all metagenomes. The asterisk (*) symbol allowed selection of multiple input text
files with the suffix ‘-speciesAbn.txt’ in the folder. Each input OTU abundance file had only
two columns: (i) the taxa name column and (ii) an abundance value column. The output
combined abundance file had a taxa name column followed by multiple abundance value
columns (equal to the number of input abundance files). The abundance of an OTU was

reported as zero in the metagenomes in which it was not identified.

The relative OTU abundances in a metagenome were calculated manually as below:

Relative OTU abund %) = absolute OTU abundance .
eative CREIHERIREE 0 = total OTU abundance

where, absolute OTU abundance was calculated by summing the read depths of contigs

assigned to an OTU in a metagenome, using the python script mentioned above; total OTU
abundance was calculated by summing the read depths of all contigs assigned to species-level in

the metagenome.

The relative OTU abundances can also be calculated in PRIMER v7 software (section
2.2.7). The maximum relative abundance of an OTU in all metagenomes or in a specific
set of metagenomes (from a depth or a time period) was described as the peak relative

abundance of the OTU.
2.2.2.3 MetaPhlAn2

MetaPhlAn2 was introduced in Cavlab pipeline v3.0, alongside LAST and MEGAN-LR
approach, for read-based taxonomy and relative abundance estimation. It was tested on

seven Ace Lake 2008 metagenomes, at least one from each depth: U2 0.8 um, U3 0.8
pum, I 0.8 um, L1 3 pm, L1 0.8 ym, L2 0.8 um, and L3 0.8 pum (Appendix A).

Cavlab pipeline v3.0 — MetaPhlAn2
cd metaphlan2

python3 metaphlan2.py FilteredReads.fastq.gz --input_type fastq --mpa_pkl
db v21/mpa v21 m200.pkl --bowtie2db db _v21/mpa v21 m200 --nproc 8 --bowtie2out
BowtieOutput.bt2out.bz2 > RelativeAbn-all TaxaLevels.txt
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python3 metaphlan2.py --input type bowtie2out --mpa_pkl db_v21/mpa v21 m200.pkl --nproc
8 -t reads_map BowtieOutput.bt2out.bz2 > ReadMap.txt

cd metaphlanOutput _file path

grep -E "(s_ )|(*"ID)" RelativeAbn-allTaxaLevels.txt | grep -v "t " | sed's/**s_ //g'>

RelativeAbn-species.txt

Prerequisites (version): Bowtie (v2.3.2); Python (v3.5.2) with Numpy, Pandas, Biopython,
SciPy, and Matplotlib packages installed.
Katana resources: nodes = 1, processors = 8, memory = 64 GB, wall time =6 h
cd metaphlan2 changed the working directory to the folder where MetaPhlAn2 was installed.
python3 metaphlan2.py executed the MetaPhlAn2 python script run, which depends on python
versions >3. The script first worked on the filtered reads FASTQ file to generate two outputs: a
compressed Bowtie alignment file (--bowtie2out) and a taxa relative abundance text file. The
relative abundance file contained all taxa (domain- to species-level) identified in the
metagenome (taxa ID) and their corresponding relative abundances. In the second run of
metahphlan2.py, the Bowtie alignment file was used to generate a text file containing filtered
read IDs and their taxonomic assignments; only reads with matches to clade markers were
mentioned in the text file. Other options included:
= —input_type specified the format of the input file (fastq or bowtie2out).
= --mpa_pkl mentioned the database used for MetaPhlAn2 taxonomic classification.
= --bowtie2db mentioned the reference database used for read alignment by Bowtie.
= —-nproc specified the number of processors used for parallel runs.
= -treads map generated a file containing filtered read IDs and their taxonomy.
cd metaphlanOutput_file path changed the working directory to the folder where the outputs of
MetaPhlAn2 run were stored.
grep and sed are UNIX commands used to extract relative OTU abundances from the output
file that contained relative abundances of all taxa levels, and store them in a separate file.
Options included:
= grep -E "(s_)|("ID)" selected all lines in the relative abundance output file that had
species (s__) data in the taxa ID column (*ID), which was passed on to the next grep
command.
= grep-v"t " selected all data in the lines passed on to it that contained species data, and
excluded any strain-level (t ) information. This species data, with strain name
removed, was passed on to the next sed command.
= sed's/"*s_ //g'edited the lines passed to it that contained species data. It removed all

B

levels of taxonomy from the lines, except species name, by replacing ‘s’ and

everything before it with an empty string.
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The MetaPhlAn2 database contains clade-specific marker genes identified from all three
domains of life and viruses (Segata et al, 2012). However, the initial output of
MetaPhlAn2 analysis of some of the Antarctic metagenomes showed that its database
did not have marker genes for most of the species identified in Antarctic samples (Table
2.3). Therefore, the genetic markers for some of the species observed in
DIAMOND/MEGANG outputs of Ace Lake and Deep Lake were added to the database
using a python script prepared from the information provided on the software website

(https://github.com/biobakery/MetaPhlAn). A few of the markers are mentioned in the

python script below and a complete list of markers added to the MetaPhlAn2 database is
provided in Appendix E.

#adding clade-specific markers to MetaPhlAn2 database
import pickle
import bz2
db = pickle.load(bz2.BZ2File('path/metaphlan2/db_v20/mpa_v20 m200.pkl', 'r'))
db[ ‘taxonomy’]['k Archaealp Euryarchaeotalc Halobacterialo Haloferacales|f Halorubr
aceae|g  Halohastals Halohasta litchfieldiac tADL[t GCF 900109065'1 = 3332020
db[ ‘markers’]['gi|1279136099|ref|CP024845.1]:42441-40969"] = {
‘score’: 0.0,
‘len’: 1473,
‘taxon’:
'k Archaealp Euryarchaeotalc Halobacterialo Haloferacales|f Halorubraceae|g Haloha
sta|]s Halohasta litchfieldiae tADL',
‘clade’: 's_ Halohasta litchfieldiae tADL',
‘ext’: {}}
db[‘markers’]['gi|645321082|ref[]NR_118135.1|:1-1473'] = {
‘score’: 0.0,
‘len’: 1473,
‘taxon’:
'k Archaealp Euryarchaeotalc Halobacterialo Haloferacales|f Halorubraceae|g Haloha
sta|]s_Halohasta litchfieldiae tADL',
‘clade’: 's_ Halohasta litchfieldiae tADL',
‘ext’: {}}
ofile = bz2.BZ2File(‘path/ metaphlan2/db_v21/mpa v21 m200.pkl', 'w')
pickle.dump(db, ofile, pickle. HIGHEST PROTOCOL)

ofile.close()
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2224  Kaiju

Kaiju was tested on Ace Lake oxycline metagenomes (0.1 pm-filter from 2008 and
2013), to assess the Chlorobium population previously observed at this depth (Ng et al,
2010; Lauro et al, 2011). The software was also tested on Deep Lake surface
metagenomes (0.8 pm-filter from 2006 and <0.1 pum-filter from November 2014), to
assess previously observed haloarchaea population (DeMaere et al, 2013). These
previously reported Ace Lake and Deep Lake microbial diversity data were used as

references to assess the reliability of Kaiju output.

Kaiju
makeDB.sh -e -t 16

kaiju -t nodes.dmp -f kaiju_db_nr_euk.fmi -i FilteredReads1.fastq.gz -j FilteredReads2.fastq.gz

-0 Alignment.out -a greedy - 5 -z 16 -v

kaijuReport -t nodes.dmp -n names.dmp -i Alignment.out -o SpeciesAbn.report -r species -v

Prerequisites (version): Perl (v5.20.1); Kaiju (v1.6.2).
Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time =48 h
makeDB created an NCBI-nr protein database index for use with Kaiju. This needs to be run
only once on a database, to create index files. All subsequent alignment runs used the indexed
files. Options included:
= - specified that NCBI-nr protein database must include sequences from fungal and
microbial Eukarya, apart from Archaea, Bacteria, and Viruses.
= -t specified the number of processors used for parallel runs.
kaiju alignment tool was used to align paired-end filtered reads (-1 and -j) against the NCBI-nr
protein database index (-f). Options included:
= -agreedy, -e 5 specified that the greedy-5 alignment algorithm should be used for read
alignment.
= -t specified the path to the nodes.dmp database file, which contained the taxon IDs of
the NCBI database protein sequences.
= -z specified the number of processors used for parallel runs.
= v printed the command-line options to the output log file, for future reference.
kaijuReport is a Kaiju module that mapped the taxon names (-n) in the names.dmp database
file to the alignment output (-1), using the nodes.dmp database file as a reference (-t) for taxon
IDs. Other options include:
= -1 species specified that the relative abundances should be calculated and reported at

species-level.
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= v was used as described in kaiju module above.

2.2.2.5 Protein taxonomy-based contig taxonomic classification and abundance

estimation

Apart from the above-described methods for taxonomic classification and abundance

estimation, a new python script was written for utilising data in the metagenome

Phylodist files for contig taxonomy analysis. The script had two main components: (i)

taxonomic classification of contigs based on protein taxonomies in the Phylodist file

and (ii) calculating OTU abundances from contig lengths and read depths in the contig

coverage file. Certain criteria were considered for protein taxonomy-based contig

taxonomic classification:

(a) At least 30% of the genes identified on a contig must have a taxonomic assignment
in the Phylodist file; if not, then the contig was unclassified.

(b) For a contig, the taxon to which most of its genes belonged was used as the
taxonomic assignment of that contig.

(c) If all genes on a contig had different taxonomies in the Phylodist file, the contig was

unclassified.

In the python script, which is now a part of the Cavlab pipeline v4.1 (Appendix C), the
OTU abundances were calculated by summing the coverages (length x read depth) of all
contigs assigned to the OTU. The coverages of contigs that were not assigned to any
taxa, based on the above three criteria, were summed and referred to as ‘unclassified
abundance’. Additionally, the coverages of contigs that were not assigned to any taxa,
because none of the genes identified on them had taxonomies in the Phylodist file, were
summed and referred to as ‘unassigned abundance’. The total metagenome abundance
was the sum of coverages of all contigs in a metagenome, and included all OTU,
unclassified, and unassigned abundances. The relative OTU abundances were calculated

using PRIMER v7 (section 2.2.7).
2.2.3 Functional potential analysis
2.2.3.1 DIAMOND and MEGANG6

The options to include functional potential analyses, such as COG and InterPro, were
added to MEGANG (section 2.2.2.1). MEGANG6 output file can be visualised in the
MEGANG6 GUI and the functional output can be accessed through: Window > Open
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EGGNOG Viewer/Open INTERPRO2GO Viewer for COG and GO data,
respectively. For example, in the EGGNOG viewer, a dendrogram of COG categories

would be available, with each node depicting the number of proteins assigned to it.
2.2.3.2 COG and KEGG functional potential analyses

A very specific set of methods were developed as part of the Cavlab pipeline v1.2, for
the functional potential analysis of metagenomes annotated by JGI IMG, using the
metagenome COG and KEGG files (Appendix B). These files contain metagenome

protein IDs and their COG or KO number annotations, respectively.

The COG python script read the data in the metagenome COG file and assigned the
COG numbers to their correct COG categories, using a COG conversion database file,
which contained a list of all COG numbers and their respective COG categories. In
Cavlab pipeline v1.2, the relative abundance of a COG category in a metagenome was
calculated by summing the read depths of the contigs corresponding to the proteins
assigned to the COG category and then dividing it by the sum of read depths of contigs
corresponding to all the proteins annotated in the metagenome (Appendix B).
Additionally, a COG category assignment ratio was calculated by dividing the number
of proteins assigned to a COG category in a metagenome by the total number of
proteins in the metagenome. In Cavlab pipeline v2.0, the COG conversion database file
was updated using the COG data available on NCBI
(ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/data).

The COG abundance calculations were changed in Cavlab pipeline v3.3, such that the
COG category abundances were reported as absolute abundances — sum of contig read
depths corresponding to proteins assigned to the COG category, rather than relative
abundances. This is because the denominator in the previous COG relative abundance
calculations depended on the contig read depths corresponding to all proteins in the
metagenome and did not compensate for multiple proteins from one contig being
assigned to the same COG number/category, which inflated the value of the
denominator and reduced the COG relative abundance. The COG category assignment
was also no longer represented as a ratio of total proteins in the metagenome, but simply

as the number of proteins assigned to a COG category.

The KEGG script was written to assess specific pathways/enzymes, using a specific set

of KO numbers (Appendix F). The script read the data in the metagenome KEGG file
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and selected proteins associated with specific KO numbers. The abundance of a KO
number was calculated by summing the contig read depths corresponding to the proteins
assigned to the KO number. In Cavlab pipeline v1.2, the abundance of a
pathway/enzyme was calculated by averaging the abundance of the KO numbers
associated with it (Appendix B). However, this calculation was changed in Cavlab
pipeline v4, where the abundance of a pathway/enzyme was calculated by averaging the
abundance of the KO numbers associated with the same reaction in the pathway, such as
enzyme subunits, and by summing the abundance of KO numbers associated with
different reactions in the pathway (Appendix C; also see Appendix F for a list of KO

numbers).

Table 2.2 KO number databases for KEGG functional potential analysis. * Cavlab pipeline
version specifies the pipeline version in which the KO number database was first added. All
eight databases were part of the latest Cavlab pipeline v4.1 (Appendix C). B Each KO number

had one database file associated with it. DSR, dissimilatory sulfate reduction.

Cavlab Number of
o Pathways KO )
pipeline . Enzyme name (EC number) protein
_ (function) number®
version® sequences

Adenylylsulfate reductase,
K00394 subunit A (aprA; 165
EC:1.8.99.2)

Adenylylsulfate reductase,
K00395 subunit B (aprB; 156

DSR (reduction); EC:1.8.99.2)

vl.2 Sulfide oxidation

Dissimilatory sulfite
K11180 reductase alpha subunit 868
(dsrA; EC:1.8.99.5)

(oxidation)

Dissimilatory sulfite
KI11181 reductase beta subunit 856
(dsrB; EC:1.8.99.5)

DSR (reduction);
) Sulfate adenylyltransferase
Sulfide oxidation K00958 732
(sat; EC:2.7.7.4)

(oxidation)
v4
Nitrification Methane/ammonia
(Ammonia K10944 monooxygenase subunit A 208
monooxygenase); (pmoA-amoA;
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Methane oxidation EC:1.14.18.3,
(Methane EC:1.14.99.39)

monooxygenase) Methane/ammonia
K10945 monooxygenase subunit B 244
(pmoB-amoB)

Methane/ammonia
K10946 monooxygenase subunit C 398
(pmoC-amoC)

The KEGG component of Cavlab pipeline v1.2 depended on four KEGG database files
associated with adenylylsulfate reductase (apr4, K00394; aprB, K00395) and
dissimilatory sulfite reductase (dsr4, K11180; dsrB, K11181) that catalyse the sulfide
oxidation and sulfate reduction redox reactions (Appendix B). These KEGG database
files included protein sequences of the enzymes from various microbes, with their role
(reduction or oxidation) in the microbes mentioned in the sequence headers. Four
additional KEGG database files were prepared and added to the KEGG analysis script
in Cavlab pipeline v4 (Table 2.2). One of these database files included protein
sequences of sulfate adenylyltranserase (sat; K00958) from various microbes, with their
role in sulfate reduction (reduction) or sulfide oxidation (oxidation) mentioned in the
sequence headers. The other three database files were associated with K10944, K10945,
and K10946, which represent subunits of the homologous enzymes ammonia and
methane monooxygenase, and contained protein sequences from various microbes,
along with their function as ammonia or methane monooxygenase mentioned in the
sequence headers (Appendix C). The protein sequences of the KEGG database enzymes
were downloaded from NCBI. Resources, such as the KEGG PATHWAY database

(https://www.genome.jp/kegg/pathway.html), and various other online resources, were

used to manually determine the role of the enzymes in the microbes they were
sequenced from. The enzyme functions were added to the protein sequence headers
using the python script below. The COG and KEGG analysis components of Cavlab
pipeline v3.3 were tested on a 0.1 um-filter Megahit-assembled metagenome from Deep

Lake surface from Dec 2013 (Appendix A).

# adding enzyme functions to protein headers
recdata = {}

open( , 'r') as mod: #file containing list of protein accession IDs, protein
names, taxonomy, and the determined role

modc = csv.reader(mod, delimiter = '\t')
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row in modc:
recdata[row[0]] = row[3] + +row[l] +'['+row[2] +'|' #recdata = {‘Accession

ID’:’Protein role---protein name---protein taxonomy’ }

x=0
open( , '1') as seqs: #FASTA file containing protein sequences downloaded
from NCBI
open( ,'W') as outseqs:
rec in SeqlO.parse(seqs, ):

rec.id in recdata.keys(): #check if the sequence header is among protein accesion IDs
in File A

recordID = recdata[rec.id].split('---")[0] + 'S' + rec.id #change sequence header to
‘Protein role$header’

recordDesc = recdata[rec.id].split('---')[ 1] #add protein name as sequence description

record = SeqRecord(seq = rec.seq, id = recordID, description = recordDesc)

SeqlO.write(record, outseqs, )

x+=1

2233 arCOG functional potential analysis

The arCOG numbers were specifically considered for the analysis of metagenomes rich
in archaea, such as metagenomes from Deep Lake, Club Lake, and some Rauer Island
lakes (DeMaere et al, 2013; Tschitschko et al, 2018). A python script was developed to
assess the arCOG number-based COG categorisation of proteins, and the script was
tested on a 0.1 pm-filter Megahit-assembled metagenome from Deep Lake surface from
December 2013 (Appendix A). The script was run on potential archaeal protein
sequences that were gathered from the output of DIAMOND/MEGANG runs on the
metagenome protein sequences. For this, the DIAMOND/MEGANG®6 output file was
opened in MEGANG6 GUI and the ‘Archaea’ node was selected. The protein IDs
assigned to the ‘Archaea’ node were exported to a text file (namely
Samplename.archaea.txt) — File > Export > Text (CSV) Format > Choose data to
export: readName_to_taxonName; Choose count to use: summarised; Choose
separator to use: tab > Samplename.archaea.txt. Note that the ‘summarised’ option not

only considered the proteins assigned to the ‘Archaea’ node itself, but also all proteins
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assigned to the nodes that fall under the ‘Archaea’ node (all archaeal phyla, class, order,
family, genus, and species nodes). A folder named ‘arCOGs’ was created in the
metagenome head folder (the folder containing IMG Data subfolder) and the
Samplename.archaea.txt file was uploaded to it. The arCOG pipeline v1.2 script was

run from the metagenome head folder (Appendix D).

As a first step in the arCOG script, the Archaea protein IDs in Samplename.archaea.txt
file were read and an archaeal protein sequence FASTA file was created from the
sequences in the IMG protein annotation file. The archaea proteins were aligned against
arCOG protein sequence databases (available from

ftp://ftp.ncbi.nih.gov/pub/wolt/COGs/arCOG) using PSI-BLAST (Altschul et al, 1997).

Based on the alignment output, the Cognitor module of COGsoft (Kristensen et al,
2010) assigned arCOG numbers to the protein sequences. These arCOG numbers were
assigned COG categories based on their comparison with an arCOG conversion
database file, which contained a list of all arCOG numbers and their corresponding
COG categories. For comparison, a COG number-based COG categorisation of the
archaeal proteins was performed, using the COG number annotations in the
metagenome COG file. COG category abundances were calculated by summing the
contig read depths corresponding to the archaea proteins assigned to a COG category.

The number of archaea proteins assigned to a COG category were also calculated.
2.2.4 Refining and verifying OTU taxonomy
2241 Refining OTU bins

The species identified using taxonomic classification methods are often the closest
available matches in the reference database used for classification. Therefore, the
species were referred to as OTUs, until their taxonomies were verified. RefineM was
used to filter the OTU bins identified from the output of Cavlab pipeline v4.1 runs,
specifically the output of contig taxonomy and abundance estimation component on
Spades-assembled Ace Lake metagenomes. Among the OTUs identified in a
metagenome, only the ones with abundance >1% (relative to the total metagenome
abundance) were considered for further analysis. The contig sequences belonging to
these abundant OTUs were gathered in their respective OTU FASTA files and were

called OTU bins. Before running RefineM, the bin contigs were aligned against the
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filtered reads from the metagenomes from which the bin contigs originated, using

BBMap and Samtools.

BBMap alignment

export JAVA OPTIONS="-Xmx112g"

bbmap.sh ref=OTUcontigs.fasta

bbmap.sh in=Metagenomel .filtered.fastq ambig=all out=Outputl.sam
samtools view -bS Outputl.sam > Outputl.unsorted.bam

samtools sort Outputl.unsorted.bam -19 -@ 16 > Outputl.bam

samtools index Outputl.bam

Prerequisites (version): Java (v8ul21); BBMap (v38.51); Samtools (v1.9).

Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time = 48 h
bbmap.sh aligned the filtered read sequences in the metagenome (in) against the OTU bin
contigs (ref) and prepared a SAM alignment file as output (out). Note that multiple
metagenomes were aligned against the OTU contig sequences using a single script, by adding
the bbmap and samtools steps to the script for each additional metagenome. Similarly, multiple
OTUs were aligned against multiple metagenomes using a single script, by merging contigs
from multiple OTUs into a single FASTA file and using it as a reference (ref). The ambig=all
option retained all top-scoring sites in an ambiguously aligned read.

samtools view prepared an unsorted BAM file (a binary version of a SAM file) from a SAM
alignment file. The -bS option specified that the program should create an output BAM file (-b)
from the input SAM file (S).

samtools sort module sorted and compressed the alignment data in the unsorted BAM file,
using 16 parallel processors (-@ 16) and maximum level of compression (-1 9).

samtools index generated a BAI file (.bam.bai) that contained the BAM indexes.

The BAM files generated from the BBMap alignments were used for the RefineM runs.
A folder structure was created within the folder where the BAM files were stored, i.e., a
‘refineM’ folder with a ‘Contig_files’ subfolder
(FolderWithBAMfiles/refineM/Contig_files) was created. The OTU contig sequence
FASTA files were placed in the Contig_files subfolder for RefineM reference.

RefineM
export PATH=$PATH:/krona/bin

export MALLOC_ARENA MAX=1
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rsync -a FolderWithBAMfiles/$ {TMPDIR }
cd ${TMPDIR}

refinem scaffold stats -x fasta -c 16 --cov_all reads --silent OTUcontigs.fasta

FolderWithBAMfiles/refineM/Contig_files ./Outputs FolderWithBAMfiles/*.bam

refinem outliers --silent ./Outputs/scaffold _stats.tsv ./Outputs/Outliers --cov_perc 1000000000 -
-no_plots

refinem call genes -x fasta -c 16 —silent FolderWithBAMfiles/refineM/Contig_files
./Outputs/Genes

refinem taxon_profile -c 16 --silent ./Outputs/Genes ./Outputs/scaffold stats.tsv
gtdb r80 protein db.2017-11-09.faa.dmnd gtdb _r80 taxonomy.2017-12-15.tsv
./Outputs/taxon_profile

refinem taxon_filter -c 16 --silent ./Outputs/taxon_profile

./Outputs/taxon_profile/taxon_filter.tsv

rsync -a ${TMPDIR}/ FolderWithBAMfiles/Outdata_copy

Prerequisites (version): Python (v2.7.15) with RefineM (v0.0.24) package installed; Prodigal
(v2.6.3); HMMER (v3.2.1); BLAST+ (v2.6.0); DIAMOND (v0.9.10); Krona.

Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time =48 h

export PATH added the path to the folder where Krona software was installed.

export MALLOC ARENA_ MAX-=1 instructed the program to use a single memory pool for
the RefineM runs, regardless of the number of processors used. This command is especially
useful for programs that tend to use excessive memory.

rsync is a Linux tool that was first used to sync the BAM files to a temporary directory
(TMPDIR). After the BAM files were used as input for RefineM runs and the outputs were
generated in the temporary directory, rsync was used to copy the data from the temporary folder
to the original folder with the BAM files (FolderWithBAMfiles). The -a option ran rsync in
‘archive’ mode, which not only synced the data, but also all associated attributes and
permissions.

cd changed the current working directory to the temporary directory (TMPDIR).

refinem scaffold_stats module calculated contig statistics in the reference contig file
(OTUcontigs.fasta), by comparing them with the BAM alignment files stored in the
FolderWithBAMfiles folder and the individual OTU contig FASTA files in
FolderWithBAMfiles/refineM/Contig_files. Note that when only one OTU was being refined,
the contigs in the reference contig file (OTUcontigs.fasta) were identical to those in the

individual OTU contig FASTA file in refineM/Contig_files folder. Other options included:
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= -x fasta specified the input file format.
= ¢ 16 specified the number of processors used for parallel runs.
= -—-cov_all reads used all reads for coverage estimation and not just the ones in proper
pairs.
= --silent prevented the program from printing the output in the Katana run instance,
which can be a large amount of data.
refinem outliers module assessed the output of ‘refinem scaffold stats’ and identified contigs
whose genomic characteristics, such as GC, coverage, and TNF, did not match those of other
contigs in the OTU bin. The output was stored in the refineM/Outputs/Outliers folder. Other
options were:
= --silent worked as described above.
= —cov_perc 1000000000 prevented the program from differentiating between contigs
based on their read depths, since the read depths of contigs in an OTU can be different
if they are from different metagenomes.
= --no_plots prevented the program from generating plots for contig genomic
characteristics.
refinem call_genes module predicted genes on the OTU contigs and wrote the output to the
refineM/Outputs/Genes folder. Other options were:
= x fasta specified the input file format.
= - 16 and --silent worked as described above.
refinem taxon_profile module performed taxonomic classification of the genes identified in the
OTU contigs and stored the output in refineM/Outputs/Genes folder. It used DIAMOND to
align the genes against GTDB and a GTDB taxonomy mapping file for taxonomic
classification. The output was stored in the refineM/Outputs/taxon_profile/taxon_filter.tsv file.
The ‘-c 16° and ‘--silent’ options worked as mentioned above.
refinem taxon_filter module assessed the output of ‘refinem taxon_profile’ and identified OTU
contigs whose taxonomy did not match the overall OTU taxonomy. The output was written to
the refineM/Outputs/taxon_profile folder. The ‘-c 16’ and ‘--silent’ options worked as described

above.

The OTU bins were refined using the output of the ‘refinem outliers’ module, stored in
the refineM/Outputs/Outliers/outliers.tsv, which contained a list of the contigs that
probably did not belong to the OTU along with the list of attributes (either GC or TNF
or both) responsible for their exclusion. A python script was prepared to read this output
and automatically decide which contigs should be included in the bin, because the value
of their outlying attribute was quite close to the upper or lower boundary of the OTU

bin’s attribute (see script below). Contigs that were too different from the other bin
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contigs were listed in a text file ‘outlierContigsList.txt” and were excluded from the bin.
The OTU bins were also refined based on the output of the ‘refinem taxon_profile’
module, which generated gene and scaffold taxonomy Krona outputs (HTML files) that
were visualised on Google Chrome internet browser, showing the taxonomic
composition of the OTU bin. This further allowed removal of spurious contigs that did

not belong in the OTU bin.

#assessing outlier bin contig characteristics to decide whether to keep or remove them
with open('refineM/Outputs/Outliers/outliers.tsv', '') as inf:
with open('outlierContigsList.txt', 'w', newline = ") as outf:
infc = csv.reader(inf, delimiter = "\t')
outfc = csv.writer(outf, delimiter = '\t')
next(infc)
for row in infc:
if row[3] == 'GC": # check if the outlying attribute is GC content
if float(row[4]) < float(row[6]) + 0.5 or float(row[4]) > float(row[7]) + 0.5: # check
whether the contig GC is less than the OTUs ‘lower GC boundary + 0.5’ or more than its ‘upper
GC boundary + 0.5’
outfc.writerow([row[0]]) # if yes, then the contig is an outlier; add it to the outlier
list
elif row[3] =="'TD": # check if the outlying attribute is tetranucleotide frequency
if float(row[8]) > float(row[10]) + 0.05: # check whether the contig TD is more than
the OTUs ‘upper TD boundary + 0.5’

outfc.writerow([row[0]]) # if yes, then the contig is an outlier; add it to the outlier
list
elif row[3] =="'GC,TD": # check if the outlying attributes both GC and TD
if float(row[4]) < float(row[6]) + 0.5 or float(row[4]) > float(row[7]) + 0.5 or
float(row[8]) > float(row[10]) + 0.05: # check whether the contig GC is less than the OTUs
‘lower GC boundary + 0.5 or more than its “‘upper GC boundary + 0.5’ or the contig TD is
more than the OTUs ‘upper TD boundary + 0.5’
outfc.writerow([row[0]]) # if yes, then the contig is an outlier; add it to the outlier
list
else:

continue

2.24.2 Verifying OTU taxonomy
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The taxonomic classification of the OTUs identified in the metagenomes were verified
in three steps. The first step relied on the Krona outputs of ‘refinem taxon_profile’
module of RefineM that were visualised in Google Chrome internet browser, which
gave an idea of the overall taxonomic composition of the OTU bin. The taxonomies
displayed in the Krona output were from GTDB, unlike the previous methods that used
NCBI databases as reference for protein and contig taxonomic classifications. In the
second step, the 165/18S rRNA gene identities of the OTUs were assessed against the
SSU rRNA genes of their closest related taxa, which were manually downloaded from
NCBI and were aligned against the OTU contigs using blastn module of BLAST+
v2.9.0. The OTUs were considered to belong to the same species as reference, if the
SSU rRNA gene identity was >99% (Kim et al, 2014) and to the same genus as the
reference, if the identity was >95% (Stackebrandt and Goebel, 1994).

The third step was to calculate the ANI of the OTUs against their closest related
reference genomes. The complete or draft genomes of the reference taxa were manually
downloaded from NCBI. ANI was initially calculated using the JSpeciesWS online
service, where the query OTUs were uploaded one at a time and the reference genomes
were added from GenomeDB, a genome database that is part of the JSpeciesWS service.
ANI was calculated using the ANIb module that used BLAST+ for query and reference
sequence alignment (Richter et al, 2016). However, this service had a file upload limit,
and only OTU bins whose file size was between 0.02 to 15 MB could be uploaded.
Therefore, other software, like fastANI and pyani, were used for ANI calculation of all
OTUs. FastANI did not provide an estimate of the fraction of the query sequence that
aligned to the reference (% alignment fraction). Moreover, its fragment length option (--
fraglen) limited the ANI calculation to only contigs that were larger than the specified
fragment length. Considering these issues, pyani was used for ANI calculation of the
OTUs. The pyani output included ANI and alignment fraction measures of all OTUs

and reference genomes mentioned in the input file.

ANI calculation using fastANI

fastANI --ql queryList.txt --rl referenceList.txt -o ANI-output.out -t 16 --fragl.en 500

Prerequisites (version): MashMap (v2.0), FastANI (v1.1).

Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time = 12 h
fastANI was used for calculating the ANI of the OTUs against the reference genomes
downloaded from NCBI. Other options include:
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= -l specified that the query was a list of FASTA files and their file names were
mentioned in queryList.txt.

= -1l specified that the reference was a list of FASTA files and their file names were
mentioned in referenceList.txt.

= -t 16 mentioned the number of processors used for parallel runs.

= -0 specified the output file name.

= _-fragl en specified the minimum fragment length used while aligning the query and

reference sequences.

ANI calculation using pyani

average nucleotide identity.py -i InputOTUs -0 ANIb_out -m ANIb -g -v --noclobber --

nocompress --gformat jpg --scheduler multiprocessing --workers 16

Prerequisites (version): Python (v3.6.5) with Biopython, NumPy, Pandas, SciPy, Matplotlib,
and Seaborn packages installed; R (v3.5.3); BLAST+ (v2.9.0).
Katana resources: nodes = 1, processors = 16, memory = 120 GB, wall time =12 h
average nucleotide_identity.py is a python script that is part of the pyani module of Python. It
was used for calculating ANI using the options below:
= -ispecified the input file name that contained a list of the OTU and reference FASTA
file names.
= -0 specified the output file name.
= -m ANIb used BLAST+ for aligning the sequences in the FASTA files.
= g generated ANI heatmaps.
= _-gformat jpg specified the ANI heatmap file format.
= --noclobber prevented the program from deleting any existing output files.
= _-nocompress prevented the program from compressing or deleting the comparison
outputs.
= _-scheduler multiprocessing allowed the program to use multiple processors for parallel
runs.
= —-workers 16 specified the number of processors used for parallel runs.

= -y printed the command-line options to the log output file, for future reference.
2.2.5 Contig alignment and genome visualisation
2.2.5.1 Contig alignment

To assess how similar or dissimilar an OTU was from its closest related reference, the

OTU contigs were aligned against the reference genome.

makeblastdb -in ReferenceGenome.fasta -dbtype nucl -out ReferenceGenomeDB
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blastn -task megablast -query OTUcontigsSeqs.fasta -db ReferenceGenomeDB -out
OTUalignment.sam -outfmt "17 SQ SR" -evalue 0.001

samtools view -bS OTUalignment.sam > OTUalignment.unsorted.bam
samtools sort -1 9 OTUalignment.unsorted.bam > OTUalignment.bam

samtools index OTUalignment.bam

Prerequisites (version): Blast+ (v2.6.0), Samtools (v1.5).
Katana resources: nodes = 1, processors = 16, memory = 96 GB, wall time =12 h
makeblastdb is a module of BLAST+ that was used to prepare database index files. This needs
to be run only once on a database, to create index files. All subsequent alignment runs used the
indexed files. The -dbtype nucl option specified that the output database index file should be a
nucleotide sequence file.
blastn is the alignment module of BLAST+ that aligned query nucleotide sequences (-query)
against a reference nucleotide database index (-db). Other options include:
= -task megablast was used for finding highly similar sequences (closely related species).
= —outfmt “17 SQ SR” instructed the program to prepare a SAM output file (17) that
included the sequence data (SQ) and displayed the reference sequence as the subject
(SR).
= —evalue 0.001 set the maximum permissible e-value of an alignment to 0.001. Only
alignments with e-value <0.001 were reported in the output file.
samtools view, samtools sort, and samtools index were used as described above in section

2.24.1.
2.2.5.2 Genome visualisation

The IGV GUI was used to visualise the contig alignment output files (BAM and BAI
files), to assess how similar the OTU or MAG was to the genome of its closest related
species. The reference genome FASTA file was uploaded to IGV (Genomes > Load
Genome from File > select file > Open), along with the alignment BAM files (File >
Load from File > select the BAM file(s) only > Open). IGV creates a reference
genome index file (fasta.fai) in the folder where the reference file is stored. Importantly,
the BAI files need to be stored in the same folder as the BAM files, although they are
not directly uploaded to IGV, instead IGV automatically reads the BAI files in the
folder (used for analyses in Chapters 4 and 5).

Apart from the BLAST and IGV approach, Mauve was used for both alignment and

genome visualisation. The recommended ‘Align with progressiveMauve’ algorithm was

77




used for the alignment of two or more input FASTA files; each FASTA file can have

multiple sequences (used for analyses in Chapters 4 and 5).
2.2.6 Assessing OTU phylogeny

The phylogenies of OTUs were assessed using MEGA. For multiple sequence
alignment, the DNA or protein sequences were first uploaded to the software. DNA
sequences were aligned using ClustalW algorithm, whereas protein sequences were
aligned using MUSCLE algorithm. The alignment files were then used for generating
phylogenetic trees using 500 or more bootstrap replicates, to assess the evolutionary

relationship between an OTU and its closest related taxa/clades (used for analyses in

Chapters 4 and 5).
2.2.7 Statistical analyses

PRIMER v7 software was used for the statistical analyses of Megahit-assembled
metagenomes from Deep Lake surface samples collected in Dec 2006, Nov 2008, Dec
2013, Jun 2014, and Dec 2014; Club Lake surface samples collected in Nov 2014; and
surface samples from Rauer Lakes 1, 3, 6, and 13 collected in Jan 2015 (Appendix A).
This analysis was performed to assess variations in the relative abundances of OTUs
identified in the metagenomes from hypersaline lakes in the Vestfold Hills (Deep Lake
and Club Lake) and the Rauer Islands (Rauer Lakes 1, 3, 6, and 13). The seasonal
variations in the relative abundances of OTUs were also assessed using some of the
Deep Lake time-series samples. The OTU abundances were calculated using the
LAST/MEGAN-LR output (section 2.2.2.2). For metagenomes from each lake and time
period, the OTU abundances from all filter fractions were averaged, and the merged
metagenome datasets were used for various PRIMER v7 analyses, including calculation
of relative OTU abundances, alpha diversity and other diversity measures, and sample

clustering based on relative OTU abundances.

To calculate relative OTU abundances using PRIMER v7, an Excel sheet containing
OTU abundance data was prepared, with merged metagenomes as sample columns and
OTUs as variable rows. Sample factors, such as lake and season name, were added to
the Excel sheet, below the last OTU name, leaving one row empty between the species
abundances and sample factors. The Excel sheet was uploaded to PRIMER v7 and the
percentage relative OTU abundances were calculated using PRIMER v7. The diversity

measures were calculated from the relative OTU abundances. Alpha diversity, species
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richness, and species evenness were measured using Simson’s index of diversity (1-1"),
total species-level OTUs in the merged metagenome, and Pielou's evenness index,
respectively. All other measures were unchecked before producing the result. Sample
clustering was also performed on relative OTU abundances. The relative abundances
were square root transformed and used for preparation of a resemblance matrix of
percentage similarities between the samples. The resemblance matrix data was utilised
for creating a dendrogram using the UPGMA (unweighted pair group method with

arithmetic mean) clustering method.

2.3 Method test results and discussion

To improve the preliminary metagenome analysis pipeline (Cavlab pipeline v1.2), a
number of software and methods were tested on metagenomes from meromictic lakes
(Ace Lake, Organic Lake) and hypersaline lakes (Deep Lake, Club Lake, Rauer Lakes),
to assess their suitability for the analysis of Antarctic metagenomes. Some methods
were tested on metagenomes from both types of lakes (meromictic as well as
hypersaline), to determine if they were robust enough to produce results from very
different lake systems. In order to verify the reliability of the software or methods,
specifically for taxonomic classification and OTU abundance estimation, their outputs
were compared to previously reported data from Ace Lake (Rankin et al, 1997; Rankin,
1998; Powell et al, 2005; Ng et al, 2010; Lauro et al, 2011), Deep Lake (DeMaere et al,
2013), and Organic Lake (Bowman et al, 2000a; Yau et al, 2013).

Ace Lake is a stratified lake with an upper oxic zone, an oxyline/halocline, and a lower
anoxic zone. A high abundance of a Synechococcus has been reported in Ace Lake
upper oxic zone, just above the oxycline, using a combination of flow cytometry
techniques and /65 rRNA gene sequence comparisons (Rankin et al, 1997; Rankin,
1998; Powell et al, 2005). This observation was supported by additional /6S rRNA
gene-based and metagenome read-based analyses of biodiversity in the Ace Lake upper
oxic zone (Lauro et al, 2011). Moreover, the high abundance of a GSB, closely related
to Prosthecochloris vibrioformis DSM 265 (now C. phaeovibrioides DSM 265), has
been reported in Ace Lake oxycline (Ng et al, 2010). The researchers assembled the
draft genome (nine scaffolds) of the GSB from a 0.1 um-filter Ace Lake oxyline

metagenome and found that 77% of all metagenome reads belonged to this microbe.
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This was supported by a similar report of a clonal population of a Chlorobium in Ace
Lake oxycline, based on the high score matches of /65 ¥YRNA gene fragments (e-value <
10%) and high identity matches of metagenome reads (>60% identity; e-value < 107°)
(Lauro et al, 2011). Deep Lake, a hypersaline oxic lake, is abundant in haloarchaea, and
is marked by the intergenera exchange of long (~35 kb), high identity (100%) DNA
sequences (DeMaere et al, 2013). Among the haloarchaea, three were reported to be
highly abundant — 44% Halohasta litchfieldiae, 18% halophilic archacon DL31, and
10% Halorubrum lacusprofundi in Deep Lake samples. The researchers used a
combination of /6S rRNA gene sequence comparison for taxonomy identification and
stringent fragment recruitment (FR) of metagenome reads (>98% match identity and
>90% alignment fraction) for abundance calculation. Organic lake, a stratified,
hypersaline lake, was reported to mainly support populations of heterotrophic bacteria,
such as Psychroflexus, Marinobacter, Halomonas, and Roseovarius, based on 16S rRNA

gene sequence comparison (Bowman et al, 2000a; Yau et al, 2013).

Overall, the taxonomic composition of three lakes have been verified by multiple
research groups using /6S rRNA gene sequences, which is the most commonly used
marker gene. Additionally, some of the researchers have used either flow cytometry or
stringent FR of reads for OTU abundance calculations. Therefore, these previously
reported taxonomies and their abundances were used as references for the validation of

the output of software/methods tested on Antarctic metagenomes.
2.3.1 Metagenome taxonomic diversity and OTU abundance

Software tested for the analysis of metagenome taxonomic diversity included PhyloSift,
MetaPhlAn2, and Kaiju using filtered read sequences (section 2.3.1.1 below),
DIAMOND and MEGANG using protein sequences (section 2.3.1.2 below), and LAST
and MEGAN-LR using contig sequences (section 2.3.1.3 below). Apart from these, the
protein taxonomies in the Phylodist file were used to generate contig taxonomies, which
were used for assessing metagenome taxonomic diversity and for calculating OTU

abundances (section 2.3.1.4 below).
2.3.1.1 Read-based taxonomic diversity analysis

Read-based taxonomic classification methods are often useful, because they allow for
easy and straight forward calculation of OTU abundances. A taxon abundance can be

calculated by simply counting the number of reads assigned to it, and its relative
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abundance can be calculated by dividing the abundance by the total number of reads in

the metagenome.
PhyloSift

PhyloSift was a part of Cavlab pipeline v1.2 and was used for read-based taxonomic
classification and abundance estimation (Appendix B). PhyloSift database comprises of
a core and an extended set of marker genes, and for metagenomic analysis it is
preferable to use the extended set of marker genes to capture as much taxonomic
information as possible. However, one of the limitations of running PhyloSift on
metagenomic data was the size of the dataset; PhyloSift runs on metagenomes using the
extended set of marker genes did not complete within the maximum available wall time
(200 hours) on the UNSW Katana computer cluster. Apart from this, each PhyloSift run
automatically downloads the latest version of the online PhyloSift database, as part of
the program run. However, the updates in the online PhyloSift database interrupted any
on-going PhyloSift runs and caused errors. To avoid this issue, the software, along with
its latest databases, were downloaded to the Katana scratch node and the PhyloSift
program was provided paths to the offline versions of the PhyloSift databases (Cavlab
pipeline v1.3a). Despite fixing the PhyloSift database issue, the sheer size of the
metagenome datasets prevented successful runs and the software was removed from the

Cavlab pipeline in v2.0.
MetaPhlAn2

MetaPhlAn2, a software for profiling the taxonomic composition of metagenomes, was
tested for read-based taxonomic diversity analysis and relative abundance estimation
and was added to Cavlab pipeline in v3.0. MetaPhlAn2 database is composed of clade-
specific markers, which allows for more accurate taxonomic assignment of reads.
However, this limits the analysis to systems with well-characterised taxonomic
diversity, as was observed during the analysis of Antarctic metagenomes that tend to
have uncommon and some unique taxa, most of which have never been cultured.
MetaPhlAn2 runs on a few Ace Lake metagenomes, to assess the viability of its read-
based taxonomic diversity analysis of Antarctic metagenomes, showed that its database
(DBv20) was not useful for the analysis of Antarctic metagenomes — less than 0.4% of

the total filtered reads in any metagenome were assigned a taxonomy (Table 2.3).
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Table 2.3 Read-based taxonomic diversity analysis of some Ace Lake metagenomes using
MetaPhlAn2. * The samples in the first column refer to the metagenomes from Ace Lake
(Appendix A). B The number of reads that were assigned a taxonomy using MetaPhlAn2
database v20 (DBv20) are mentioned in the last column. The percentages were calculated by

dividing the number of assigned reads by the total number of reads in a metagenome.

Metagenome Number of Total number of Number of read
(collection date; depth; filter OTUs filtered reads assignments (% read
fraction)” identified assignments)®
19/11/2008; 5 m; 0.8 um 16 58,374,702 180,050 (0.31%)
21/11/2008; 11.8 m; 0.8 um 17 70,074,842 209,257 (0.30%)
21/11/2008; 12.8 m; 0.8 um 3 53,708,884 191,171 (0.36%)
21/11/2008; 14.1 m; 3 um 6 59,786,200 7,471 (0.01%)
21/11/2008; 14.1 m; 0.8 um 6 60,749,386 7741 (0.01%)
21/11/2008; 18 m; 0.8 um 5 71,060,470 38,230 (0.05%)
23/11/2008; 23 m; 0.8 um 8 59,324,648 7,459 (0.01%)

To improve the MetaPhlAn2 database (DBv20) for use with Antarctic metagenomes,
clade-specific markers associated with some of the more known, abundant taxa in Ace
Lake and Deep Lake were added to the database (Appendix E). Testing the manually
updated database on one of the Ace Lake metagenomes (Nov 2008 5 m_0.8 pm-filter)
showed slight, but not significant, improvement in the taxonomic assignment of the
filtered reads — % read assignments: 0.31% using DBv20 vs 0.32% using updated
database. Therefore, the MetaPhlAn2 database needs to be updated with markers for
Antarctic and other polar and cold environment species. However, this can be an
exhaustive and time-intensive task. Before adding a marker to the database, which needs
to be done manually (section 2.2.2.3), it must first be matched and scored against all
other markers already in the database, which is important for proper abundance
estimation. This was not done for the markers listed in Appendix E, since the purpose of
adding those markers was to first assess the improvement in read taxonomic

assignment, which is unaffected by the marker score. Considering the MetaPhlAn2

database issues, the software was removed from the Cavlab pipeline in v3.1.
Kaiju
As the trials of PhyloSift and MetaPhlAn2 with Antarctic metagenomes were

unsuccessful, a simpler, yet efficient, taxonomic classification tool, namely Kaiju, was

82



tested for the read-based taxonomic diversity analysis of the Antarctic metagenomes.
The NCBI-nr protein database was used as reference for Kaiju runs, since it is more
exhaustive than marker-based databases, although less specific. Kaiju runs were
performed on a few metagenomes from Ace Lake and Deep Lake, to assess the viability
and robustness of its taxonomic classification of Antarctic metagenome reads (Table
2.4). For this, the greedy-5 algorithm of Kaiju was used, as it is better at taxonomic
classification of environmental samples than the Kaiju MEM algorithm (Menzel et al,
2016). Additionally, its overall precision and sensitivity in genus and phylum-level
classification of paired-end Illumina reads (250 nt) is better than that of the other Kaiju

algorithms (Menzel et al, 2016).

Table 2.4 Read-based taxonomic diversity analysis of some Ace Lake and Deep Lake
metagenomes using Kaiju. The relative abundances of the taxa were calculated by Kaiju —
total reads assigned to a taxon divided by the total reads in the metagenome. * The samples in
the first column refer to the metagenomes from Ace Lake and Deep Lake (Appendix A). B The
reads that were not assigned to any taxa were referred to as ‘unclassified’ or ‘unassigned’ in

Kaiju output.

Number of

Metagenome
Relative OTUs with ~ Number of

(collection date; OTUs with relative abundance

depth; filter >1%

abundance relative unclassified/una
of Viruses abundance ssigned reads®
<1%
Candidatus Pelagibacter ubique
(3%)
Candidatus Aquiluna sp.
IMCC13023 (3%)
21/11/2008; Pelagibacteraceae bacterium
11.8 m; 0.8 ym BACL20 MAG-120920-bin64
(2%)
Microbacteriaceae bacterium
BACL28 MAG-120531-bin53
(1%)

fraction)*

16% 23,859 52%

Chlorobium phaeovibrioides

21/11/2008;

(50%) 0.2% 17,025 36%
12.8 m; 0.1 pm

Pelodictyon luteolum (4%)
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Chlorobium phaeobacteroides

(2%)
None.
21/11/2008; Highest relative OTU abundance
0.8% 25,552 79%
14.1 m; 0.1 um was 0.3% (archacon
BMS3Abinl7)
None.
23/11/2008; 23 Highest relative OTU abundance
1% 25,568 82%
m; 0.1 pum was 0.2% (archaeon
BMS3Abinl7)
Chlorobium phaeovibrioides
25/11/2013;
(19%) 0.8% 23,090 57%
12.5m; 0.1 um

Pelodictyon luteolum (2%)

Deep Lake

halophilic archacon DL31 (16%)

1/12/2006; 0 m;
Halorubrum lacusprofundi (7%) 0.8% 21,140 58%
Natrinema sp. CBA1119 (1%)

24/11/2014; 0  Halorubrum lacusprofundi (6%)

m; <0.1 pm halophilic archaeon DL31 (4%)

0.8 um

0.7% 7,554 80%

Kaiju output showed that taxonomic diversity varied with depth in Ace Lake, and that in
Deep Lake, haloarchaea were highly abundant; these findings were consistent with
previous observations from Ace Lake and Deep Lake (Lauro et al, 2011; DeMaere et al,
2013). However, the OTU abundances calculated by Kaiju in metagenomes from the
two lake systems were very different from previously reported abundances. For
example, in samples from Deep Lake, the relative abundance of Hht. litchfieldiae has
been reported to be as high as 44% (DeMaere et al, 2013), but Kaiju calculated its
relative abundance to only 0.8%. As horizontal transfer of long, high identity regions
(~35 kb in length) has been reported among the haloarchaea in Deep Lake (DeMaere et
al, 2013) and because Kaiju algorithm is a k-mer based method that relies on exact
matches of short sequences, it is possible that most of the reads matched multiple
haloarchaea genomes and were assigned to no taxa. Another issue with the Kaiju output
was the high percentage of total reads in a metagenome that could not be assigned a
taxonomy and were reported as unassigned or unclassified reads (36—82%).

Additionally, Kaiju v1.6.2 used for this analysis did not calculate relative abundances of
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viruses at lower taxa levels (family, genus, species), and rather aggregated the
abundances of all viruses under ‘Viruses’ taxon. Therefore, based on these issues Kaiju
was not added to the Cavlab pipeline for read-based taxonomic classification and

abundance analysis.

Read-based taxonomy is based on the alignment of very small sequences and has a
higher probability of being wrongly assigned to a taxon than a protein or a contig
sequence. Additionally, most of the reads in the analyses above could not be assigned a
taxonomy and were reported as unassigned or unclassified reads. Therefore, protein and
contig taxonomic classification methods were also explored alongside read-based

methods.
2.3.1.2 Protein-based taxonomic diversity analysis

DIAMOND and MEGANG6 component of Cavlab pipeline v2.0 was tested for the
taxonomic classification of protein sequences in Megahit-assembled metagenomes from
Ace Lake 2008 and Deep Lake 20132015 time-series metagenomes (Appendix A). The
outputs of the DIAMOND/MEGANG6 runs showed that the method was reliable at
higher taxa levels, as it corroborated previously observed data (Lauro et a, 2011;
DeMaere et al, 2013). It showed high abundance of bacteria throughout the Ace Lake,
with a few algae in the upper, oxic zone and some archaea in the lower, anoxic zone
(Figure 2.2), and high abundance of haloarchaea in Deep Lake, irrespective of change in
season (Figure 2.3). The method was also robust, because it worked on metagenomes
from very different lake systems. However, DIAMOND/MEGANG6 method was not
able to effectively assign proteins to lower taxa levels, such as genus and species. For
example, in the 0.1 um-filter metagenome from Ace Lake 2008 oxycline, 85% of the
total proteins in the metagenome were classified to Bacteria domain (Figure 2.2), but
only 13% of the total proteins were classified to C. phaeovibrioides. This was
inconsistent with previous reports of a very high abundance of a Chlorobium closely
related to C. phaeovibrioides in the Ace Lake oxycline (Ng et al, 2010; Lauro et al,
2011).
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Figure 2.2 DIAMOND and MEGANG output for Megahit-assembled Ace Lake 2008
metagenomes. The bar chart shows the number of proteins assigned to Bacteria (dark green),
Viruses (orange), Archaea (purple), and Eukarya (green) in samples collected from six Ace
Lake depths (U2, U3, I, L1, L2, L3) on three filters (3, 0.8, 0.1) in Nov 2008. Depths: U2, upper
2; U3, upper 3; 1, interface; L1, lower 1; L2, lower 2; L3, lower 3. Filter fractions: 3, 3—20 um;
0.8,0.8-3 um; 0.1, 0.1-0.8 um.

This issue with species-level classification was also observed in the
DIAMOND/MEGANG6 output of Deep Lake 2013-2015 time-series metagenome
analysis, where more proteins were assigned to Halobacterium sp. DL1 than to Hrr.
lacusprofundi, although the dominant species was Hht. litchfieldiae along with DL31.
This was inconsistent with previous observations of haloarchaea species abundance in
Deep Lake (44% Hht litchfieldiae, 18% DL31, 10% Hrr. lacusprofundi, and 0.3% DLI,;
DeMaere et al, 2013). Similar to what was observed in Deep Lake Kaiju output (Table
2.4), it is possible that most Deep Lake metagenome proteins had matches to proteins
from multiple haloarchaea genomes, due to known HGT among the Deep Lake
haloarchaea (DeMaere et al, 2013). Hence, MEGANG6 could not confidently assign the
proteins to species-level, thereby classifying them to higher taxa levels instead. Another
possibility was that the deviations observed in the DIAMOND/MEGANG6 outputs,
compared to previously reported observations, reflected actual changes in the systems
over time. If so, then all taxonomic diversity analyses performed on these metagenomes
should yield similar results. However, the contig-based taxonomy analysis of the Deep
Lake metagenomes using LAST/MEGAN-LR approach did not support these
observations from the DIAMOND/MEGANG6 output (described below in section
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2.3.1.3). Therefore, DIAMOND/MEGANG6 output from the Cavlab pipeline was not
used for assessing the taxonomic composition of Antarctic metagenomes, and was

limited to COG-based functional potential analysis (described below in section 2.3.3.1).

Figure 2.3 DIAMOND and MEGANG output for Megahit-assembled Deep Lake 2013—
2015 time-series metagenomes. The phylogenetic tree shows the higher-level taxa (domain to
class) to which most of the metagenome proteins were assigned (red-highlighted). For each
taxon, from left to right, the number of proteins assigned to it are shown in metagenomes from
3-20 um-filter collected in Dec 2013 (M), Feb 2014 (' ), Jun 2014 (M), Aug 2014 (H), Nov
2014 (H), Dec 2014 (M), and Jan 2015 (M); followed by metagenomes from 0.8-3 pum-filter
collected in Dec 2013 (M), Feb 2014 (M), Jun 2014 (), Aug 2014 (M), Nov 2014 (M), Dec
2014 (), and Jan 2015 (* ); metagenomes from 0.1-0.8 um-filter collected in Dec 2013 (),
Feb 2014 ("), Jun 2014 (l), Aug 2014 (), Nov 2014 (), and Dec 2014 (ll); and
metagenomes from <0.1 pm-filter collected in Nov 2014 (i), Dec 2014 (M), and Jan 2015 ().
DPANN group, Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and
Nanohaloarchaeota group; TACK group, Thaumarchaeota, Aigarchaeota, Crenarchaeota, and

Korarchaeota.

As aresult, contig-based taxonomic diversity analysis of Antarctic metagenomes was
considered, because contigs have a lower probability of incorrect taxonomic assignment
than proteins, considering their longer lengths. This would also reduce the chance of

any bias that might be caused due to HGT.

2.3.13 Contig-based taxonomic diversity analysis
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To assess the robustness of the LAST/MEGAN-LR method for contig-based taxonomic
diversity analysis, the method was tested on various Megahit-assembled metagenomes
from Ace Lake 2006 and 2008, Organic Lake 2006, Deep Lake 2006, 2008, and 2013—
2015, Club Lake, and Rauer Lakes 1, 3, 6, 11, and 13 (Figures 2.4 and 2.5). In
MEGANG6 GUI, the taxa names along with the names of the contigs assigned to them
were exported to a file and this exported data, in concert with the data in the
metagenome contig coverage files, containing contig IDs and their read depths, was

used for calculating relative OTU abundances (section 2.2.2.2).

LAST/MEGAN-LR output of the Ace Lake meromictic system showed that the Upper
zone mainly harboured phototrophic bacteria and algal viruses (53% and 35% peak
relative abundances, respectively), whereas the Interface was dominated by a high
relative abundance of Chlorobium (91% peak relative abundance), along with members
of Deltaproteobacteria (59% peak relative abundance), which were also abundant in the
Lower zone (Figure 2.4); these corroborated previous findings (Bowman et al, 2000b;
Ng et al, 2010; Lauro et al, 2011). Members of candidate phyla, such as Cloacimonetes
and Atribacteria (18% and 10% peak relative abundances, respectively), were also
observed in Ace Lake Lower anoxic zone. Among the phototrophs, a Synechococcus
was one of the predominant cyanobacteria in Ace Lake oxic zone (39% peak relative
abundance) just above the oxycline, which has also been reported before (Rankin et al,
1997; Rankin, 1998; Powell et al, 2005; Lauro et al, 2011). Therefore, the
LAST/MEGAN-LR runs on Ace Lake were successful, and the method was inferred to

be reliable for Ace Lake analysis.

Apart from some members of Alphaproteobacteria, Actinobacteria, and Bacteroidetes,
and some algal viruses and bacteriophages that were common to Organic Lake and Ace
Lake, the surface metagenomes from Organic Lake had a distinct population of
members of Flavobacteriia (Bacteroidetes) (Figure 2.4). Psychroflexus, members of
Flavobacteriia class, were highly abundant in 3-20 and 0.8-3 um-filter fractions from
Organic Lake surface (average of relative abundance in 3—20 and 0.8-3 um filter
fractions: 25% Psychroflexus torquis and 14% Psychroflexus gondwanensis), similar to
previous reports (Bowman et al, 2000a; Yau et al, 2013). Therefore, the
LAST/MEGAN-LR runs on Organic Lake were successful, since the output taxonomic

diversity conformed to reference data.
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Figure 2.4 LAST and MEGAN-LR output for Megahit-assembled metagenomes from
Antarctic meromictic lake systems — Ace Lake and Organic Lake. The heat map represents
the relative abundance of OTUs identified in Megahit-assembled metagenomes from three filter
fractions (3, 0.8, 0.1) and six depths (U2, U3, I, L1, L2, L3) of Ace Lake, samples collected in
2006 and 2008, as well as Organic Lake surface (U1), samples collected in 2006. The gradient
bar represents the percentage relative OTU abundances. The OTUs shown here are some of the
most abundant OTUs observed in Ace Lake and Organic Lake, with relative abundance >5% in

at least one metagenome. The white portions of the heat map represent relative abundances
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<1%. Depths: U1, upper 1; U2, upper 2; U3, upper 3; I, interface; L1, lower 1; L2, lower 2; L3,
lower 3. Filter fractions: 3, 3-20 um; 0.8, 0.8-3 pm; 0.1, 0.1-0.8 um.

LAST/MEGAN-LR output of the analysis of Megahit-assembled metagenomes from
Deep Lake hypersaline system showed dominant presence of haloarchaea in the surface
waters (Figure 2.5). Hht. litchfieldiae (64% peak relative abundance) was the most
abundant haloarchaea species in Deep Lake, followed by DL31 and Hrr. lacusprofundi
(43% and 17% peak relative abundances, respectively), similar to previous observations
in Deep Lake samples from 2006 (44% Hht litchfieldiae, 18% DL31, and 10% Hrr.
lacusprofundi; DeMaere et al, 2013). The relative abundances of the haloarchaea were
unaffected by the change in season according to the LAST/MEGAN-LR output (Figure
2.5), which was similar to the observations from DIAMOND/MEGANG®6 output of Deep
Lake (Figure 2.3). Further comparison of LAST/MEGAN-LR with
DIAMOND/MEGANG6 outputs of Deep Lake showed that the contig-based taxonomic
diversity analysis was more reliable than protein-based analysis, which did not
corroborate previous findings. Therefore, the LAST/MEGAN-LR runs on Deep Lake

were successful and reliable.

Club Lake, which is also a hypersaline system, showed a similar taxonomic diversity of
haloarchaea as was observed in Deep Lake: Hht. litchfieldiae (51% peak relative
abundance) being the most abundant haloarchaea species, followed by DL31 and Hrr.
lacusprofundi (30% and 15% peak relative abundances, respectively) (Figure 2.5). Both
hypersaline systems showed presence of a similar population of haloarchaea viruses
(peak relative abundance: 15% in Deep Lake and 7% in Club Lake), but not halophilic
bacteria (Figure 2.5). All halophilic bacteria identified in Club Lake had relative
abundance <1% in all metagenomes from the lake, supporting the dominance of
haloarchaea in the system. As Deep Lake and Club are both hypersaline systems and lie
in close proximity (less than 2 km apart), it was interesting that their taxonomic
composition was so similar, and it raised questions about the effect of salinity and
distance between the lakes on their taxonomic composition. As the taxonomic
composition of Club Lake had not been analysed prior to these LAST/MEGAN-LR
runs, there was no way to assess the reliability of the output. However, the
LAST/MEGAN-LR output for Club Lake metagenomes was considered to be
successful, because the method had reliable outputs from Deep Lake, which is another

hypersaline system in close proximity to Club Lake.
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Figure 2.5 LAST and MEGAN-LR output for Megahit-assembled metagenomes from
Antarctic hypersaline lake systems — Deep Lake, Club Lake, and Rauer Island lakes. The
heat map shows the relative abundance of OTUs in Megahit-assembled metagenomes from
three filter fractions (3, 0.8, 0.1) from the surface of Deep Lake (samples from 2006, 2008, and
2013-2015), from four depths of Deep Lake (2008), and from the surface of Club Lake (2014)
and Rauer Lakes 1, 3, 6, 11, and 13 (2015). The gradient bar represents the percentage relative

OTU abundances. The OTUs shown here are some of the most abundant OTUs observed in
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Deep Lake, Club Lake, and Rauer Island lakes, with relative abundance >2% in at least one
metagenome. The white portions of the heat map represent relative abundances <1%. Lakes:
CL, Club Lake; R1L, Rauer 1 Lake; R3L, Rauer 3 Lake; R6L, Rauer 6 Lake; R11L, Rauer 11
Lake; R13, Rauer 13 Lake. Filter fractions: 3, 3-20 um; 0.8, 0.8—-3 um; 0.1, 0.1-0.8 um; TFF
(tangential flow filtration), <0.1 pm. Candidatus Kaiserbacteria bacterium, Candidatus
Kaiserbacteria bacterium RIFOXYD1 FULL 42 15; Candidatus Aquiluna sp.; Candidatus
Aquiluna sp. UB-MaderosW2red.

Lastly, the LAST/MEGAN-LR method was tested on metagenomes from hypersaline
lake systems in the Rauer Islands, Antarctica (Figure 2.5). Unlike Rauer 1 Lake, which
mainly harboured a bacterial population, the Rauer Lakes 3, 6, 11, and 13 showed high
abundance of haloarchaea that were also present in Deep Lake and Club Lake in the
Vestfold Hills, albeit their abundances were not as high as in Vestfold Hill lakes.
However, unlike Deep Lake and Club lake, Rauer Lakes 3, 6, 11, and 13 supported a
larger bacterial population, including members of Bacteroidetes, Balneolaeota,
Actinobacteria, and candidate phyla, such as Parcubacteria and Kaiserbacteria. The
taxonomic diversity of Rauer 1 Lake was almost completely different from that
observed in Rauer Lakes 3, 6, 11, and 13, except for a Flavobacteriia (Psychroflexus
gondwanensis) and a diatom (Fistulifera solaris) that were present in all Rauer Island
lakes tested (Figure 2.5). A pigment-based high-performance liquid chromatography
study on Rauer Island lake samples identified presence of certain eukarya and
cyanobacteria in some of the lakes (Hodgson et al, 2001). Other than this, there were no
previous studies on the taxonomic composition of Rauer Island lakes at the time.
Therefore, due to the lack of taxonomic data from Rauer Lakes 1, 3, 6, 11, and 13, the
reliability of the LAST/MEGAN-LR output from Rauer Island lake metagenomes could
not be verified. However, the LAST/MEGAN-LR method was considered to work on
Rauer Island lake metagenomes, as with Club Lake metagenomes, since it had worked

reliably on metagenomes from Deep Lake, which is also a hypersaline lake system.

MEGAN-LR was specifically developed for the taxonomic classification of contigs and
long reads and uses the ‘interval-union LCA’ algorithm, which allows for stringent and
reliable mapping of contigs to taxa (Chapter 1 section 1.4.1.2). In this algorithm, a
contig is assigned to a taxon only if the proteins from the taxon cover 80% or more of
the contig sequence, considering only the protein alignments with a significant bit score

(Huson et al, 2018). Based on the outputs of LAST/MEGAN-LR runs on metagenomes
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from Ace Lake, Deep Lake, Club Lake, Organic Lake, and Rauer Island lakes 1, 3, 6,
11, and 13, the method was found to be reliable, since the output data from runs on
some of these lake systems corroborated previously reported data, and was inferred to
be robust, because the method worked on metagenomes from very different lake
systems — meromictic, hypersaline, or both. Consequently, LAST/MEGAN-LR was
added to the Cavlab pipeline v3.0 for taxonomic diversity analysis and OTU abundance

estimation.

23.14 Changes in metagenome assembly method and its impact on the

development of Cavlab pipeline

All Megahit-assembled metagenomes from the Antarctic samples were re-assembled by
JGI using metaSPAdes assembler, as part of changes to their assembly pipeline. All
samples sent to JGI for sequencing after the change in their assembly pipeline were
assembled using the metaSPAdes assembler. A comparison of contig statistics of
Megahit- and Spades-assembled metagenomes showed that Spades assemblies had more
contigs of longer sequence length, but their overall assembly size was smaller than that

of Megahit assemblies (Table 2.5).

Table 2.5 Comparison of contig statistics of Megahit- vs Spades-assembled metagenomes
from some Ace Lake and Deep Lake samples. The contig statistics mentioned in the table
were taken from the data generated by JGI after contig assembly using Megahit (M) or SPAdes
(S) assembler. * These metagenomes were used to assess the viability of Kaiju, LAST/MEGAN-
LR, and Phylodist file-based methods for taxonomic diversity analysis in Figure 2.6.
LAST/MEGAN-LR was tested on contigs from these Megahit- and Spades-assembled
metagenomes. B The percentage genome in contigs >50 kb length was calculated by dividing the
sum of length of contigs >50 kb by the sum of length of all contigs in the metagenome (total
contig length). ©N50 and L50 statistics are indicative of assembly quality. N50 is the length of
the shortest contig at 50% of the total length of all contigs in a metagenome, whereas L50 is the
smallest number of contigs whose total length contributes to at least 50% of the total contig
length of the metagenome. For example, if a metagenome has 7 contigs of lengths 10, 23, 34,
44, 56, 61, and 78 bp, then the total length of all contigs in the metagenome would be 306 bp
and 50% of this total length would be 153 bp. To calculate N50 and L50, the contigs first need
to be arranged in the order of decreasing contig lengths (78 bp, 61 bp,...). In this case, N50
would be 56 (78 + 61 = 139 + 56 = 195 > 153) and L50 would be 3 contigs (78, 61, and 56 bp),
as the total length of the contigs >56 bp contributes to at least 50% of the total contig length of
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the metagenome. © This metagenome was assembled after the changes to JGI’s assembly

pipeline, and was not assembled using Megahit. NA, not applicable.

. 25/11/2013;
Sample (collection date;  21/11/2008; 135 1m0 0.1 1/12/2006; 0 m; 24/11/2014; 0
.S m; 0.
depth; filter fraction)* 12.8 m; 0.1 um . 0.1 um m; <0.1 pm
um

Contigs >50 kb M 35 NA 33 27
length S 56 71 57 64
Contigs <1 kb M 311,340 (93%) NA 215,310 (93%) 126,639 (93%)
length (%) S 119,695 (89%) 138,631 (81%) 68,383 (87%) 45,085 (87%)

M 335,960 NA 230,986 136,229
Total contigs

S 134,843 170,162 78,454 51,989
Assembly size M 167Mb NA 120 Mb 86 Mb
(total contig
length) S 93 Mb 154 Mb 69 Mb 51 Mb
% Genome in M 2% NA 2% 3%
contigs >50 kb® S 8% 5% 8% 12%

M 51,155 bp NA 31,253 bp 17,876 bp
Contig N50€

S 14,478 bp 19,645 bp 4,628 bp 2,296 bp

M 612 NA 626 684
Contig L50€

S 1,028 1,388 1,873 2,984

In view of the better contig length statistics of the Spades assemblies and for the
purpose of consistency, the Spades-assembled metagenomes were considered for
taxonomic and functional potential analyses of Ace Lake, and the software that had
been finalised for use with the Megahit assemblies were re-tested on the Spades

assemblies (Figure 2.6).
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Figure 2.6 Comparison of taxonomic classification methods used for relative OTU
abundance estimation in Antarctic metagenomes. The bar charts show relative abundances of
(a) Halohasta litchfieldiae, (b) Halorubrum lacusprofundi, (c) halophilic archaeon DL31, and
(d) Halobacterium sp. DL1 in three metagenomes from Deep Lake surface and (e) Chlorobium
phaeovibrioides in two metagenomes from Ace Lake oxycline (Interface). Kaiju (red bars) used
filtered reads for taxonomic classification and abundance estimation. LAST/MEGAN-LR
method was used for taxonomic classification of contigs from both Megahit-assembled
metagenomes (LAST/MEGAN-LR-Megabhit, orange bars) and Spades-assembled metagenomes
(LAST/MEGAN-LR-Spades, yellow bars), and a python script was used to calculate the relative
OTUs abundances (section 2.2.2.2). The IMG protein taxonomy data (Phylodist, grey bars) was

used to assign taxonomy to Spades-assembled contigs and relative OTU abundances were
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calculated using a python script (Appendix C). Missing data bars indicate that some methods
were not tested on some of the metagenomes. Filter fractions: 0.8, 0.8-3 um; 0.1, 0.1-0.8 um;

TFF (tangential flow filtration), <0.1 pm.

LAST/MEGAN-LR runs and relative abundance calculations on the Spades-assembled
metagenomes from the different lake systems (hypersaline Deep Lake or meromictic
Ace Lake) did not always yield results that were consistent with previously reported
findings (Figure 2.6). A comparison of the relative abundances of certain key species
from Deep Lake showed that LAST/MEGAN-LR method did not work well on the
Deep Lake Spades-assembled metagenomes (Figure 2.6). For example, in the Dec 2006
0.1 um Deep Lake surface sample, the relative abundance of Hht. litchfieldiae in
Spades-assembled metagenome was much lower than that in the Megahit-assembled
metagenome (Spades 2% vs Megahit 50%), whereas the relative abundances of Hrr.
lacusprofundi (Spades 41% vs Megahit 11%) and DL31 (Spades 27% vs Megahit 5%)
were much higher, and did not match previously reported findings (44% Hht.
litchfieldiae, 18% DL31, and 10% Hrr. lacusprofundi; DeMaere et al, 2013). Contrarily,
the relative abundance of C. phaeovibrioides, closest related species to the key microbe
in Ace Lake oxycline, calculated using LAST/MEGAN-LR output, was comparable in
Megahit- (91%) and Spades-assembled (97%) metagenomes (Figure 2.6). This
difference in relative OTU abundances in Megahit- vs Spades-assembled metagenomes
was probably because MEGAN-LR could not reliably assign the Spades-assembled
long contigs to species-level taxa. The algorithm used by MEGAN-LR for the
taxonomic assignment of contigs is very stringent — a contig can be assigned to a taxon
only if the proteins from the taxon match at least 80% of the contig length, with each
protein alignment having a significant bit score, i.e., a bit score must be within 10% of
the best bit score observed for that part of the contig sequence (Huson et al, 2018).
Additionally, the contig would be assigned to the lowest common ancestor in cases
where multiple taxa cover 80% or more of the contig. For example, if a species-, genus-,
and order-level taxa cover >80% of the contig length, then the contig would be assigned
to species-level. Therefore, the simplest explanation for the higher taxa-level
assignment of most of the Spades-assembled contigs would be that the proteins from the
species-level taxa could not cover more than 80% of the contig sequence. To fix this
issue with taxonomic classification of Deep Lake Spades-assembled metagenomes,

various options in the MEGAN-LR daa2rma module, such as read assignment mode (-
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ram), lowest common ancestor coverage percentage (-lcp), and minimum support (-
sup), were changed and tested, but the problem persisted. As LAST/MEGAN-LR
method did not work on Spades-assembled Deep Lake metagenomes, i.e., the output
haloarchaea abundances were not comparable to their previously reported abundances

(DeMaere et al, 2013), it was removed from Cavlab pipeline in v4.

Instead, a new approach involving the use of protein taxonomies in the Phylodist file
was developed for contig-based taxonomic classification and OTU abundance
estimation, and the method was added to Cavlab pipeline v4 (Appendix C). The relative
OTU abundances in Ace Lake and Deep Lake Spades-assembled metagenomes
calculated using the data in the Phylodist file were comparable to the relative OTU
abundances in their corresponding Megahit-assembled metagenomes calculated using
the LAST/MEGAN-LR output (Figure 2.6); these data were also comparable to
previously reported OTU abundances in Ace Lake and Deep Lake (Ng et al, 2010,
Lauro et al, 2011; DeMaere et al, 2013). Consequently, the Phylodist file-based method
was used for taxonomic diversity analysis of Ace Lake, Ellis Fjord and Taynaya Bay

(described in Chapters 3 and 5), and select Organic Lake metagenomes.
2.3.2 OTU bin refinement and taxonomy verification

Among all the methods for taxonomic classification and abundance estimation
discussed above, the Phylodist file-based method was the most robust method for use
with Spades-assembled metagenomes. As with all taxonomic classification methods that
rely on query sequence alignment to reference genomes, the taxa identified using this
method were considered to be the closest related species to the organisms in the

metagenome, and were referred to as OTUs during analyses.

For the analysis of the taxonomic diversity of a lake system, such as Ace Lake, OTUs
with relative abundance >1% were considered, due to their higher abundance
contribution to the system. After running RefineM for bin refinement, the contigs that
did not belong to the OTU were removed from the bin. For example, most of the contigs
in Pseudomonas alcaliphila, Pseudomonas pseudoalcaligenes, and unclassified
Pseudomonas OTU bins from Ace Lake belonged to Pseudomonas E genus (97%,
90%, and 49%, respectively) (Figure 2.7). Therefore, all contigs that did not belong to
this taxon were removed from the bins. Similarly, all contigs in the C. phaeovibrioides

OTU bin from Ace Lake that did not belong to this taxon, were removed from the bin.
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The taxonomies of the refined OTU bins were further verified by assessing their ANI
and SSU rRNA gene identity to the reference genomes of their closest related species
(Table 2.6). A few examples of the outputs of RefineM, ANI, and SSU rRNA gene
identity analyses are shown in Figure 2.7 and Table 2.6. Apart from using ANI and SSU
rRNA gene identity for OTU bin taxonomy verification, the OTU bins were also
matched against MetaBAT-generated MAGs, to confirm their taxonomy.

Figure 2.7 RefineM taxonomy verification output of Pseudomonas and Chlorobium OTU
bins from Spades-assembled Ace Lake metagenomes. Krona radial, space-filling (RSF)
display is shown for three Pseudomonas OTUs, (a) Pseudomonas alcaliphila, (b) Pseudomonas
pseudoalcaligenes, and (c) unclassified Pseudomonas, and a Chlorobium OTU, (d) Chlorobium
phaeovibrioides, from Ace Lake metagenomes. The bin contigs were re-assigned a taxonomy
through the ‘taxon_profile’ module of RefineM and Krona was used for visualising the output.
The percentages alongside the taxa names indicate the number of contigs that were assigned to
the taxa relative to the total number of contigs in the OTU bin. For example, RefineM assigned
98% of the contigs in the C. phaeovibrioides bin and 97% of the contigs in the Pseudomonas

alcaliphila bin to C. phaeovibrioides and Pseudomonas_E genus, respectively, but only 49% of
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the contigs in the unclassified Pseudomonas bin to the Pseudomonas_E genus. Only the highest

contributing taxa in an OTU bin have been shown in each RSF display.

Table 2.6 Verification of OTU taxonomy using RefineM, ANI, SSU rRNA identity, and
matches to MetaBAT-generated MAGs. * The OTUs were renamed based on the outputs of
RefineM, ANI, SSU rRNA gene identity, and matches to MetaBAT-generated MAGs. [PA],

Pseudomonas alcaliphila; [PP], Pseudomonas pseudoalcaligenes.

accession ID)

(NC_009337.1)

(GCF_90010175 (GCF_000297075.

Phylodist-based Chlorobium Pseudomonas Pseudomonas unclassified
OTU taxonomy phaeovibrioides alcaliphila pseudoalcaligenes Pseudomonas
RefineM genome
summary (% OTU Chlorobium Pseudomonas E  Pseudomonas E
contigs belonging  phaeovibrioides alcaliphila alcaliphila Unclassified
to the indicated (98%) (43%) (32%)
taxon)
Pseudomonas
Pseudomonas Pseudomonas
Reference Chlorobium alcaliphila JCM
alcaliphila JCM  pseudoalcaligenes
genome/assembly  phaeovibrioides 10630
10630 CECT 5344
(Assembly DSM 265 Pseudomonas

pseudoalcaligenes

5.1) 2)
CECT 5344
ANI (alignment [PA]: 91% (68%)
) 85% (85%) 92% (82%) 96% (78%)
fraction) [PP]: 94% (58%)
16S/18S SSU
. _ 99% No match. No match. No match.

rRNA identity
Taxonomy of the

Chlorobium Pseudomonas E  Pseudomonas E Pseudomonas E
MetaBAT bin B B B

phaeovibrioides alcaliphila alcaliphila alcaliphila

match
OTU name” Chlorobium Pseudomonas E  Pseudomonas E Pseudomonas E

Based on the outputs from RefineM, ANI, and SSU rRNA gene identity analyses, and

the matches to the MetaBAT-generated MAGs, the OTUs were renamed, merged, or

split, if required. For example, the taxonomy of the contigs classified as C.

phaeovibrioides according to the Phylodist file-based method was verified using

RefineM, which also assigned 98% of these contigs to C. phaeovibrioides. Furthermore,

the refined C. phaeovibrioides OTU bin had best matches to the C. phaeovibrioides
MetaBAT MAG and was 99% identical to the /65 rRNA gene of C. phaeovibrioides

DSM 265 reference genome. However, the ANI of the OTU to the reference genome
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was only 85%, across only 85% alignment fraction. Therefore, the C. phaeovibrioides
OTU was renamed to genus-level as Chlorobium. Similarly, the contigs belonging to
the three Pseudomonas OTUs had best matches to a Pseudomonas E alcaliphila,
according to RefineM as well MetaBAT MAG matches. However, based on their ANI
to reference genomes, including Pseudomonas alcaliphila, and due to the lack of /6S
rRNA genes in the bins, the three OTUs could not be confidently renamed to species-
level. Therefore, the three bins were merged and renamed to genus-level as
Pseudomonas_E (Table 2.6). These methods were used for the analysis of Ace Lake

microbial population (discussed in Chapter 3 section 3.2.2).
2.3.3 Functional potential analysis of a system using metagenomes

Various methods for functional potential analysis of a metagenome, including
DIAMOND/MEGANG6-based COG analysis (section 2.3.3.1 below), methods using
metagenome COG and KEGG files (sections 2.3.3.2 and 2.3.3.4 below), and arCOG
analysis (section 2.3.3.3 below), were tested on a randomly selected Megahit-assembled
metagenome from Deep Lake surface 0.1 pm-filter fraction from Dec 2013 (Appendix

A).
2.3.3.1 DIAMOND/MEGANG6 COG analysis

DIAMOND/MEGANG6 COG output showed the number of proteins assigned to all COG
categories, which gave a general idea about the functional distribution of annotated
proteins in the metagenome. For example, in the Megahit-assembled Deep Lake surface
metagenome (0.1 um-filter Dec 2013), most of the proteins associated with metabolism
were assigned to COG category [E] ‘amino acid transport and metabolism” and [C]
‘energy production and conversion’, which included enzymes for amino acid and
glycerol metabolism, respectively (Figure 2.8). This coincides with the requirements of
the most abundant haloarchaea in Deep Lake, namely Hht. litchfieldiae, that prefers
glycerol and other carbohydrates as a carbon source (DeMaere et al, 2013; Williams et
al, 2017). The other prominent haloarchaea in Deep Lake, namely DL31 and Hrr.
lacusprofundi, require amino acids (DeMaere et al, 2013; Williams et al, 2017). In
MEGANG6 COG data, the proteins were assigned to multiple COG categories, if they
had hits to proteins from more than one COG category. Due to this, the sum of the
number of proteins assigned to all COG categories (33,997) and ‘No hits’ (60,365) was

more than the total annotated proteins in the metagenome (93,645) (Figure 2.8).
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It is worth noting that many of the proteins were not assigned to any COG categories
and were grouped as ‘No hits’, and it is possible that these proteins are novel, especially
considering their origin from an extremely cold lake, Deep Lake. Another limitation of
this method was that the MEGANG6 eggNOG mapping file did not include the COG
category [X] ‘mobilome: prophages, transposons’ and, therefore, the proteins that
should be assigned to category [X] would be instead classified under category [L]
‘replication, recombination and repair’ or would be poorly characterised (Galperin et al,
2015). Despite these limitations, the DIAMOND/MEGAN6 COG data can be used for a
quick, initial functional potential analysis of a large number of metagenomes, especially
in the comparative analysis mode on MEGANG6 GUI (as shown in Figure 2.3), which

allows for simultaneous comparison of data from multiple metagenomes.

Figure 2.8 MEGANG6 COG data-based functional potential analysis of a Megahit-
assembled Deep Lake metagenome. The dendrogram shows the COG categorization of the
annotated proteins in a metagenome from the Deep Lake surface (collected on a 0.1 um-filter in
Dec 2013), using DIAMOND/MEGANG6 module of Cavlab pipeline v3.1a. Tree node gradient
(green gradient) indicates the number of proteins assigned to the node, which are also
mentioned in brackets alongside the node names. Only COG categories with at least one protein

assigned to them are shown here.

2.3.3.2 IMG COG annotation data-based analysis
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The metagenome COG file-based analysis tested on the Megahit-assembled Deep Lake
surface metagenome (0.1 um-filter Dec 2013) yielded slightly different results to the
DIAMOND/MEGANG6 COG data, due to the major differences in the calculation of the
output (Figure 2.9a). DIAMOND/MEGAN6 COG output indicates the number of
proteins assigned to a COG category (Figure 2.8), whereas the metagenome COG file
output represents the abundance of a COG category calculated by summing the read
depths of contigs corresponding to predicted genes that were assigned to the COG
category (Figure 2.9a). Another difference between the two methods is that the
metagenome COG file analysis does not allow for multiple COG category assignments,
i.e., each protein was assigned to a single COG category. Moreover, the COG category
[X] was a part of the metagenome COG file-based analysis (Figure 2.9a). Regardless of
these differences between the two methods, the overall distribution of the annotated
proteins/predicted genes in the Deep Lake metagenome estimated using the two
methods was similar (Figures 2.8 and 2.9a). For example, most annotated
proteins/predicted genes belonged to category [L] in the outputs from both methods
(Figures 2.8 and 2.9a). Also, among the metabolism-related COG categories, most
annotated proteins/predicted genes belonged to categories [C] and [E] (Figures 2.8 and
2.9a). However, the output of the COG file-based analysis was considered better than
the DIAMOND/MEGANG6 COG data because: (i) it reported the abundance of the COG
categories, and not just the number of proteins assigned to a COG category, and (i1) it
included the COG category [X], which is an indicator of viral content in a metagenome.
Nevertheless, the DIAMOND/MEGANG6 method for COG analysis was retained in the
Cavlab pipeline v4.1, because its output can be used to look at individual proteins that
were assigned to a COG category and its protein taxonomy is required for arCOG
analysis (described below in section 2.3.3.3). The metagenome COG file-based analysis
was performed on Ace Lake time-series metagenomes for an in-depth analysis of the

system (discussed in Chapter 3 section 3.3.7).
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Figure 2.9 COG and arCOG functional potential analyses of a Megahit-assembled Deep
Lake metagenome. The bar charts depict COG category abundances, measured by summing
the read depths of contigs corresponding to predicted genes/annotated proteins assigned to a
COG category. The metagenome was from a surface sample collected from Deep Lake on a 0.1
pm-filter in Dec 2013 (Appendix A). a) COG analysis: The graph shows the COG
categorisation of all predicted genes in the metagenome, determined using the data in the IMG
COG annotation file and the NCBI COG database with the COG analysis component of Cavlab
pipeline v3.3. The bar colours represent COG categories associated with cellular processes and
signalling (brown), information storage and processing (blue), metabolism (green), and poorly
characterized genes (grey). The y-axis was split to show an expanded view of values below 100.
b) arCOG and COG comparative analysis: The metagenome proteins classified as Archaea
using the DIAMOND/MEGANG6 taxonomic classification method and the NCBI arCOG
database were used for generating the arCOG data (brown). The predicted genes in the IMG
COG annotation file that corresponded to the archaeal proteins and the NCBI COG database
were used to produce the COG output (blue) (Appendix D). The COG categories on the x-axis
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are grouped based on their association with cellular processes and signalling (D, M, N, O, T, U,
V, W, X, Y, Z), information storage and processing (A, B, J, K, L), metabolism (C, E, F, G, H,
I, P, Q), and poorly characterized genes (R, S). The y-axis was split to show an expanded view
of values below 500. Cellular processes and signalling — D, cell cycle control, cell division,
chromosome partitioning; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, post-
translational modification, protein turnover, and chaperones; T, signal transduction
mechanisms; U, intracellular trafficking, secretion, and vesicular transport; V, defence
mechanisms; W, extracellular structures; X, mobilome: prophages, transposons; Y, nuclear
structure; Z, cytoskeleton. Information storage and processing — A, RNA processing and
modification; B, chromatin structure and dynamics; J, translation, ribosomal structure and
biogenesis; K, transcription; L, replication, recombination and repair. Metabolism — C, energy
production and conversion; E, amino acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism;
I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary
metabolites biosynthesis, transport, and catabolism. Poorly characterized — R, general function

prediction only; S, function unknown.

2.3.3.3 arCOG analysis

Nearly all Antarctic metagenomes from hypersaline systems in the Vestfold Hills and
the Rauer Islands showed high abundance of haloarchaea (Figure 2.5), which makes it
important to use methods that specifically consider the archaeal population of these
hypersaline systems. The COG numbers generally used for COG categorisation are
mostly associated with bacteria; the updated NCBI COG database was prepared using
proteins from 628 bacterial and 83 archaeal genomes

(https:/ftp.ncbi.nih.gov/pub/COG/COG2014/static/lists/homeCOGs.html), and no

longer includes eukaryotic COGs (Galperin et al, 2015). However, with the availability
of data on archaea-specific COGs (arCOGs) on NCBI

(ftp:/ftp.ncbi.nih.gov/pub/wolf/COGs/arCOG), prepared using proteins from 168
archaeal genomes, including 27 Halobacteria genomes, a more accurate functional
distribution of archaea-rich systems can be estimated. To use arCOG for the functional
analysis of archaea-rich metagenomes, only proteins classified as Archaea by the
DIAMOND/MEGANG®6 taxonomic classification method were considered. The arCOG
number-based analysis was tested on the archaeal proteins from a Megahit-assembled
Deep Lake surface metagenome (0.1 um-filter Dec 2013). For comparison between the

arCOG and COG number assignments of the archaeal proteins, the predicted genes in
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the metagenome COG file that corresponded to the archaeal proteins were also assigned
COG categories. It was observed that the arCOG number-based assignment of the
archaeal proteins to some of the COG categories was better than their COG number-
based assignment (Figure 2.9b). For example, the abundance of COG category [X] was
much higher in the output from arCOG number-based analysis, which indicated that
more archaeal proteins were assigned to this COG category in arCOG analysis than in
COG analysis. This difference might also be because not all predicted genes associated
with the archaeal proteins had a COG number assignment in the metagenome COG file.
The arCOG analysis outputs also included a file containing the archaeal protein IDs and
their arCOG number assignments, which can be used for studying individual proteins
assigned to a COG category. For example, the archaeal proteins assigned to category
[X] can be identified using the arCOG analysis output and their taxonomic assignments
can be assessed using the DIAMOND/MEGANG6 output, which was used for extracting
the archaeal proteins (section 2.2.3.3). Therefore, the arCOG analysis was found to be

useful for assessing the functional distribution of systems that mainly harbour archaea.
2.3.34 KEGG analysis

KEGG analysis of the Megahit-assembled Deep Lake surface metagenome (0.1 um-
filter Dec 2013) was performed using the data in the metagenome KEGG file, and the
pathway/enzyme abundances were calculated from specific KO numbers (Appendix F).
In the Deep Lake surface metagenome, the abundance of genes associated with aerobic
respiration and glycerol metabolism was high (Figure 2.10), which coincided with the
high abundance of aerobic haloarchaea in the system that are known to utilise glycerol
as a major carbon source (DeMaere et al, 2013; Williams et al, 2017). Defence-
associated CRISPR-Cas core, CRISPR type 11, and CRISPR type 2IIB genes also
showed high abundance in the Deep Lake surface metagenome (Figure 2.10), which
probably corresponded to the most abundant haloarchaea in the lake that have been
shown to possess genes for CRISPR type 11 system (type I-B, I-D, or both; Tschitschko
et al, 2015). Contrarily, genes associated with processes or microbes that usually occur
in anoxic environment, such as Wood-Ljungdahl pathway, methanogenesis,
dissimilatory sulfate reduction and oxidation, and reaction core complex of GSB, were
not observed in Deep Lake (Figure 2.10), which corroborates the oxic conditions of the

lake system that mixes completely at least once a year.
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Figure 2.10 KEGG functional potential analysis of a Megahit-assembled Deep Lake
metagenome. The bar chart depicts abundances of specific pathways/enzymes, calculated by
summing the read depths of contigs corresponding to predicted genes associated with specific
KO numbers (Appendix F), using the KEGG analysis module of Cavlab pipeline v3.3 (see
Cavlab pipeline v1.2 in Appendix B for code reference). The metagenome was from a surface
sample collected from Deep Lake on a 0.1 um-filter in Dec 2013. The bar colours represent
pathways/enzymes associated with carbon cycle (grey), nitrogen cycle (blue), sulfur cycle
(yellow), defence mechanisms (orange), light-based energy production (green), and other
processes (purple). The y-axis was split to show an expanded view of values below 25. (A),
assimilatory; Cas, CRISPR-associated; CBB cycle, Calvin—Benson—Bassham cycle; CO
oxidation, carbon monoxide oxidation; CRISPR, clustered regularly interspaced short
palindromic repeats; (D), dissimilatory; DMSO, dimethyl sulfoxide; PHA,
polyhydroxyalkanoate; RC complex-GSB, reaction centre complex-green sulfur bacteria; RC
complex-PB, reaction centre complex-purple bacteria; rTCA cycle, reverse tricarboxylic acid
cycle; Sox, sulfur oxidation; SqrA, sulfide quinone reductase A; WL pathway, Wood-Ljungdahl
pathway.

While the COG analysis can give a broad overview of the functional distribution of a
system or metagenome, the KEGG analysis allows for a more detailed investigation of
individual pathways and the organisms that might contribute to it, giving a clearer

picture of the biogeochemistry of the system. This KEGG analysis was used for an in-
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depth assessment of Ace Lake time-series metagenomes (discussed in Chapter 3 section

3.3.7.1).
2.3.4 Metagenome statistical analyses

PRIMER v7 analysis of Megahit-assembled metagenomes from hypersaline lakes in the
Vestfold Hills (Deep Lake and Club Lake) and the Rauer Islands (Rauer Lake 1, 3, 6,
and 13) showed that the taxonomic composition of the lakes from the two Antarctic
zones was quite different (Figure 2.11a). The Vestfold Hill hypersaline lakes showed
very high relative abundance of Archaea (peak relative abundance: 93%) and
comparatively low relative abundance of Viruses, Bacteria, and Eukarya (peak relative
abundances: 10%, 3%, and 0.5%, respectively) (Figure 2.11a). On the other hand, Rauer
Island hypersaline lakes showed very high relative abundance of either Bacteria only (as
seen in Rauer 1 Lake: 66%) or both Bacteria and Archaea (as seen in Rauer Island lakes
3, 6, and 13 — peak relative abundance: 66% and 52%, respectively), along with
Eukarya and Viruses (peak relative abundances in all Rauer Island lakes: 10% and 24%,
respectively) (Figure 2.11a). This difference in the taxonomic composition was also
marked by the separate clustering of the Vestfold Hill metagenomes from the Rauer

Island lake metagenomes (Figure 2.11b).
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Figure 2.11 PRIMER v7 analysis of Megahit-assembled metagenomes from Antarctic
hypersaline lake systems — taxonomic diversity and sample clustering. (a) The bar chart
shows relative abundances of Archaea (blue-shaded stacked bar), Bacteria (mm), Eukarya (mm),
and Viruses (M) in metagenomes from the surface of Deep Lake (DL), Club Lake (CL), Rauer
1 Lake (R1L), Rauer 3 Lake (R3L), Rauer 6 Lake (R6L), and Rauer 13 Lake (R13L). Archaea
relative abundances are shown using a stacked bar, which includes relative abundances of
Halohasta litchfieldiae ), Halorubrum lacusprofundi (mm), halophilic archaecon DL31 (H),
Halobacterium sp. DL1 (), and Other Archaea (). (b) The dendrogram shows clustering of
samples from six hypersaline Antarctic lakes, two from the Vestfold Hills — Deep Lake (DL; @
) and Club Lake (CL; W), and four from the Rauer Islands — Rauer 1 Lake (R1L; W), Rauer 3
Lake (R3L; ®), Rauer 6 Lake (R6L; #), and Rauer 13 Lake (R13L; A). The samples from all
lakes were collected in Summer (red colour font), except Jun 2014 sample from Deep Lake,
which was from Winter (blue colour font). The y-axis indicates the percentage Bray-Curtis

similarity between the different samples from the six hypersaline lakes.
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The alpha diversity and species evenness of the hypersaline lakes from the Vestfold
Hills were lower than that of the Rauer Island hypersaline lakes, because of the high
abundance of the three dominant haloarchaea, Hht. litchfieldiae, Hrr. lacusprofundi, and
DL31, in Deep Lake and Club Lake (Figures 2.11a and 2.12a). Contrarily, the species
richness of Vestfold Hill hypersaline lakes was generally higher than that of Rauer
Island hypersaline lakes, except Rauer 1 Lake (Figure 2.12b). The total OTUs identified
in Deep Lake merged metagenome from Nov 2008 was very low, because it included
data from only 3 and 0.8 pm-filter metagenomes, as 0.1 um-filter metagenome from that

time period was not available at the time of this analysis.

Figure 2.12 PRIMER v7 analysis of Megahit-assembled metagenomes from Antarctic
hypersaline lake systems — species diversity analysis. The line graphs show (a) species
diversity (M) and species evenness (A) as well as (b) species richness () in the time-series
metagenomes from Deep Lake (DL) surface and in metagenomes from the surface of Club Lake
(CL), Rauer 1 Lake (R1L), Rauer 3 Lake (R3L), Rauer 6 Lake (R6L), and Rauer 13 Lake

(R13L). The y-axis in (a) represents Simson’s index of diversity and Pielou’s index of species
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evenness; both diversity measures range between 0 and 1. The y-axis in (b) represents the total

number of OTUs identified in a metagenome, which was used as a measure of species richness.

A total of 467 distinct OTUs were identified in all hypersaline metagenomes studied,
which showed that PRIMER v7 was capable of performing multivariate analyses on at
least hundreds of variables from multiple samples at a time. The software was also very
reliable, such that its output was largely unaffected by the grouping of species-level
OTUs to higher taxa levels. For example, the clusters in Figure 2.11b were based on the
relative abundances of a total of 467 OTUs identified in the 10 merged metagenomes —
5 from Deep Lake, 1 from Club Lake, and 4 from Rauer Island lakes. Similar clustering
pattern was observed when the OTU abundances were grouped as shown in Figure
2.11a, to Hht. litchfieldiae, Hrr. lacusprofundi, DL31, DL1, Other Archaea, Bacteria,
Eukarya, and Viruses, except that the samples from Rauer 3 Lake and Rauer 6 Lake

switched places.

Apart from computing multivariate statistical analyses, PRIMER v7 software can also
be used for creating a variety of plots, such as line, bar, and scatter plots, heat maps
(with or without cluster overlay), dendrograms, PCA plots, and dbRDA (distance-based
redundancy analysis) plots. Therefore, the software was used for an in-depth analysis of
Ace Lake time-series metagenomes, which also included analysis of the relationship
between relative OTU abundances and environmental factors (discussed in Chapter 3

section 3.2.4.2).
2.3.5 Genomic analyses

The key bacteria in Ace Lake, namely Chlorobium and Synechococcus, were studied to
assess their phylogenetic relationships to known species of the genera. Methods and
software, such as BLAST+ and IGV, Mauve, and MEGA were used on the OTUs or
MAGs of the two bacteria to achieve this. The analyses of these two microbes are

described in Chapters 4 and 5.
2.3.6 Development of a metagenome analysis pipeline

The preliminary Cavlab pipeline v1.2 (Appendix B) was upgraded over the years, as
more methods were explored. With the goal for improved metagenomic analyses, major
additions/changes were made to the pipeline — Cavlab pipeline v4.1 being the latest

version (Figure 2.13; Table 2.7; Appendix C).
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Figure 2.13 Cavlab pipeline v4.1 schematic. The image outlines the workings of the latest
version of Cavlab pipeline v4.1, along with the methods and software employed for various
analyses in it (Appendix C). It also creates a folder structure for storing the output, with
Cavlab_v4.1 YYMMDD as the head folder. The analyses scripts and output log files are stored
in Cavlab_v4.1 YYMMDD/Resources subfolder; contig taxonomic classification and
abundance estimation output is stored in

Cavlab v4.1 YYMMDD/Contig_taxonomy_and_abundance subfolder; protein taxonomy and
function analysis output is stored in Cavlab_v4.1 YYMMDD/Protein_taxonomy_and_function
subfolder; and outputs of functional potential analyses are stored in

Cavlab v4.1 YYMMDD/COG KEGG_functions subfolder.

All versions of the Cavlab pipeline were coded to exploit the folder structure of the
IMG annotation output data, so that once launched, the pipeline would select the correct
files for various metagenome analyses, with minimal user input. For example, JGI IMG
provides filtered sequencing reads in a folder named ‘QC_Filtered Raw Data’,
therefore, the pipeline would detect and select the correct read sequence file in this
folder and perform various read-based metagenome analyses on it, without the user
having to prompt the exact file location and name. The pipeline starts with a search for
specific input files for the analyses, such as the filtered read FASTQ file, contig and
protein sequence FASTA files, Phylodist file, metagenome COG and KEGG files, and
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contig coverage file. Once the presence of these resource files is verified, the script
creates folders and subfolders for storing pipeline outputs, followed by preparation of
python and bash scripts for individual analyses, which have been discussed in section

2.2.

Some of the major changes to the original pipeline include: (i) a shift from read-based
(using PhyloSift) to contig-based (using Phylodist file) taxonomic diversity analysis, the
latter of which was found to be reliable and was used for in-depth analysis of Ace Lake
metagenomes (Chapter 3); (ii) the COG analysis runtime was reduced from >100 h to
<10 mins; (iii) the COG database was updated, which included the new COG category
[X] ‘mobilome: prophages, transposons’, and the COG abundance calculations were
improved (section 2.2.3.2); (iv) additional KO numbers and databases associated with a
variety of metabolic pathways/enzymes were added to the pipeline (Tables 2.2 and 2.7,
Appendix F) and the pathway/enzyme abundance calculations were improved (section
2.2.3.2); (v) the pipeline output folder structure was also modified, such that the output
of each analysis was stored in separate, specific folders; (vi) the code for the search of
input resource files, such as protein and contig sequence files, was also improved by
incorporating a variety of file designations used by JGI IMG, including the latest file

designations.

Apart from these, various methods were added to the pipeline for improved
metagenome analysis, but were then removed either because their output did not
corroborate previous findings that were used as references or a better analysis was
available. For example, MetaPhlA2 was added to Cavlab pipeline in v3.0 for read-based
taxonomic diversity analysis and abundance estimation, but was removed in v3.1
because its clade-specific database proved to be insufficient for taxonomic classification
of Antarctic metagenome reads (Table 2.3). Similarly, a CRISPR script that was added
to the pipeline in v2.0 was removed in v3.0, when a more in-depth virus analysis of
Antarctic metagenomes was made available on IMG-VR (Péez-Espino et al, 2017).
Also, the LAST/MEGAN-LR method was added to the pipeline in v3.0 for contig-based
taxonomic diversity analysis, after it was successfully tested on various Megahit-
assembled metagenomes (section 2.3.1.3), but was removed in v4 because it did not

work well with the new Spades-assembled metagenomes (Figure 2.6).

Table 2.7 Cavlab pipeline v1.2 vs v4.1 — comparison of methods/software, input files (I)

and UNSW Katana computer cluster resources (K). Katana resources: Memory, random-
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access memory (RAM) allotted for processing job on server; Wall time, maximum time allotted

for running job on server; Nodes, server’s computer node on which the job will run; processors,

number of central processing unit (CPU) cores of the computer node used for running jobs

parallelly. * KEGG database files were specifically created for KO numbers that represented

enzymes catalysing redox reactions (e.g., sulfide oxidation and sulfate reduction) or

homologous enzymes (e.g., ammonia/methane monooxygenase) (section 2.2.3.2). The database

files included protein sequences of the enzymes and their previously observed functional roles.

Metagenome analysis

Cavlab pipeline v1.2
(Appendix B)

Cavlab pipeline v4.1
(Appendix C)

Pre-process

Includes steps for
detection and
verification of input
files and creating file
paths.

Creates a Readme file
with details of pipeline

methods and software

Python v3.5.2

Output folder structure:
‘Cav_LaunchDate’ as head
folder for all outputs
‘Cav_LaunchDate/resources’
for method scripts and log files
‘Cav_LaunchDate/metabat’ for
initial steps of MetaBAT
Adding contig read depth to

Python v3.8.2

Output folder structure:
‘Cavlab_v4.1 YYMMDD’ as
the head folder

‘Cavlab_v4.1 YYMMDD/Reso
urces’ for method scripts and
log files

‘Cavlab_v4.1 YYMMDD/Conti

g taxonomy and abundance’

RAXML v8.1.17, FastTree
v2.1.7, Pplacer vl1.1.alphalé.

used. corresponding protein ‘Cavlab_v4.1 YYMMDD/Prote
sequence headers for protein in_taxonomy and function’
taxonomy runs with ‘Cavlab_v4.1 YYMMDD/COG
DIAMOND/MEGAN. _KEGG _functions’
Adding annotated product
K: Memory = 8 GB; Wall time names to protein sequence
=12 hr; Nodes: processors = headers for protein taxonomy
1:1 and function runs with
I: Protein sequence file; DIAMOND/MEGAN.
Contig coverage file; Scaffold
to contig mapping file. K: Memory = 8 GB; Wall time
= 12 hr; Nodes: processors = 1:1
I: Protein sequence file; IMG
protein function annotation file.
Taxonomic Uses PhyloSift v1.0.1, Perl Uses Python v3.8.2
classification v5.20.1, HMMER v3.1b2, Performs contig-based

taxonomic diversity analysis and

abundance estimation.
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Performs read-based

taxonomic diversity analysis.

K: Memory = 24 GB; Wall
time = 200 hr; Nodes:
processors = 1:1

I: Filtered reads file

K: Memory = 96 GB; Wall time
=12 hr; Nodes: processors = 1:1
I: IMG protein taxonomy
annotation file; IMG protein
function annotation file; Contig
coverage file; Scaffold to contig

mapping file.

Protein taxonomy and
functional potential
analysis

Use DIAMOND and
MEGAN for protein

alignment and

DIAMOND v0.8.4, MEGAN
v6.4.5, and Java v8u45

Input protein sequence file has
read depths of corresponding
contigs added to the protein

header names.

DIAMOND v0.9.31, MEGAN
v6.15.1,

Input protein sequence file has
annotated product names added

to the protein header names.

classification, K: Memory = 120 GB; Wall
respectively K: Memory = 63 GB; Wall time = 48 hr; Nodes: processors
time = 48 hr; Nodes: =1:16
processors = 1:8 I: Protein sequence file
I: Protein sequence file
COG analysis Python v3.5.2 Python v3.8.2
Uses Python script on Uses NCBI COG database, Uses NCBI COG database, 2014

metagenome COG file

2003 version, which does not
include COG category [X]
(mobilome: prophages,

transposons).

K: Memory = 12 GB; Wall
time = 48 hr; Nodes:
processors = 1:1

I: Metagenome COG file;
Contig coverage file; Scaffold

to contig mapping file.

update version, which includes

COG category [X]

K: Memory = 64 GB; Wall time
=12 hr; Nodes: processors = 1:1
I: IMG COG annotation file;
Contig coverage file; Scaffold to
contig mapping file.

KEGG analysis

Uses Python script on
metagenome KEGG file
(see Appendix F for a

Python v3.5.2

Analyses 118 KO numbers and
44 pathways/enzymes.

Uses 4 KEGG database file*.

Python v3.8.2

Analyses 427 KO numbers and
173 pathways/enzymes.

Uses 8 KEGG database files*.
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list of KO numbers used

for analysis)

K: Runs performed with COG
analysis.

I: Metagenome KEGG file;
Contig coverage file; and
Scaffold to contig mapping
file.

K: Memory = 8 GB; Wall time
=12 hr; Nodes: processors = 1:1
I: IMG KEGG annotation file;
Contig coverage file; Scaffold to

contig mapping file.

MetaBAT data

Python v3.5.2

The initial steps for MetaBAT

preparation were removed.
K: Memory =31 GB; Wall

time = 12 hr; Nodes:

processors = 1:4

I: Contig sequence file;

Filtered reads file

Other than the Cavlab pipeline for metagenome analyses, a python-based pipeline was
written for the analysis of arCOGs (Appendix D). This script was not a part of Cavlab
pipeline, because it relied on the output of DIAMOND/MEGANG6 component of the

Cavlab pipeline, which needed to be handled manually for the preparation of an input

file for arCOG pipeline (section 2.2.3.3).

2.4 Conclusion

A major challenge of working with metagenomes is the size of the dataset, but a major
advantage of having metagenomes is the amount of information made available. It is a
powerful tool for understanding microbial life as it is in its natural habitat. The advances
in HTS have allowed for parallel sequencing of multiple DNA samples, making
metagenomic studies possible. As sequencing methods continue to improve, so do the
methods for analysis of the sequencing data. With the availability of many methods for
various kinds of metagenomic analyses, some of which are described in this chapter, it
was tricky to choose the right set of methods for the analysis of the Antarctic
metagenomes. While some methods or software appeared promising, considering their
algorithm or approach, the only way to assess their worth was to test them on real
datasets. For example, MetaPhlAn2 is a taxonomic classification method specifically

developed for the analysis of metagenomes (Segata et al, 2012), but because it relies on
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clade-specific markers, which were developed from the genomes of well-characterised
microbes, it could not be effectively used for an initial analysis of Antarctic

metagenomes (Table 2.3).

Apart from the advances in metagenome sequencing, the methods for their assembly
and annotation are also improving, which can impact the methods used for
metagenomic analysis. For example, the LAST/MEGAN-LR method selected for contig
taxonomic classification of Megahit-assembled metagenomes did not work on Spades-
assembled metagenomes, which were more recent (Figure 2.6). However, the Spades-
assembled metagenomes had better contig statistics than the Megahit-assembled
metagenome contigs (Table 2.5). The Spades-assembled contigs were much longer and

some even represented complete phage (discussed in Chapter 3 section 3.2.6.4).

Considering the various ways in which a metagenome can be analysed, it can be useful
to have a pipeline that performs an initial set of analyses, such as taxonomic diversity
and functional potential analyses, that are detailed enough to be comprehensive. The
Cavlab pipeline was developed keeping this in mind and was improved over-time to
include some new methods/software that might perform better than existing pipeline
methods. However, for an in-depth analysis of a metagenome or an environment,
additional methods need to be applied. For example, apart from assessing the taxonomic
composition of a system, it is important to study the key species in the system, for
which various genomic analyses need to be performed, some of which were discussed

in this chapter.

Based on all the methods tested, the following methods/software were found to be

useful for the analysis of Antarctic metagenomes:

a) Phylodist file-based method for contig taxonomic classification and OTU abundance
estimation (part of Cavlab pipeline v4.1; Appendix C).

b) Metagenome COG and KEGG file-based methods (part of Cavlab pipeline v4.1;
Appendix C) and arCOG analysis (arCOG pipeline v1.2; Appendix D) for
functional potential analyses.

c) RefineM, ANI, and SSU rRNA gene identity for OTU bin refinement and taxonomy
verification.

d) PRIMER v7 for multivariate statistical analyses.

e) BLAST+/IGV, Mauve, and MEGA for genomic analyses of OTUs and MAGs.
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Cavlab pipeline v4 and the methods for OTU bin refinement, taxonomy verification,
genomic analysis, and statistical analysis discussed in this chapter were used for the in-
depth study of time-series Spades-assembled metagenomes from Ace Lake (discussed
in Chapters 3, 4 and 5). Cavlab pipeline v4.1 can be used with all Antarctic
metagenomes available on the Katana scratch node, which are also available online on

IMG website (https://img.jgi.doe.gov/cgi-bin/m/main.cgi). The pipeline was modified,

and recently tested (on 19 June, 2020), to accept the latest JGI IMG file designations,

and should run without errors.
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3. Seasonal variation in Ace Lake biodiversity and the

functional potential of its microbial community

3.1 Introduction

Ace lake is a marine-derived, meromictic lake in the Vestfold Hills, with an Upper oxic
zone and a Lower anoxic zone separated by an oxycline/halocline (Burton, 1980). The
lake is covered by thick ice for ~11 months of the year, which melts in summer forming
a layer of fresh water on the lake surface (Hand and Burton, 1981). With approaching
winter, the ice cover reforms, which causes the salt in the water to be removed into the
surrounding upper oxic zone waters just below the ice (Gibson and Burton, 1996;
Rankin et al, 1999). This salt exclusion drives the water mixing in the oxic zone of Ace
Lake, with the anoxic zone remaining stagnant, and is responsible for lake stratification.
The physical properties as well as the biology and function of Ace Lake have been
investigated extensively for decades (Hand, 1980; Hand and Burton, 1981; Burch, 1988;
Burke and Burton, 1988; Gibson and Burton, 1996; Rankin et al, 1997; Rankin, 1998;
Bell and Laybourn-Parry, 1999; Rankin et al, 1999; Laybourn-Parry et al, 2005; Madan
et al, 2005; Powell et al, 2005; Ng et al, 2010; Lauro et al, 2011; Laybourn-Parry and
Bell, 2014). Only two of these studies have employed metagenomic data for the analysis
of Ace Lake (Lauro et al, 2010) and its most abundant microbe (Ng et al, 2010).

A few studies have reported seasonal analysis of Ace Lake, mainly focusing on
phytoplankton, bacteria, viruses or the physical structure and chemical composition of
the lake (Hand and Burton, 1981; Burch, 1988; Gibson and Burton, 1996; Bell and
Laybourn-Parry, 1999; Rankin et al, 1999; Laybourn-Parry et al, 2005; Madan et al,
2005). These studies used inverted or epifluorescence microscopy cell counts to
determine microbial biomass and abundances (Bell and Laybourn-Parry, 1999;
Laybourn-Parry et al, 2005; Madan et al, 2005). The level of photosynthetically active
radiation (PAR) experienced at the surface of Ace Lake in different seasons and its
attenuation with depth indicated that the presence/absence of snow and ice can affect
light availability in the lake water column (Hand and Burton, 1981; Burch, 1988). The
chemical composition of Ace Lake has been shown to vary with depth and season

(Burch, 1988; Gibson and Burton, 1996; Bell and Laybourn-Parry, 1999; Rankin et al,
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1999). The abundances of phytoplankton identified in the Upper oxic zone of Ace Lake
being high in summer and low in winter (Burch, 1988; Bell and Laybourn-Parry, 1999;
Laybourn-Parry et al, 2005). Moreover, these phytoplankton showed niche adaptation to
different depths of the Upper zone (Burch, 1988). In Ace Lake Upper zone, autotrophic
bacteria are prevalent in summer, whereas heterotrophic bacteria are more abundant in
winter than summer (Bell and Laybourn-Parry, 1999; Laybourn-Parry et al, 2005).
Overall bacterial biomass in the Upper zone of Ace Lake decreases in winter through to
spring and then recovers in summer (Madan et al, 2005). Contrarily, virus-like particle
counts, probably indicating viral abundance, show no seasonal variation in Ace Lake
(Madan et al, 2005). Here, a time-series of metagenomes sampled from Ace Lake over a
period of 10 years between 2006 and 2015, including summer and winter samples, were
analysed using an in-house pipeline developed for analysis of IMG-annotated

metagenomes (Chapter 2).
3.1.1 Ace Lake metagenomes

Ace Lake sample collection, DNA extraction, and metagenome sequencing, assembling,
and annotation are described in Chapter 2 section 2.1.1. Water samples were collected
from the Ace Lake in 2006, 2008, 2013, 2014, and 2015, including summer and winter
samples, from the surface and six depths of the lake. The sampling depths included
three depths from the upper oxic zone of Ace Lake (referred to as Upper 1, Upper 2,
Upper 3), one from the oxycline/halocline (referred to as Interface), and three from the
lower anoxic zone (referred to as Lower 1, Lower 2, Lower 3). However, winter
samples were not collected from the Lower zone of Ace Lake, as sampling in Antarctic
winter was logistically challenging. Additionally, the metagenomes used for the
analysis of Ace Lake were assembled using the metaSPAdes assembler, as opposed to
the Megahit assembler (Chapter 2 section 2.3.1.4). All metagenomes were annotated by
JGI’s IMG system (Appendix A: Table Al).

3.1.2 Aims

The main aim was to analyse the time-series metagenomes from Ace Lake, to assess
seasonal variation in the biodiversity of the lake and examine the functional potential of
its microbial population. The Ace Lake metagenomes were assessed using the in-house
Cavlab pipeline v4 (Appendix C). Additionally, the most prominent OTU bins (=1%

relative abundance) identified in the Ace Lake metagenomes were refined and analysed
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using various software discussed in Chapter 2. The MetaBAT-generated MAGs were
used to verify OTU taxonomy, among other methods (Chapter 2).

A specific aim was to analyse the viruses identified in the Ace Lake metagenomes from
different lake depths (upper, interface, lower) and seasons (summer, winter, spring). The
association between changes in virus and potential host (especially phototrophic host)
abundances were also explored, to determine the effects of viral predation vs light
availability on host abundance. For this purpose, catalogues of Antarctic viral contigs
(referred to as Antarctic virus catalogue hereafter), nucleocytoplasmic large DNA virus
contigs (NCLDV; referred to as Antarctic NCLDV catalogue hereafter), virophage
contigs (referred to as Antarctic virophage catalogue hereafter), and an IMG/VR spacer
database (referred to as spacer database hereafter) generated from the Antarctic datasets,
including the Ace Lake metagenomes, were used. A list of viral contigs representing
complete, circular phage genomes (referred to as complete phage catalogue hereafter) in

metagenomes from Antarctic lakes, including Ace Lake, were also used.

3.2 Methods

3.2.1 Taxonomic classification, abundance calculation, and functional potential

analyses using Cavlab pipeline v4

The taxonomic diversity and functional potential of the Ace Lake metagenomes
(Appendix A: Table Al) were analysed using the in-house Cavlab pipeline v4
(Appendix C). In the pipeline, the data in the Phylodist file were used to prepare a
contig taxonomy file containing contig IDs and their length, read depth, and predicted
taxonomy (Chapter 2 section 2.2.2.5). The contig taxonomy file only included contigs
that contained predicted proteins with corresponding taxonomic assignments in the
Phylodist file. Furthermore, the data in the contig taxonomy file were used to calculate
the OTU abundances by summing coverages of the contigs (contig length % contig read
depth) assigned to the OTU in a metagenome. All metagenome contigs that could not be
assigned a taxonomy were referred to as unassigned contigs and the sum of their
coverages was referred to as unassigned contig abundance in a metagenome. The total
metagenome abundance was calculated by summing the coverages of all contigs in a
metagenome, including all contigs assigned to an OTU as well as all unassigned
contigs. PRIMER v7 software was used to calculate the relative abundances as
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percentages, by dividing the OTU or unassigned abundances with total metagenome
abundance (Chapter 2 section 2.2.7). All relative abundances mentioned in the chapter
were calculated relative to the total metagenome abundances, unless otherwise
specified, therefore, relative abundances from a metagenome were comparable. The

relative OTU abundances were calculated by:

Y.oru(ContigLength x ContigReadDepth)

100
Y Metag(ContigLength X ContigReadDepth) ’

Relative OTU abundance (%) =

Formula (1), where the numerator denotes the absolute abundance of an OTU in a
metagenome, calculated by summing the coverages of contigs assigned to the OTU. The
denominator represents the total abundance in a metagenome (Metag) calculated by summing

the coverages of all contigs in the metagenome.

For comparative analysis of OTU abundances from the 120 metagenomes, the OTU
abundance files were merged using a MetaPhlAn2 python script (Chapter 2 section
2.2.2.2). Among the OTUs identified in the Ace Lake metagenomes, OTUs with relative
abundance >1% in at least one metagenome (referred to as abundant OTUs hereafter)
were considered for further studies. Additionally, peak relative abundance of an OTU
referred to its highest relative abundance in metagenomes from a depth, season, filter

fraction, or all metagenomes, depending on how it is described in the chapter.

Functional potential analysis of Ace Lake was performed using the data in the
metagenome COG and KEGG files from all Ace Lake metagenomes. The data in the
metagenome COG files, i.e., protein IDs and their COG number annotations, were
compared against a COG conversion database to generate COG category abundances by
summing the read depths of contigs corresponding to predicted genes assigned to the
COG category (Chapter 2 section 2.2.3.2). The data in the metagenome KEGG files,
i.e., protein IDs and their KO number annotations, were used to generate abundances of
specific KO numbers by summing the read depths of contigs corresponding to predicted
genes assigned to the KO numbers (Chapter 2 section 2.2.3.2). These KO number
abundances were then summed/averaged to calculate the abundances of specific
pathways/enzymes (Chapter 2 section 2.2.3.2). The COG category and specific
pathway/enzyme abundances were normalised prior to functional potential analysis,
using the formula.

COG or Pathway/enzyme abundance 9 Y au{2protein(Contig read depth)}
Y protein(Contig read depth) 120
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Formula (2), where, the left-side numerator denotes the abundance of a COG category or a
pathway/enzyme. The left-side denominator represents the total protein abundance in a
metagenome and was calculated by summing the read depths of contigs corresponding to all
proteins in a metagenome. The right-side denotes the average of total protein abundances from

the 120 Ace Lake metagenomes.

The abundant OTUs that probably contributed toward specific pathways were also
identified during KEGG analysis. For this, a list of KO numbers and their corresponding
pathway/enzyme was prepared and parsed using a python script, to extract the protein
IDs associated with the specific KO numbers. The protein IDs were further used to
select the corresponding contig IDs, and the contig taxonomies were deduced from the

contig taxonomy output of Cavlab pipeline v4 runs on the metagenomes.

3.2.2 OTU bin refinement, taxonomy verification, and preparation of high-quality

OTU bins

The abundant OTUs identified in the Ace Lake metagenomes were studied by preparing
their OTU bins, which were composed of contig sequences that were assigned to the
OTUs. The OTU bins were refined using RefineM v0.0.24 as described in Chapter 2
section 2.2.4.1. After bin refinement, the OTU bins with sufficient number of genes for
functional potential analysis were selected for the preparation of high-quality bins. The
contigs of these selected OTUs were further matched against MetaBAT-generated
MAG:s to verify their taxonomic composition. Note that the RefineM output as well as
the MetaBAT MAGs used GTDB for taxonomic classification of bacteria and archaea.
The taxonomies of the refined OTU bins were also verified by assessing their ANI
using pyani and SSU rRNA gene identity to their closest related reference genomes
from NCBI (Chapter 2 section 2.2.4.2). The high-quality OTU bins were prepared based
on their RefineM output, matches to MetaBAT MAGs, ANI, and SSU rRNA gene
identity. Some of the refined OTUs were merged to higher taxa levels due to similar
taxonomic composition (Chapter 2 section 2.3.2). Some of the refined OTUs were
merged to a higher taxa level and then split to lower taxa levels because the OTUs had
matches to similar taxa. For example, five verrucomicrobial species-level OTUs,
namely Coraliomargarita akajimensis, Chthoniobacter flavus, Haloferula sp.
BvORRO71, Prosthecobacter debontii, and Rubritalea squalenifaciens, were first
merged together as Verrucomicrobia and then split to five genus-level OTUs, namely

Verrucomicrobia SW10, Verrucomicrobia UBA4506, Verrucomicrobia BACL24,
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Verrucomicrobia Arctic95D-9, and Haloferula. Additionally, some OTUs such as a
Parcubacteria were simply split into lower taxa level OTUs to which they had matches;
the Parcubacteria bin was split into six individual OTUs. A higher taxa level name,
such as phylum, order, or family, was added before the alphanumeric genus names of
refined OTUs for context. As a result, 45 high-quality bacterial and archaeal OTU bins
along with a eukaryal and five algal virus bins were prepared from the Ace Lake
metagenomes. The relative abundances of the high-quality OTUs were recalculated in
metagenomes from specific depths in which their abundance was originally high. All
low abundance OTUs (relative abundance <1%) as well as all low-quality OTUs were
combined to higher taxa levels as ‘other’ bacteria, archaea, eukarya, and viruses using

PRIMER v7.
3.2.3 Ace Lake metadata collection from various seasons and lake depths

The physical characteristics of Ace Lake, such as lake depth, salinity, temperature,
dissolved oxygen concentration, and ice cover thickness, were measured during sample
collection in summer, winter and spring (Appendix I). However, lake temperature and
dissolved oxygen concentration measures could not be gathered for all time periods of
sample collection. For the statistical analysis of the Ace Lake metagenomes, additional
environmental factor measures, such as maximum and minimum air temperature,
sunlight hours, and maximum wind velocity, were procured from the Australian
Antarctic Data Centre (AADC) for Davis Station in Antarctica (Appendix I). Sunlight
hours referred to the number of hours in a day the sun shines brightly, with sunlight
being brighter than a specified threshold and without being obstructed by a cloud cover;
it was calculated as bright sunshine hours using a Campbell-Stokes recorder. The
daylength, i.e., the number of hours in a day the sun is above the horizon, was also used
as an environmental factor for the analysis of Ace Lake metagenomes; the data were

gathered for Davis Station from a web service (https://www.timeanddate.com).

3.2.4 Statistical analyses
3.24.1 Assessing alpha diversity and OTUs contributing to seasonal variation

For the statistical analysis of OTU abundances in 120 Ace Lake metagenomes,
PRIMER v7 software was used. In PRIMER v7, the genus to domain level
classifications of each OTU were used as indicators for the grouping of taxa variables,

whereas sample collection date, lake depth, filter size, and season name were added as
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factors for the grouping of metagenome samples. The relative OTU abundances were
square root transformed and used to generate a resemblance matrix of sample
similarities using the Bray-Curtis similarity measure. The transformed data were also
used for SIMPER (similarity percentage) analysis, to identify OTUs with highest
contribution to similarity between metagenome samples from a season and dissimilarity
between metagenome samples from different seasons. The alpha diversity of all
metagenomes was measured using the Simpson’s index of diversity in Primer v7

(Chapter 2 section 2.2.7).

3.24.2 Assessing relationship between OTU abundance variation and changes

in season

The relationship between the changes in the relative abundances of OTUs in the
metagenome samples and the variation in certain predictor variables was explored using
a distance-based linear model (distLM) in PRIMER v7. Environmental factors such as
lake depth, lake salinity, air temperature, maximum wind velocity, daylength, and
sunlight hours were considered for this purpose. Of these factors, monthly average
values were calculated for air temperature, maximum wind velocity, daylength, and
sunlight hours by calculating the mean of the values from a month, which were used as
predictor variables along with lake depth and salinity. All predictor variable values were
normalised in Primer v7 before analysis. Lake temperature could not be used as a
predictor variable because it was not measured for all sampling periods. The distLM
analysis was performed on the resemblance matrix of sample similarities and the
predictor variables using a step-wise variable selection procedure with an adjusted R?

fitness measure. The output was represented on a dbRDA plot.
3.24.3 Determining associations between specific OTUs, or virus and host

The correlation between certain OTU abundances, or read depths of viral contigs and
host marker genes, was calculated using the Pearson Product Moment Correlation
measure and the statistical significance of the correlation was assessed using the

Analysis of Variance regression measure in Data Analysis Tools of Microsoft Excel.
3.2.5 Unassigned data analyses
The relative abundances of the unassigned contigs from the Ace Lake metagenomes

were calculated using Formula (1) described in section 3.2.1. The genetic composition

125



of the unassigned contigs with relative abundance >1% (referred to as abundant
unassigned contigs hereafter) was assessed to help identify their taxonomic affiliation.
Furthermore, these abundant unassigned contigs were compared against the Antarctic
virus catalogue to identify their corresponding viral cluster or singleton, if any. Of the
abundant unassigned contigs, five contigs showed presence of cas genes and four
contigs contained restriction-modification (R-M) system genes; both groups were

investigated (section 3.2.6.5).

The gene annotations of the unassigned contigs of length >1 kb were manually analysed
using the data in the IMG protein name file. Of the total gene annotations on these
unassigned contigs in each metagenome, the number of genes associated with viruses,
transposases, transfer RNAs (tRNAs), 16S rRNA, 18S rRNA, and hypothetical proteins
were counted to assess the overall genetic composition of the unassigned contigs. The
16S and 18S rRNA genes were also aligned against the NCBI-nr nucleotide database
using the blastn mode of BLAST+ v2.9.0, and their domain-level taxonomy was
deduced by manually assessing the best alignments. The domain-level relative
abundances associated with the unassigned contigs were estimated based on the
coverages of the contigs containing the /6S and /8S ¥rRNA genes, using Formula (1)
(section 3.2.1).

The unassigned contigs were also parsed through VirSorter v1.0.3 (Roux et al, 2015), to
identify potential viral and prophage contigs. For this, all unassigned contigs from the
Ace Lake 2006 metagenomes and all unassigned contigs >10 kb length from the Ace
Lake 2008 and 2013-2015 metagenomes were assessed, along with 1-10 kb length
unassigned contigs from Ace Lake 2008 and 2013-2015 metagenomes with relative
abundance >0.1% or read depth >200. The unassigned contigs that were confidently
predicted to be viruses (VirSorter categories 1 and 2) or prophages (VirSorter categories
4 and 5) were used to calculate the relative abundance of viruses among the unassigned

contigs from each metagenome.
3.2.6 Viral analyses

The Antarctic virus catalogue contained 71,689 viral contigs of length >5 kb, identified
from 309 Antarctic metagenomes, including the 120 Ace Lake metagenomes, using a
previously described method (P4ez-Espino et al, 2016). The Antarctic NCLDV
catalogue contained 2,296 NCLDYV contigs, whereas the Antarctic virophage catalogue
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contained 69 virophage contigs, identified using methods reported before (Paez-Espino
et al, 2019b; Schulz et al, 2020). All three viral catalogues contained the viral cluster
(group of similar viral contigs) or singleton designations of the viral contigs. The spacer
database contained a list of genome- and metagenome-associated CRISPR spacers, the
host contigs on which they were identified, and the matches of the CRISPR spacers to
the viral contigs in the Antarctic virus catalogue; all of these data were generated using
a previously described method (Paez-Espino et al, 2019a). The complete phage
catalogue contained 516 viral contigs representing complete genomes of circular phage

identified from various Antarctic lake systems.
3.2.6.1 Analysis of potential GSB viruses

The contig IDs of the Chlorobium OTU bin contigs were compared against the contig
IDs in the IMG CRISPR annotation files (hereafter referred to as metagenome CRISPR
files), which contained CRISPR spacer and repeat sequences found on the contigs, to
identify any CRISPR spacers associated with the Ace Lake Chlorobium (Figure 3.1).
The Chlorobium-associated CRISPR spacer sequences were then aligned against all
contigs from the 120 Ace Lake metagenomes using the ‘megablast’ option of BLAST+
v2.6.0, with e-value <10~ and >97% alignment identity. The metagenome contigs with
matches to the Chlorobium spacers were compared against the Antarctic virus catalogue
to identify the potential Chlorobium virus contigs and their corresponding viral clusters
and/or singletons (Appendix H: Table H1). For verification of the hosts of the potential
Chlorobium viruses, the spacer matches to these viral contigs in the spacer database

were assessed and the host contig taxonomy was determined (section 3.2.1).
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Figure 3.1 Identifying potential Chlorobium viruses. The schematic shows the methods used
for the identification of potential Chlorobium viruses (section 3.2.6.1). Metagenome CRISPR
file refers to the IMG CRISPR annotation file. Antarctic virus catalogue and spacer database are
described in section 3.2.6. All sequence alignments (Aligned) were performed using BLAST+,
whereas contig IDs were used for comparison (Compared) between queries and databases. The
icons used in the figure were taken from The Noun Project website

(https://thenounproject.com/).

The contigs belonging to the potential Chlorobium virus clusters and singletons were
also matched against all Ace Lake metagenome contigs using ‘blastn’ mode of
BLAST+ v2.9.0, with e-value <10"* and >90% alignment identity, to include any
additional viral contigs that were not part of the Antarctic virus catalogue, and to assess
the similarity between the contigs belonging to the Chlorobium virus clusters and
singletons (Appendix H: Table H1). The average read depth of specific marker genes
from Chlorobium, namely 16S rRNA, recombinase A and fimoA, and the read depths of
its viral contigs were used to analyse the virus-host abundance correlation (section

3.2.4.3).

3.2.6.2 Analysis of potential Synechococcus viruses
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A cyanophage sequence (IMG taxon ID: 3300016486; contig: Ga0078900 115654) was
assembled from a 0.1 um-filter metagenome from the Ace Lake Upper 2 zone sampled
in Dec 2006. The cyanophage sequence was matched against the Antarctic virus
catalogue using the ‘blastn’ mode of BLAST+ v2.9.0, with e-value <10 and >99%
alignment identity, to identify additional cyanophage sequences (Figure 3.2) (Appendix
H: Table H1). The cyanophage sequences were also aligned against each other using the
‘blastn’ mode of BLAST+ v2.9.0 (e-value <10™*), to assess their sequence similarity.
The spacer database was used to identify the probable host of the cyanophage by
examining the matches of the cyanophage sequences to the spacers on the host contigs.
The host contig taxonomy was determined using the method described in section 3.2.1.
The correlation between the read depth of the cyanophage contigs and the average read
depth of the marker genes (/6S rRNA and recombinase A) from Synechococcus, the
most abundant cyanobacteria in Ace Lake, was also calculated to explore probable

virus-host relationship (section 3.2.4.3).

Figure 3.2 Analysis of a cyanophage and some algal viruses. The schematic shows the
methods used for the analysis of a cyanophage (green background; section 3.2.6.2) and five
abundant algal viruses, namely Phycodnaviridae 1, 2, 3, 4, and 5 (blue background; section

3.2.6.3). Antarctic virus catalogue, Antarctic NCLDV catalogue, and spacer database are
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described in section 3.2.6. All sequence alignments (Aligned) were performed using BLAST+,
whereas contig IDs were used for comparison (Compared) between queries and databases. The
icons used in the figure were taken from The Noun Project website

(https://thenounproject.com/).

3.2.6.3 Analysis of algal viruses

The metagenome contigs assigned to the five Phycodnaviridae OTUs (Phycodnaviridae
1-5) were compared against the viral contigs in the Antarctic virus catalogue as well as
the Antarctic NCLDV catalogue, to identify all virus/NCLDYV clusters and singletons
associated with the Phycodnaviridae 1-5 OTUs (Figure 3.2). Correlation analysis was
performed between the relative abundance of the Ace Lake green alga OTU

Micromonas and the relative abundances of Phycodnaviridae 1-5 OTUs (section

3.2.4.3).
3.2.6.4 Analysis of viral contigs representing complete genomes

The viral contigs in the complete phage catalogue were compared with the viral contigs
in the Antarctic virus catalogue to identify the viral cluster or singleton designations of
the complete virus genomes, if any. The viral contigs were also compared against the
Antarctic NCLDV and virophage catalogues to assess whether any of the complete
virus genomes represented NCLDVs or virophages, respectively. Additional data for the
viral contigs representing complete genomes, such as contig length, read depth, GC
content, gene count, and gene function, were collected from the Antarctic metagenome

data available on JGI’s IMG/M website (https://img.jgi.doe.gov/cgi-bin/m/main.cgi).

Based on the viral cluster or singleton designations, clade assignment, contig lengths,
and GC content, the viral contigs in the complete phage catalogue identified from the

Ace Lake metagenomes were grouped as distinct viruses (Appendix H: Table H1).
3.2.6.5 Analysis of viruses containing defence genes

The nine abundant unassigned contigs containing defence genes (section 3.2.5) were
thoroughly analysed. The contigs were compared against the Antarctic virus catalogue
and the complete phage catalogue to identify any viral clusters or singletons they might
be associated with and to assess whether any of the contigs represented complete viral
genomes, respectively. The contigs were also compared against the output of VirSorter
analysis of the unassigned contigs (section 3.2.5). The abundant viral contigs and the
contigs belonging to the viral clusters to which they belonged were further aligned
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against each other using the ‘progressive Mauve’ mode of Mauve v2.4.0 using default
parameters, to identify additional cluster contigs that might represent complete or nearly
complete phage genome (Appendix H: Table H1). The viral cluster contigs were also

compared against the spacer database to identify potential hosts.

The viral cluster contigs containing cas genes were aligned against the Ace Lake
metagenome contigs using the blastn mode of BLAST+ v2.9.0, considering only 100%
identity matches across 100% query alignment fraction, to include additional viral
contigs that were not a part of the Antarctic virus catalogue. Additionally, CRISPR
spacer arrays were identified in the viral contigs containing cas genes. Using the spacer
database, the potential viral targets of these viral spacers were determined. Moreover,
these viral spacer sequences were compared against the spacer sequences of its probable

host, in search of any similarities between the two groups of spacers.
3.2.6.6 Analysis of abundant Ace Lake viral clusters

Among the viral contigs in the Antarctic virus catalogue, the contigs identified from the
Ace Lake metagenomes were separated out and grouped into their viral cluster and
singleton designations for analysis. The read depths of the viral contigs belonging to a
viral cluster from a time period (including all depths and filter fractions) were summed.
Viral clusters with summed read depths >4000 in at least one time period as well as
singletons with read depths >4000 were considered to be abundant (referred to as
abundant viral clusters or singletons hereafter) and were further analysed (Appendix H:
Table H2). Additionally, abundant viral clusters were assessed to determine the Ace
Lake depth from which most of the cluster contigs originated. The probable hosts
(bacterial, archaeal, or eukarya) of the viral clusters or singletons were also discerned
from the data in the Antarctic virus catalogue, which included some of the viral data
(such as viral cluster or singleton designation and its probable host) available on
IMG/VR (Paez-Espino et al, 2017) that had matches to the Antarctic viral contigs. In
search of additional potential Chlorobium viruses, the spacer matches to the abundant
viral clusters from the Ace Lake Interface and Lower zone were examined and their
potential hosts were deduced using the data in the spacer database. The abundant viral
clusters with predicted eukaryal hosts were also compared to the viral clusters with

matches to the five Phycodnaviridae OTUs.
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Read depth-based abundance correlation analysis was also performed between
Chlorobium and the abundant viral clusters from the Ace Lake Interface and Lower
zone as well as between Synechococcus and the abundant viral clusters from the Ace
Lake Upper zone that had potential bacterial hosts. Relative abundance-based
correlation analysis was performed between Micromonas and the abundant viral clusters

from the Ace Lake Upper zone that had potential eukaryal hosts.

3.3 Results and discussion

3.3.1 Antarctic seasons: defining seasons in polar regions

Antarctica is the southern-most continent on Earth and contains the geographic South
Pole. It is the coldest and driest continent with very little annual precipitation; the mean
annual precipitation around Davis Station (68.577° S, 77.968° E) in East Antarctica
ranged between 0.1 to 0.5 mm over a 10-year period from January 2006 to December
2015 (Davis Station data from AADC). Notably, the light cycle prevalent in the polar
regions is very different from that experienced in the other non-polar cold regions, with
24 hours of sunlight available for a few weeks in summer when the sun does not set and

no sunlight available for a few weeks in winter when the sun does not rise (Figure 3.3a).

For the in-depth time-series analysis of the Ace Lake in the Vestfold Hills, samples
were collected over a 10-year period between 2006 and 2015, in January, February,
July, August, October, November, and December. Therefore, it was important to
reasonably define the seasons based on the environmental factors that indicate a change
in season and might directly or indirectly affect the biodiversity and function of the
lake, as opposed to defining seasons using a simple system of months (Table 3.1). The
environmental factors studied included daylength (number of hours the sun was above
the horizon; Figure 3.3a), sunlight hours (number of hours of bright sunlight was
available without being obstructed by a cloud cover; Figure 3.3a), air temperature
(Figure 3.3b), maximum wind velocity (Figure 3.3c), and lake ice cover thickness
(Table 3.1; Appendix I). Daylength and sunlight hours indicate the availability of light,
which can directly impact species diversity and abundance, especially in the upper oxic
zone and oxycline of Ace Lake, where the phototrophic algae and bacteria thrive

(Rankin et al, 1997; Rankin, 1998; Rankin et al, 1999; Powell et al, 2005; Ng et al,
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2010; Lauro et al, 2011; Laybourn-Parry and Bell, 2014). For example, in summer,
intense sunlight can cause photoinhibition and reduce the photosynthetic capacity of
these microorganisms (Rankin et al, 1999; Powell et al, 2005; Cuvelier et al, 2017). As
Ace lake is covered by ice for most of the year, the air temperature and wind likely do
not directly affect the organisms living in the lake waters, except probably the lake
surface microorganisms. However, they might be useful as indicators of change in
season. Additionally, changes in air temperature can alter the thickness of the Ace Lake
ice cover, which in turn can affect water mixing and light penetration in the lake as well
as lake temperature, thereby impacting the lake biodiversity (Hand and Burton, 1981;
Burch, 1988; Gibson and Burton, 1996; Rankin, 1998; Rankin et al, 1999; Laybourn-
Parry and Bell, 2014).
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Figure 3.3 Environmental data recorded at Davis Station, East Antarctica. The line graphs
show the mean of monthly average values of (a) daylength (yellow line) and sunlight hours
(orange line); (b) maximum (purple line) and minimum (blue line) air temperature; and (c)
maximum wind velocity (green line) recorded over a 10-year period from Jan 2006 to Dec 2015
(monthly average values described in section 3.2.4.2). Daylength data for Davis Station were

taken from an online service (https://www.timeanddate.com), whereas the sunlight hours, air

temperature, and wind velocity data gathered at Davis Station were taken from AADC. All error

bars indicate both positive and negative standard deviations from the mean.
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The daylength values measured at Davis Station were consistent over the 10-year
period, with 24 h daylight from the end of November to mid-January and no daylight
from the beginning of June to early July (Figure 3.3a). However, the number of bright
sunshine hours (sunlight hours) varied throughout the year, with the variations being
directly proportional to the availability of light (Figure 3.3a). For example, the sunlight
hours showed no variations over the years in Jun when no daylight was available, but
the variations steadily increased from Jun to Dec with the increase in daylength,
fluctuating by as much as 8 h in Dec and Jan. Additionally, air temperature values
showed seasonal variation, with lowest temperatures measured in Jul and Aug (-14 to -
21 °C) and mostly positive temperatures measured in Dec and Jan (2 to 4 °C) (Figure
3.3b). The air temperature also fluctuated more in the colder months (varying by up to 7
°C) than in the warmer months (varying by ~2 °C). Wind velocity could not be used for
defining season, as it showed no discernible pattern of change (Figure 3.3¢). As Ace
Lake is covered by ice for nearly 11 months a year, ice cover thickness could probably
be used to define only the summer months, when the ice cover would be partially or
completely melted (Table 3.1). It has also been previously noted that the Ace Lake ice
cover is thickest in spring or early summer (Rankin et al, 1999). Among the
environmental data collected during Ace Lake sampling, the maximum ice cover
thickness was observed in October (~2 m) and November (1.75 m) with no visible ice

melting, and so these two months could be defined as spring months based on ice cover
thickness.

Eventually, based on light availability and air temperature, December and January were
considered summer months, whereas July and August were considered winter months.
However, the results of the environmental data analysis could not help with confidently
categorising some of the sample collection months, such as October, November, and
February (Table 3.1). Consequently, a more general season grouping was used to
categorise all the sample collection months: December, January, and February as
summer months; July and August as winter months; and October and November as

spring months.

Table 3.1 Season description based on environmental data gathered during sample
collection and at Davis Station, Antarctica. * The percentage light hours were calculated by
dividing the number of hours of sunlight by 24 (number of hours in a day). The monthly

average values were calculated as described in section 3.2.4.2. + Wind velocity did not show
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any seasonal pattern and was not used for season classification.  The cut-offs for season
classification were selected based on some of the previously applied season classifications,
which were used as references. For example, the winter cut-off of % light hours was selected as
30% keeping in mind that Jul and Aug were considered winter months by some of the previous
seasonal studies on Ace Lake (Burch, 1988; Burke and Burton, 1988; Rankin et al, 1999;
Laybourn-Parry and Bell, 2014).

Monthly =~ Monthly =~ Monthly Monthly
Monthly
average average average average
Sample ) ) average i
daylength  sunlight maximum maximum  Ice cover
collection minimum air
i i inhours  hours (%  air wind thickness
time period i i temperature )
(% light light temperature ©0) velocity
hours)* hours)* (°O) (km/h)+
Dec 2006 24 (100%) 10 (42%) 2 -2 42 -
Nov2008  21(88%) 9 (38%) 2 - 67 1.75m
Covered
Nov 2013 21 (88%) 13 (54%) -1 54 by thick
ice
Covered
by thick
Dec 2013 24 (100%) 10 (42%) 2 -3 44 )
ice, but
melting
Half
Feb 2014 17 (71%) 1 -4 46 covered by
Jul 2014
Aug 2014
Oct 2014 15 (63%) ~2m
~1.8 mice,
Dec 2014 24 (100%) 10 (42%) 3 -2 49 beginning
to melt
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Covered in
8 Jan 2015 23 (96%) 9 (38%) 3 -1 47 poor

quality ice

27Jan2015 23 (96%) 9 (38%) 3 1 47 No Ice

Probable season classification based on observed environmental data;

31-80% Medium light

% Light <30% Low light levels - >80% High light levels
evels
hours* Winter. ) Summer.
Spring/Autumn.
) >0 °C Comparatively
Air < -5 °C Very cold -5to 0 °C Cold
. : warmer
temperature = Winter. Spring/Autumn.
Summer.
o : : Ice cover melting or no
Ice cover Thick ice cover Maximum ice cover )
) ' ) ice cover
thickness Winter. Spring.
Summer.

3.3.2 Seasonal changes in Ace Lake environment

Ace Lake is a stratified lake with an upper oxic (Upper) zone separated from a lower
anoxic (Lower) zone by an oxycline (Interface), which also coincided with the halocline
and thermocline of the lake (Figure 3.4). Ace Lake environmental data collected
between 2006 and 2014 showed that the lake salinity increased with lake depth and
ranged from 3.6 to 4.2 % at the lowest lake depth. The lake temperature also increased
with depth, reaching 3 to 5 °C at the thermocline, but then decreased with lake depth to
2-3 °C (Figure 3.4). The data also showed that the Ace Lake environment varied with
changes in season, especially the oxycline, probably due to changes in the ice cover
thickness. As summer recedes, the ice cover begins to form, and it thickens with
approaching winter. Ice formation in Ace Lake causes salt exclusion into the Upper
zone waters, just below the ice, which causes the Upper zone waters to mix via
convection (Gibson and Burton, 1996; Rankin et al, 1999). The thickness of the ice
cover directly governs the depth to which the water mixes. Therefore, in winter when
the ice was thicker, the oxycline was possibly pushed deeper down the lake depth.
However, little to no environmental changes were observed in the Lower zone of Ace

Lake (Figure 3.4).
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Figure 3.4 Ace Lake temperature, salinity, and dissolved oxygen profiles. The scatter plots
show the changes in the Ace Lake environment factors, namely temperature (green line),
salinity (orange line), and dissolved oxygen (blue line), from 2006 to 2014. The data were
collected from three seasons (top x-axis: summer, red font; winter, blue font; spring, green
font). The y-axis indicates increasing lake depth from top to bottom. The x-axis is shown
separately for each factor. As different data collection devices were used for calculating
dissolved oxygen content (YSI Sonde in 2006 and 2008; TOA WQC in 2013 and 2014), the
data were normalized across sampling periods. Dissolved oxygen content data were not
gathered during Dec 2013, Feb 2014, Jul 2014, and Jan 2015 sample collections, and are not

shown here.

3.3.3 Ace Lake biodiversity

The taxonomy and abundance analysis of ~25 million contigs (20 Gbp) assembled from
120 Ace Lake metagenomes yielded 17,157 OTUs, of which 117 OTUs had relative
abundance >1%. The abundant OTUs, along with 3.5 billion (0.5 Tbp) metagenome
reads, were used for generating a total of 45 high-quality bacterial and archaeal OTU

bins as well as a eukaryal bin and five algal virus bins.
3.3.3.1 Eukarya

OTUs belonging to the Eukarya domain were found to be abundant in the Upper zone of
Ace Lake. A total of 508 eukaryal OTUs were identified in the 120 Ace Lake
metagenomes, of which only four had relative abundance >1% in at least one
metagenome. Of the four abundant eukaryal OTUs, only two yielded good quality bins
after bin refinement using RefineM. The two OTUs were closely related to two

Micromonas, namely Micromonas pusilla and Micromonas commoda, members of the
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Mamiellaceae family. However, based on their ANI to respective reference genomes
and their matches to similar MetaBAT MAGs, the two OTUs were merged to genus-

level as Micromonas (Appendix G).

The Micromonas OTU contributed to most of the Eukarya relative abundance in the
Upper zone of Ace Lake in summer and spring (Figure 3.5). Other green algae including
Py. gelidicola and a Mantoniella have been reported in the Ace Lake Upper zone
(Rankin et al, 1999; Lauro et al, 2011). However, neither of these algae were detected in
the Ace Lake metagenomes studied here. It is possible that this difference is due to the
different approaches taken for taxonomic classification of these organisms, especially
considering that Mantoniella, which is also a member of the Mamiellaceae family like

Micromonas, was identified in the Ace Lake data from 2006.

Figure 3.5 Relative abundances of eukaryal OTUs in the Upper zone of Ace Lake. The area
graph shows the combined relative abundances of all eukaryal OTUs (orange area cover) as well
as Micromonas (blue area cover) in the 0.8—3 um-filter Ace Lake metagenomes. As the figure is
an area graph, it indicates the amount of Eukarya relative abundance that is contributed by the
Micromonas genus. For example, in Upper 3 Nov 2013 metagenome, nearly all of the Eukarya
abundance is represented by Micromonas. The x-axis shows the Ace Lake depth zones (Upper

1, 2, 3) as well as the sample collection time periods, including data from three seasons
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(summer, red font; winter, blue font; spring, green font). The y-axis was split to show an
expanded view of relative abundances below 1%. All Ace Lake surface (Upper 1) samples were

from summer.

3.3.3.2 Bacteria

In the Ace Lake metagenomes, 84% of the OTUs (14,387 out of 17,157 OTUs)
belonged to the Bacteria domain and were dispersed throughout the lake system. Of
these bacterial OTUs, only 96 OTUs had relative abundance >1% and were used to
generate 43 high-quality bacterial OTU bins. The OTUs included members of
Actinobacteria (2), Alphaproteobacteria (4), Atribacteria (1), Bacteroidetes (11),
Balneolaeota (1), Betaproteobacteria (3), Chlorobi (1), Cloacimonetes (1),
Cyanobacteria (1), Deltaproteobacteria (5), Gammaproteobacteria (6), Planctomycetes

(1), Tenericutes (1), and Verrucomicrobia (5).

These OTUs were found to be abundant at particular depths of Ace Lake (Upper,
Interface, or Lower zone depths), indicating their niche specificity (Figure 3.6), which
has also been previously reported (Rankin et al, 1999; Lauro et al, 2011). For example,
some of the Alphaproteobacteria (Loktanella), Bacteroidetes (Algoriphagus,
Leadbetterella, Nonlabens, Saprospiraceae sp., Polaribacter), and Betaproteobacteria
OTUs (Hydrogenophaga, Burkholderiaceae MOLAS814) were abundant only in the
metagenomes from the Ace Lake surface (Upper 1) (Figure 3.6). Of these, only
Burkholderiaceae MOLAS814 had good matches to a previously known species genome,
Betaproteobacteria bacterium MOLAS814 (isolated from a cold, marine environment —
Beaufort Sea, Arctic Ocean), with 100% SSU rRNA gene identity and 98% ANI across
94% alignment fraction (Appendix G). Leadbetterella had matches to the Cytophagales
bacterium TFI 002 genome, but with 91% SSU rRNA gene identity and 71% ANI
across only 19% alignment fraction, suggesting that the two organisms were quite
different. All other OTUs abundant in Upper 1 also had matches to reference genomes,
but with low ANI (<85%) and no SSU rRNA gene matches, probably due to incomplete
bins lacking SSU rRNA genes (Appendix G). Therefore, these OTUs could not be

assigned a species-level taxonomy.
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Figure 3.6 Relative abundances of bacterial OTUs throughout the Ace Lake. The heat map
shows the peak relative abundance of bacterial OTUs from a depth and time period, i.e., the
highest relative abundance of an OTU among the three filter fractions from a depth and time
period. The OTUs shown in the figure represent the abundant bacterial OTUs for which high-
quality bins were generated and their abundances recalculated in metagenomes from depths
where their abundances were originally high (section 3.2.2). The y-axis represents increasing
lake depth from top to bottom — Upper 1 to Lower 3, and shows data collected from summer

(red font), winter (blue font), and spring (green font). All Ace Lake surface (Upper 1) samples
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were from summer. Winter data were not gathered from the Lower zone of Ace Lake due to

logistics issues during sample collection.

Apart from the microorganisms identified only in Upper 1, the Upper zone of Ace Lake
supported a variety of microbes including members of Actinobacteria (Aquiluna,
Microbacteriaceae BACL25), Alphaproteobacteria (Nisaea, Pelagibacter, Yoonia),
Bacteroidetes (Crocinitomix, Cyclobacterium, Fabibacter, Flavobacteriaceae MAG-
120531, Oligoflexus), Balneolaeota (Balneolaceae UBA2664), Betaproteobacteria
(Burkholderiaceae SCGC-AAAQ027-K21), Cyanobacteria (Synechococcus),
Gammaproteobacteria (Halioglobus, Methylophilaceae BACL14, Porticoccaceae
HTCC2207, Pseudohongiellaceae 1, Pseudohongiellaceae 2, Pseudomonas _E),
Planctomycetes (Gimesia), and Verrucomicrobia (Haloferula, Verrucomicrobia
Arctic95D-9, Verrucomicrobia BACL24, Verrucomicrobia SW10, Verrucomicrobia
UBA4506) (Figure 3.6). Of these, Synechococcus was found to be abundant throughout
the Ace Lake, whereas Nisaea was abundant in Upper 3 as well the Interface of Ace
Lake. Synechococcus was one of the two most abundant bacteria in Ace Lake and had
good matches to the reference genome of Synechococcus sp. SynAce01 (also isolated
from Ace Lake), with 99.9% 16S rRNA gene identity and 99% ANI across 97%
alignment fraction (Appendix G; discussed in Chapter 4). This cyanobacterium is
abundant in Ace Lake, especially at depths just above the oxycline (Rankin et al, 1997;
Rankin, 1998; Rankin et al, 1999; Powell et al, 2005; Lauro et al, 2011). Additionally, a
Yoonia OTU had good matches to the reference genome of Yoonia vestfoldensis SKAS3
(previously isolated from Ace Lake, Antarctica; Van Trappen et al, 2004), with 99.9%
SSU rRNA gene identity and 93% ANI across 89% alignment fraction. Some of the
other Upper zone OTUs also had good SSU rRNA gene matches (>99%) to their
reference genomes, suggesting that they could be different strains of the reference
species. However, their ANI was usually low (<90%), either because the OTU bins
were incomplete or probably because the microbes had distinct genomes compared to
the reference species (Appendix G). Therefore, these OTUs could not be assigned a

species-level taxonomy.

At the Ace Lake Interface, GSB belonging to the Chlorobium genus were found to be
abundant (Figure 3.6); it was also the most abundant microorganism in Ace Lake and
has been reported before (Rankin et al, 1999; Ng et al, 2010; Lauro et al, 2011). The
Ace Lake Chlorobium had 99% 16S rRNA gene identity to C. phaeovibrioides DSM
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265 reference genome, but only 85% ANI across 85% alignment fraction, suggesting
that it was probably a different species to the reference (Appendix G; discussed in

Chapter 5).

The Lower zone of Ace Lake also supported a variety of bacterial populations, mostly
including members of Deltaproteobacteria (Desulfobacterium, Desulfocapsa,
Desulfatiglanales NaphS2, Desulfobacterales S5133MH16, Syntrophales UBA2210),
Tenericutes (Izimaplasma), and Bacteroidetes (Bacteroidales UBA4459), along with
members of candidate phyla such as Atribacteria (Atribacteria 34-128) and
Cloacimonetes (Cloacimonetes JGIOTU-2) (Figure 3.6). Of these, the candidate phyla
microbes were mostly prevalent in the deeper Lower zone depths, especially Lower 2
and 3, whereas the Deltaproteobacteria, Bacteroidetes, and Tenericutes OTUs were
found to be more abundant in the Interface and Lower 1 metagenomes (Figure 3.6). All
Lower zone OTUs had matches to reference genomes, however they could not be
assigned a species-level taxonomy, either because the OTU bins were incomplete and
lacked SSU rRNA genes for comparison or their SSU rRNA gene identities and ANI
were low (Appendix G).

3.3.3.3 Archaea

The archaea identified in Ace Lake were prevalent in the Lower zone of the lake and
were also found at the Interface in the winter months (Jul and Aug 2014), with most of
their abundance contributed by members of Euryarchaeota (Figure 3.7). A total of 445
archaeal OTUs were identified in the Ace Lake metagenomes, of which only four had
relative abundance >1% and were used for generating high-quality archaeal OTU bins.
However, after refinement with RefineM, only two high-quality archaeal OTU bins
were generated, namely Methanomicrobiaceae 1 and Methanothrix A, both of which
were methanogens and belonged to the Euryarchaeota phylum. The two OTUs
contributed to some of the Archaea relative abundance in the deeper depths of Ace Lake
(Lower 2 and 3), but not in Lower 1. Two other methanogenic archaea have been
previously isolated from the Ace Lake anoxic zone, namely M. burtonii (Franzmann et
al, 1992) and Mtg. frigidum (Franzmann et al, 1997), of which the latter was detected in
the Ace Lake data, but its relative abundance was very low (<0.06%) in all
metagenomes. The two high-quality archaea OTUs could not be assigned a species-level
taxonomy based on their SSU rRNA gene comparison and ANI values to reference
genomes (Appendix G).
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Figure 3.7 Relative abundances of archaeal OTUs in the Lower zone of Ace Lake. The
stacked bar chart shows the mean of relative abundances of archaea in metagenomes from a
depth and time period, i.e., the mean of relative abundances in the three filter fractions collected
from each depth and time period. The means of relative abundances are shown for all archaeal
OTUs belonging to Euryarchaeota (dark red bar), Nanoarchaeota (yellow bar), Diapherotrites
(green bar), Aigarchaeota, Candidatus Korarchaeota, Candidatus Micrarchaeota,
Crenarchaeota, Thaumarchaeota phyla as well as two abundant archaca OTUs, namely
Methanothrix A (purple bar) and Methanomicrobiaceae 1 (orange bar), identified in the Lower
zone of Ace Lake. The x-axis indicates the Ace Lake depth zones (Lower 1, 2, 3) as well as the
sample collection time periods, including three seasons (summer, red font; winter, blue font;
spring, green font). The y-axis was split to show an expanded view of relative abundances
below 1%. Winter data were not gathered from the Lower zone of Ace Lake due to logistics

issues during sample collection.

3.3.4 Seasonal variations in OTU abundances

All OTU relative abundance data were normalised and used for statistical analyses, such
as distLM analysis, to assess whether or not any abundance variation occurred (Figure
3.8). The relationship between variations in the OTU relative abundances and change in
season was explored using environmental parameters such as air temperature,
daylength, and sunlight hours that changed with season. All variations like seasonal

variation, inter-annual variation, depth-based variation or biomass size-based variation
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(incurred from using samples from different filter fractions) were then identified from
the output of the statistical analysis. The overall Ace Lake microbial community
showed prominent seasonal variation in their abundances (Figure 3.8). This was
supported by the seasonal segregation of the Ace Lake metagenomes (vertical
segregation along dbRDA2 in Figure 3.8) with change in season factors, especially air
temperature and sunlight hours. The distLM output also showed segregation of
metagenomes based on the lake depth from which they were collected (horizontal
segregation along dbRDAT in Figure 3.8). The environmental factors air temperature
(P=0.001), daylength (P=0.001), and sunlight hours (P=0.002) were significant
explanatory factors of change in season, whereas depth values (P=0.001) and salinity
(P=0.001) significantly contributed to change in lake depth. On the other hand, inter-
annual changes were not evident, with 2014 (Oct) spring samples being clustered with
2008 (Nov) and 2013 (Nov) spring samples, but separate from 2014 winter (Jul, Aug)
and 2014 summer (Dec) samples. Similarly, biomass size-based variations were not
observed, and all populations from the three filter fractions were highly similar and

completely overlapped in the dbRDA plot (Figure 3.8).

Figure 3.8 Seasonal and depth-related variations in relative abundances of OTUs
identified in Ace Lake. The dbRDA plot highlights the relationship between changes in
environmental factors, such as lake depth (depth), salinity (salinity), monthly average daylength
(daylength), monthly average sunlight hours (sunlight), and monthly average air temperature
(temperature), and variations in OTU abundances. The x-axis of the dbRDA plot explains 77%
of the fitted and 21% of the total variations, whereas the y-axis of the plot explains 13% of the
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fitted and 4% of the total variations. The data points representing the three filter fractions from
each depth and time period overlap in the plot, reducing the 120 metagenomes to 40 data points
in the plot. The figure includes vector overlays for the environmental factors. The relationship
between an environmental factor and variations in OTU relative abundances is indicated by the
direction and length of the factor vector, with increased vector length indicating a stronger
relationship. Samples from Dec (empty circle), Jan (empty square), and Feb (empty triangle)
were grouped as summer (red area cover); Jul (black triangle) and Aug (black square) were
grouped as winter (blue area cover); and Oct (grey circle) and Nov (grey triangle) were grouped
as spring (green area cover) to highlight seasonal variations. Samples from Upper 1, 2, and 3
were grouped as Upper (thick-dotted line); interface were grouped as Interface (solid line);

Lower 1, 2, and 3 were grouped as Lower (thin-dotted line) to highlight depth-related variations.

Apart from this, the changes in the alpha diversity also showed the effects of seasonal
changes on the biodiversity of Ace Lake (Figure 3.9). In the Upper 3 zone of Ace Lake,
the alpha diversity was low in summer and high in winter and spring in the 0.8-3 um-
filter metagenomes, which coincided with the change in the abundance of
Synechococcus in these metagenomes. The sudden decrease in the 0.8—3 um-filter
spring metagenome from Upper 2 was also due to the high abundance of Synechococcus
in that metagenome. The effect of change in season was most obvious in the alpha
diversity measured at the Ace Lake Interface (Figure 3.9). Here the diversity was high
in winter and Oct 2014 spring when the Chlorobium population was very low (peak
relative abundances: 6% Jul 2014; 5% Aug 2014; <1% Oct 2014), but low in summer
and spring when the Chlorobium population dominated the Interface (peak relative
abundances: 84% Dec 2006; 81% Nov 2008; 33% Nov 2013; 59% Dec 2014) (Figure
3.6). Contrarily, the Lower zone of Ace Lake seemed mostly unaffected by change in
season from summer to spring, with very little variations in alpha diversity (Figure 3.9).
The high contribution of Synechococcus and Chlorobium toward the similarity between
metagenomes from a season (summer, winter, spring) and dissimilarity between
metagenomes from different seasons (summer vs winter, summer vs spring, spring vs

winter) was also indicated by the output of SIMPER analysis (Table 3.2).
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Figure 3.9 Seasonal variation in Ace Lake alpha diversity. The line graph shows the
Simpson’s index of diversity measures in metagenomes from three filter fractions (3—20 pm,
dark blue line; 0.8-3 um, pink line; 0.1-0.8 pum, blue line), seven Ace Lake depths (x-axis:
Upper 1 to Lower 3), and three seasons (x-axis: summer, red font; winter, blue font; spring,
green font). The y-axis was split to show an expanded view of diversity measures between 0.9
and 1. All Ace Lake surface (Upper 1) samples were from summer. Winter data were not

gathered from the Lower zone of Ace Lake due to logistics issues during sample collection.

Table 3.2 SIMPER analysis showing similarities between samples from a season and
dissimilarities between samples from different seasons as well as the top contributing
OTUs. The percentages in the cells with yellow background indicate similarities between
metagenomes from the same season (summer, winter, or spring). The percentages in the cells
with grey background indicate dissimilarities between metagenomes from different seasons
(summer vs winter, summer vs spring, winter vs spring). The data are shown for summer (red),
winter (blue), and spring (green) samples along both x- and y-axes, and for six Ace Lake depths
(Upper 2 to Lower 3) along the y-axis. The two most abundant Ace Lake bacterial taxa
(Chlorobium and Synechococcus) have been highlighted in bold. No winter data are shown for
Ace Lake Lower zones, as winter samples were not collected due to logistics issue during
sample collection. Upper 1 data are also not shown, as all Upper 1 samples were collected in

Summer.
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Ace Lake

Seasons Summer Winter Spring
depth
40%
Phycodnaviridae 2
Synechococcus
Summer
Phycodnaviridae 3
Phycodnaviridae 4
Upper 2 Phycodnaviridae 5
53%
; 62%
Winter Synechococcus
Phycodnaviridae 2
Verrucomicrobia
) 52% 40% 59%
Spring
Synechococcus Synechococcus Phycodnaviridae 2
42%
Summer Synechococcus
Phycodnaviridae 2
61%
Phycodnaviridae 2
Upper 3 : 51%
Winter Synechococcus
Synechococcus
Nisaea
Microbacteriaceae BACL25
; 50% 37% 62%
Spring
Synechococcus Synechococcus Phycodnaviridae 2
43%
Summer )
Chlorobium
; 56% 70%
Interface 'Winter . )
Chlorobium Chlorobium
; 55% 43% 55%
Spring ) . )
Chlorobium Chlorobium Chlorobium
52%
Summer )
Chlorobium
70%
41%
Lower 1 ) Syntrophales
; Chlorobium
Spring Cloacimonetes
Desulfatiglanales
Desulfatiglanales
NaphS2
NaphS2
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Bacteroidales
UBA4459
Atribacteria 34-128
51%
Chlorobium
Summer
Syntrophales
Cloacimonetes
69%
Lower 2 g -
ntropnales
41% JHrop
o G e Cloacimonetes
rin. ntrophales
prns Hop ) Desulfatiglanales
Chlorobium
NaphS2
Atribacteria 34-128
53%
Atribacteria 34-128
Summer
Cloacimonetes
Syntrophales
Lower 3
39%
Cloacimonetes 71%
Spring
Atribacteria 34-128 Atribacteria 34-128
Chlorobium

The seasonal variation in the daily maximum incident light recorded at Ace Lake is very
prominent, with light levels as high as 1,225 pE m? S™! measured in summer and only
1.3 uE m? S measured in winter (Burch, 1988). The amount of light, especially PAR,
penetrating the Ace Lake depends on a number of factors like the quality of the surface
ice cover (thickness and opaqueness), the amount of snow cover, and the microbial
growth, all of which are affected by change in season (Hand and Burton, 1981; Burch,
1988; Burke and Burton, 1988; Rankin et al, 1999). Moreover, it has been previously
noted that an ice and/or snow cover can block out large proportions of the incident light,
allowing only 21% of the total incident light to pass through 1.6 m of ice in the absence
of a snow cover and only 7% in the presence of an additional 30 cm snow cover (Burch,
1988). Therefore, in winter when the incident light is very low, the presence of a thick
ice cover (>1m in Aug 2014; Table 3.1; Appendix I) would further limit the amount of
PAR available to the phototrophs in the Ace Lake, thereby affecting their abundance.

As both Synechococcus and Chlorobium were phototrophs, their low abundance in
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winter was probably due insufficient amounts of PAR for energy production. However,
Synechococcus abundance in the Upper zone recovered much faster than Chlorobium
abundance at the Interface, in late winter and the following spring (peak relative
abundances: 16% vs 5% in Aug 2014 and 51% vs <1% in Oct 2014, respectively). Also,
Synechococcus was quite abundant at the Interface in Oct 2014 (peak relative
abundance: 25%), in the near absence of Chlorobium, and in the Lower zone
metagenomes (peak relative abundance: 8%). This could be attributed to its capacity for
fermentation in the anoxic waters, allowing it to survive and grow in the dark; genes
associated with fermentation were identified in the Ace Lake Synechococcus. This
fermentative ability has also been reported in Synechococcus from the deep, dark waters

of the Black Sea (Callieri et al, 2019).

Apart from these two photoautotrophs, some of the other abundant OTUs also displayed
seasonal variations (Figure 3.10). Algoriphagus, Flavobacteriaceae MAG-120531,
Hydrogenophaga, Leadbetterella, Loktanella, Nonlabens, Polaribacter, and
Saprospiraceae sp. were found only in the metagenomes from the Ace Lake surface
(Upper 1), especially near-shore sites, and were prevalent only in summer, as all Upper
1 samples were from summer (Figure 3.6). Other OTUs such as the eukarya
Micromonas and the algal viruses Phycodnaviridae 1 and 3 also showed seasonal
variation. Micromonas abundance was negligible in winter, which was consistent with
its light-dependent survival and growth, and was quite high in spring and summer (peak
relative abundances: 20% and 14%, respectively). Also, Phycodnaviridae 1 was more
abundant in winter (peak relative abundance: 6%) in the 3—-20 and 0.8-3 pum-filter
metagenomes, whereas Phycodnaviridae 3 was more prevalent in summer and spring
(peak relative abundances: 3% in both seasons) in 3—20 and 0.1-0.8 pm-filter
metagenomes. Other abundant bacterial OTUs in the Ace Lake Upper zone that showed
high abundance in summer and spring included Aquiluna, Burkholderiaceae
MOLAS14, Burkholderiaceae SCGC-AAA027-K21, and Gimesia. On the other hand,
OTUs like Balneolaceae UBA2664, Crocinitomix, Cyclobacterium, Halioglobus,
Porticoccaceae HTCC2207, Pseudomonas_E, and the five Verrucomicrobia OTUs
were more abundant in winter and sometimes spring (Figure 3.10). Furthermore,

Fabibacter and Methylophilaceae BACL14 were abundant only in spring samples.

150



Figure 3.10 Seasonal distribution of peak relative abundances of abundant OTUs in Ace
Lake. The stacked bar chart shows the peak relative abundances of the OTUs in metagenomes
from summer (red bar), winter (blue bar), and spring (green bar), i.e., the highest relative
abundance of an OTU among all metagenomes from summer, winter, and spring. The graph was
separated into three parts and the abundance scales were redrawn to show expanded view of

total peak abundances ranging from 0—-10, 0—60, and 0—-180.
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At the Ace Lake Interface, the abundances of the two Deltaproteobacteria OTUs
Desulfobacterium and Desulfocapsa also varied with season and were found to be
correlated to the Chlorobium abundance (Table 3.3). It has been previously shown that
the Ace Lake Chlorobium is involved in sulfur cycling at the Ace Lake Interface, where
it oxidises sulfide to sulfate, which is reduced back to sulfide by SRB (Rankin et al,
1999; Coolen et al, 2006; Ng et al, 2010; Lauro et al, 2011). Desulfobacterium are SRB
that can reduce sulfate, and was potentially involved with Chlorobium in sulfur cycling.
Desulfocapsa possessed genes for sulfur and thiosulfate disproportionation, using which
it could convert sulfur as well as thiosulfate to sulfide and sulfate, also previously
reported (Finster et al, 2013), that could be used by Chlorobium and Desulfobacterium,
respectively. Therefore, the significant positive correlation between the abundances of
Chlorobium and the two Deltaproteobacteria might suggest a possible strong co-
dependence. The probable causes of the seasonal variations in the abundances of some
of these OTUs were found to be related to their nutrient requirements (Panwar et al,

2020).

Table 3.3 Correlation between relative abundances of Chlorobium and members of
Deltaproteobacteria at Ace Lake Interface. The correlation coefficient (R) and its significance
(P-value) were calculated as described in section 3.2.4.3. The correlation between two microbes
was not calculated (NC) if either of their abundances were low (<1%) in all Ace Lake Interface
metagenomes from a size fraction. Correlation coefficients that were significant at 95%

confidence level have been highlighted with a blue background.

3-20 um filter 0.8-3 pm filter 0.1-0.8 um filter
Organism 1 Organism 2

R P-value R P-value R P-value

Desulfobacterium 0.9 0.002 NC NC NC NC

Desulfocapsa 0.8 0.026 | 0.8 0.031 NC NC
Desulfobacterales
0.6 0.173 NC NC NC NC
S5133MH16
Chlorobium
Desulfatiglanales
0.5 0287 0.6 0.179 NC NC
NaphS2
Syntrophales
0.7 0.096 0.7 0.103 NC NC
UBA2210
Desulfobacterium Desulfocapsa 0.9 0.015 NC NC NC NC

3.3.5 Ace Lake viruses
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Viral OTUs were prevalent in the Upper zone of Ace Lake and showed high abundance
in metagenomes from 0.1-0.8 um-filter, followed by 3—20 um-filter and 0.8-3 um-filter
metagenomes. Of the 1,817 viral OTUs identified in the Ace Lake metagenomes, only
13 OTUs, including one uncharacterized viral OTU referred to as ‘unclassified Virus’ in
the metagenome Phylodist files, had relative abundances >1% in at least one
metagenome. Among these abundant viral OTUs, five viruses belonging to the
Phycodnaviridae tamily yielded good quality bins after bin refinement with RefineM.
Based on the ANI matches to their reference genomes, the five algal viruses were
classified as Phycodnaviridae 1, 2, 3, 4, and 5 (Appendix G). The five Phycodnaviridae
OTUs contributed to most of the viral abundance in the Ace Lake Upper zone, with

Phycodnaviridae 2 making most of the contributions (Figure 3.11).
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Figure 3.11 Relative abundances of viral OTUs in the Upper zone of Ace Lake. The stacked
bar charts show the relative abundances of all Viruses (dark grey bar) as well as
Phycodnaviridae 1-5 OTUs (1, pink bar; 2, green bar; 3, yellow bar; 4, blue bar; 5, red bar), the
five algal viral OTUs found to be abundant in the Upper zone of Ace Lake (x-axes: Upper 1, 2,
3). The relative abundances are shown in (a) 3—-20 um-filter, (b) 0.8-3 pm-filter, and (c) 0.1-0.8
um-filter metagenomes from three seasons (x-axis: summer, red font; winter, blue font; spring,

green font). All Ace Lake surface (Upper 1) samples were from summer.

3.3.5.1 Viral contigs representing complete genomes

Of the 516 viral contigs in the complete phage catalogue, 337 contigs were from the
Ace Lake metagenomes. These Ace Lake viral contigs were grouped as 173 distinct
viral genomes based on their length, GC content, viral cluster or singleton designation,
and clade assignment. The viral genomes belonged to Caudovirales (158), Microviridae
(1), Retrovirales (1), and Cress-DNA virus/Parvovirus (6), but the clade of seven
genomes could not be determined. Additionally, the Ace Lake zones in which these
circular phage were prevalent was also determined (Appendix H: Table HI). Among the
173 distinct viruses, 87 were identified only in the Ace Lake Upper zone metagenomes
and three were identified in Upper and Interface zone metagenomes. Notably, the viral
genomes from Microviridae, Retrovirales, and Cress-DNA virus/Parvovirus were
identified only in the Upper zone metagenomes from Ace Lake. These observations
were consistent with the overall analysis of the Ace Lake metagenomes, which showed

a higher proportion and variety of viruses in the Upper zone (Figure 3.11; also see

154




‘other’ viruses in Figure 3.13). These phage contig groups representing complete
genomes of viruses need to be studied further to assess their potential hosts using the

data in the spacer database (discussed in Chapter 6).
3.3.5.2 Ace Lake ‘huge’ phage with defence genes

Among the unassigned contigs from the Ace Lake metagenomes, 28 contigs had relative
abundances >1% (Table 3.4). Five of these abundant unassigned contigs from the Ace
Lake Lower zone were associated with cluster 24 (cl_24) in the Antarctic virus
catalogue and were predicted most likely to be prophages by VirSorter (category 5).
Four of these five cl_24 contigs contained cas genes and two of them represented
complete virus genomes in the complete phage catalogue (Table 3.4). The cl 24
contained total 56 viral contigs, including the five abundant unassigned contigs. Their
sequence alignment against each other using Mauve showed that nine of these contigs
from Ace Lake metagenomes, plus three from an Ace Lake MetaBAT MAG,
represented complete or nearly complete genome of a ‘huge’ phage of around 528 kb
length (Appendix H: Table H1). A similar ‘huge’ phage was also reported previously
(Al-Shayeb et al, 2020). The cl_24 contigs were aligned against all metagenome contigs
to increase the representation of the viral cluster, but this yielded small contigs of length

<1 kb that were not added to the cl_24 for further analysis.

The nine cl 24 viral contigs from Ace Lake metagenomes representing complete phage
genomes were identified from the 3—20 pm-filter and 0.1-0.8 pm-filter metagenomes
from the Lower zone and probably represented intracellular and virion forms of the Ace
Lake ‘huge’ phage, respectively. The complete phage genome sequences were present
in metagenomes from Nov 2008, Nov 2013, Oct 2014, and Dec 2014, with incomplete
sequences also found in the Ace Lake Interface metagenomes from Jul 2014 and Aug
2014, suggesting that the phage thrives in the Lower zone. Host analysis of the 56 cl 24
contigs showed potential association with Ammonifex degensii (a Firmicutes) and
Methylomicrobium alcaliphilum (a Gammaproteobacteria). The phage contained cas
genes representing a putative type I-C CRISPR-Cas system and CRISPR arrays
containing spacer sequences, but did not have any spacer acquisition genes (cas!, cas2,
or cas4); similar to what was observed in a recently reported ‘huge’ phage (Al-Shayeb
et al, 2020). The spacer sequences on the phage contigs (32 distinct spacers) did not
match any viruses in the spacer database but were identical to the spacer sequences on
their potential hosts. Additionally, the repeat sequences in the CRISPR arrays of the
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phage contigs (12 distinct repeats) were identical to those from their potential hosts,
suggesting that the Ace Lake ‘huge’ phage might be using host CRISPR-Cas machinery
to acquire spacers that target the viruses infecting its host; similar to previous reports

from another ‘huge’ phage (Al-Shayeb et al, 2020).

Apart from the Ace Lake ‘huge’ phage identified from the abundant unassigned contigs,
four of the 28 contigs from the Ace Lake Upper zone and Interface also contained R-M
system genes, of which two contigs were associated with cluster 463 (cl_463) in the
Antarctic virus catalogue (Table 3.4). This viral cluster was also identified among the
most abundant viral clusters in Ace Lake (section 3.3.5.3). However, host analysis of
the cl_463 viral contigs did not yield any useful information; the host contigs with
spacer matches to cl 463 were very small, only 186 to 514 bp long. Additionally, four
of the abundant unassigned contigs contained phage genes and were potentially viral
contigs. Notably, three of these contigs were the same length and their read depth was
high (>4000, which was ~0.6-fold of the maximum read depth of Chlorobium at the Ace
Lake Interface). However, these contigs showed no matches to the Antarctic virus
catalogue and were not categorised as viruses or prophages by VirSorter, therefore, they

were not investigated any further.

Table 3.4 Ace Lake unassigned contigs with relative abundance >1%. The relative
abundances of the contigs were calculated by dividing the contig coverage (contig length x read
depth) with the total metagenome abundance (using Formula (1) described in section 3.2.1). The
yellow-highlighted contigs were from cl 24 and most of these contained cas genes. The green-
highlighted contigs contained restriction-modification genes (R-M genes) and some of them
were from cl_463. * VirSorter was used for identifying potential viral contigs. VirSorter
category: 2, most likely a virus; 5, most likely a prophage. tViral cluster or singleton
designations were determined by comparing the contigs against the Antarctic virus catalogue.
1The gene annotations on the contigs were manually parsed to assess any defence gene
assignments. The protein sequences of the defence genes were aligned against the
UniProtKB/Swiss-Prot database using the ExPASy BLAST online service
(https://web.expasy.org/blast/), to verify the gene assignments. The contigs highlighted in red

font contained phage proteins and were potentially viral contigs based on their genetic

composition.
Defence
Contig ID Contig  Read Relative VirSorter Cluster or _
i genes, if
(Metagenome) length (bp) depth abundance category* singletonf ;
any
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https://web.expasy.org/blast/

Ga0222679_1000001

528,258 65 2% 5 cl 24 cas genes
(Oct 2014 L1 0.1 pm)
Ga0222682 1000001
B 528,256 30 1% 5 cl 24 cas genes
(Oct 2014 L2 0.1 pm)
Ga0222637_1000003
323,923 98 1% 5 cl 24 No
(Nov 2013 L1 0.1 pm) -
Ga0208904_ 1000003
447,854 173 1% 5 cl 24 cas genes
(Nov 2008 L2 0.1 pum) -
Ga0222640_ 1000001
(Nov 2013 L2 0.1 pm) 528,282 44 1% 5 cl 24 cas genes
ov L2 0.1 um
Ga0222632 1000232
(Nov 2013 U2 3 jm) 36,204 4438 5% NM cl 463 R-M genes
ov U2 3 um
Ga0222634 1000174
(Nov 2013 52 0.1 pum) 38,474 6412 6% NM cl 463 R-M genes
ov U2 0.1 um
Ga0222633 1001720
10,635 5721 2% 5 NM R-M genes
(Nov 2013 _U2 0.8 um)
Ga0222673 1000495
17,665 2206 2% NM NM R-M genes
(Oct 2014 1 0.1 um)
Ga0222663 1001055
6,783 4589 1% NM NM No
(Aug 2014 _U3 0.8 um)
Ga0222663 1001225
- 6,047 4644 1% NM NM No
(Aug 2014 _U3 0.8 um)
Ga0222672 1001351
6,783 5052 1% NM NM No
(Oct 2014 1 0.8 pm)
Ga0222672_ 1001480
6,298 5181 1% NM NM No
(Oct 2014 1 0.8 pm)
Ga0222633 1002523
7,513 5822 1% NM NM No
(Nov 2013 _U2 0.8 pum)
Ga0222663 1000940
7,513 4970 1% NM NM No
(Aug 2014 _U3 0.8 pum)
Ga0222633 1001866
- 9,906 5450 2% NM NM No
(Nov 2013 _U2 0.8 um)
Ga0222633 1002795
- 6,825 5634 1% NM NM No
(Nov 2013 _U2 0.8 um)
Ga0222646 100168
21,333 1988 1% NM NM No

(Dec 2013 U1 0.1 pm)
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Ga0222634 1000880

11,674 5947 2% NM NM No
(Nov 2013_U2_ 0.1 pm)
Ga0222663_1000601

- 11,441 4188 2% NM NM No

(Aug 2014 U3 0.8 pm)
Ga0302065_10003

23,984 26 2% NM NM No
(Dec 2006_U2_3 pm)
Ga0222632_1001769

7,513 4630 1% NM NM No
(Nov 2013_U2_3 pm)
Ga0222663_1001043

6,857 4765 1% NM NM No
(Aug 2014 U3 0.8 pm)
Ga0222632_1001005

11,881 3963 1% NM NM No
(Nov 2013_U2_3 pm)
Ga0222633_1001528

- 11,966 4740 2% NM NM No

(Nov 2013_U2_0.8 pm)
Ga0222663_1001083

6,625 4570 1% NM NM No
(Aug 2014 U3 0.8 pm)
Ga0222672_1000724

11,543 4639 2% NM NM No
(Oct 2014 1 0.8 um)
Ga0222672_1001360

6,756 5489 1% 2 NM No

(Oct 2014 1 0.8 pum)

3.3.5.3 The abundant Ace Lake viral clusters

A total of 30,897 viral contigs in the Antarctic virus catalogue were from the Ace Lake
metagenomes, including 3,034 from Upper 1; 8,022 from Upper 2; 7,939 from Upper 3;
2,971 from Interface; 2,201 from Lower 1; 2,093 from Lower 2; and 4,637 from Lower
3. This suggested that viruses were prevalent throughout the Ace Lake, albeit at lower
abundances in the anoxic zone (see ‘other’ viruses in Figure 3.13). To analyse the Ace
Lake viruses, the 4,856 viral clusters and 4,142 singletons to which these Ace Lake viral
contigs belonged were studied separately. A total of 17 abundant viral clusters were
further analysed to determine their probable niche in Ace Lake and their potential hosts
(Appendix H: Table H2). Most of these abundant viral clusters (15 out of 17) were
mainly represented by contigs from the Ace Lake Upper zone metagenomes, which
coincided with the observation that the Upper zone of Ace Lake harboured more variety
and abundance of viruses (Figure 3.11; also see ‘other’ viruses in Figure 3.13). The

Upper zone viral clusters cl_5,cl 11, cl 159, cl 295, and cl 463 had potential bacterial
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hosts, but the clusters showed no correlation to the most abundant bacteria in the Upper
zone of Ace Lake, namely Synechococcus (described below in section 3.3.5.5).
Similarly, the Upper zone viral clusters ¢l 7, ¢l 9, cl 20, ¢l 32, cl 35, and ¢l 66 with
potential eukaryal hosts showed no correlation to Micromonas, the most abundant
eukarya in the Upper zone of Ace Lake (described in section 3.3.5.4 below). However,
the two abundant clusters from the Ace Lake Lower zone, cl 248 and cl 400, were

found to be associated with the Chlorobium in Ace Lake (described below in section

3.3.5.6).
3.3.5.4 Algal viruses

The five algal viruses, Phycodnaviridae 1-5, also represented 261 viral clusters and 109
singletons in the Antarctic virus catalogue, of which 107 viral clusters and 7 singletons
were classified as NCLDVs in the Antarctic NCLDV catalogue. Notably, the viral
clusters associated with Phycodnaviridae 3 completely differed from those associated
with Phycodnaviridae 1, 2, 4, and 5, which shared most viral clusters. This grouping of
the algal viral OTUs was also observed in the output of the OTU bin matches to the
MetaBAT MAGs, where Phycodnaviridae 1, 2, 4, and 5, but not Phycodnaviridae 3,
matched the MAG bin62, suggesting that the four algal viruses were very similar
(Appendix G). This was also supported by the positive correlation between the relative
abundances of Phycodnaviridae 1, 2, 4 and 5, whereas Phycodnaviridae 3 showed no
correlation to the other four algal viruses (Table 3.5). Although the associations
between the Phycodnaviridae viruses was observable, the five algal viruses showed no

correlation to Micromonas, the most abundant green alga in the Ace Lake (Table 3.5).

The six abundant viral clusters (cl 7, cl 9, cl 20, cl 32, ¢l 35, and ¢l _66; section
3.3.5.3) from the Ace Lake Upper zone with predicted eukaryal hosts matched some of
the clusters associated with the Phycodnaviridae OTUs. An abundance correlation
between the Micromonas OTU and the six abundant viral clusters was performed to test

potential virus-host association, however, no correlation was observed.

Table 3.5 Algal virus OTUs identified in Ace Lake — their associated viral clusters and
singletons and their correlation with potential hosts. The correlation coefficient (R) and its
significance (P-value) were calculated as described in section 3.2.4.3. * The correlation between
Micromonas and Phycodnaviridae 1-5 was not calculated (NC) in the metagenomes from 0.1—
0.8 um-filter because Micromonas was not detected in this size fraction. Correlation coefficients

that were significant at 99% confidence level have been highlighted with a blue background.
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Comparison with the Antarctic virus catalogue and the Antarctic NCLDV catalogue

Number of

Number of viral

3-20 pm filter 0.8-3 um filter

Number of OTU  viral clusters
singletons
contigs with (NCLDV Viral clusters
. . (NCLDV
Viral OTUs matches to virus clusters) to ) (NCLDV clusters)
) singletons) to .
catalogue NCLDV  which the _ unique to an OTU
) which the OTU
catalogue) OTU contigs )
contigs belong
belong
Phycodnaviridae 1 377 (231) 20 (15) 5(1) 15 (8)
Phycodnaviridae 2 1,982 (889) 111 (64) 30 (1) 118 (54)
Phycodnaviridae 3 510 (80) 119 (25) 56 (3) All (All)
Phycodnaviridae 4 315 (129) 32 (13) 14 (1) 26 (5)
Phycodnaviridae 5 68 (30) 12 (7) 4(1) 5 (None)

Correlation analyses

0.1-0.8 pm filter*

Organism 1 Organism 2
R P-value R  P-value R P-value
Phycodnaviridae 1 -0.3 0.2 -0.3 0.3 NC NC
Phycodnaviridae 2 -0.1 0.6 -0.4 0.1 NC NC
Micromonas Phycodnaviridae 3 0.1 0.9 -0.3 0.3 NC NC
Phycodnaviridae 4 -0.2 0.4 -0.2 0.4 NC NC
Phycodnaviridae 5 -0.2 0.5 -0.4 0.1 NC NC
Phycodnaviridae2 = 0.8 0.0004 | 0.6 0.01 0.5 0.03
Phycodnaviridae 3 -0.1 0.8 -0.2 0.5 -0.1 0.7
Phycodnaviridae 1
Phycodnaviridae 4 = 0.9  2e-7 0.7 0.002 0.7 0.001
Phycodnaviridae 5 = 0.7 0.0005 = 0.7 0.003 0.5 0.2
Phycodnaviridae 3 0.4 0.1 0.2 0.6 0.5 0.04
Phycodnaviridae 2 Phycodnaviridae 4 | 0.8  4e-5 0.9 3e-7 0.7 0.001
Phycodnaviridae 5 = 0.9  2e-8 0.9 5e-9 0.96 3e-10
Phycodnaviridae 4 0.2 0.5 0.1 0.7 0.2 0.6
Phycodnaviridae 3
Phycodnaviridae 5 0.4 0.1 -0.01 1 0.5 0.04
Phycodnaviridae 4 Phycodnaviridae 5 | 0.8  3e-5 0.9 4e-8 0.7 0.002
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3.3.5.5 Ace Lake cyanophage

The genome size of the cyanophage (549 kb) assembled from an Ace Lake 2006
metagenome was large enough for it to be considered a ‘huge’ phage, although no cas
genes were identified on it. The cyanophage had good matches to 11 Ace Lake viral
contigs, plus nine viral contigs from an Ace Lake MetaBAT MAG, in the Antarctic
virus catalogue. The 11 Ace Lake contigs belonged to four viral clusters and 10
singletons, which were unique to Ace Lake and did not contain contigs from other
Antarctic metagenomes (Appendix H: Table H1). No correlation was observed between
the cyanophage and the most abundant cyanobacteria in Ace Lake, namely
Synechococcus. However, cyanophages are known to drive the development of marine
cyanobacteria (Coleman et al, 2006; Avrani et al, 2011). It is possible that the
association between the Ace Lake cyanophage and Synechococcus depended on
additional factors and was not a linear correlation (discussed in Chapter 4). Moreover,
the Synechococcus population was mainly present in the 3—20 and 0.8—-3 pum-filter
metagenomes, unlike the cyanophage that was identified only in the 0.1-0.8 um-filter
metagenomes, probably existing in its virion form. The host analysis of the cyanophage
using the data in the spacer database did not yield any good matches to potential host
contigs. As the Synechococcus OTU did not contain any CRISPR-Cas system genes,
consistent with previous reports on marine cyanobacteria (Cai et al, 2013), its potential
viruses could not be explored using the spacer database. An abundance correlation
between the Synechococcus OTU and the five abundant viral clusters from Ace Lake
Upper zone with potential bacterial hosts (cl_5, cl 11, cl 159, cl 295, and cl 463;
section 3.3.5.3) was performed to assess any virus-host relationship, however, no

significant correlation was observed.
3.3.5.6 Potential Chlorobium viruses

The Ace Lake Interface supports a high abundance population of GSB belonging to the
Chlorobium genus, which are known to contain genes associated with the CRISPR-Cas
system and R-M enzymes for defence against viruses (Ng et al, 2010; Lauro et al, 2011;
Llorens—Margs et al, 2017; Boldyreva et al, 2020). To explore the viruses probably
associated with the Ace Lake Chlorobium, the data in the metagenome CRISPR files
were used to identify 80 unique CRSIPR spacer sequences in the Chlorobium OTU
contigs from Ace Lake. The spacer sequences matched 3,508 contigs from the 120 Ace
Lake metagenomes, which were compared against the Antarctic virus catalogue and
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three viral contigs were identified as potential Chlorobium viruses. Two of these contigs
were from the viral cluster 1024 (cl_1024) and one was a singleton (sg_14554). The
association of these three viral contigs with the Chlorobium OTU was further verified
by assessing their matches to host spacers in the spacer database, which showed that
their potential hosts included members of Chlorobi (including the Ace Lake
Chlorobium) and Gammaproteobacteria and possibly members of Deltaproteobacteria,
Firmicutes, Flavobacteriia, and Verrucomicrobia, suggesting that these viruses had a
broad range of hosts (Table 3.6). The two abundant viral clusters from the Ace Lake
Lower zone (cl 248 and cl 400; section 3.3.5.3) were analysed to identify any
association with Chlorobium. The cl_248 contained 35 viral contigs (Appendix H:
Table H1) and their host analysis showed matches to members of Chlorobi (including
Ace Lake Chlorobium) and Gammaproteobacteria, indicating a similar host range as

cl 1024 and sg_14554. On the other hand, the cl 400 contained 26 viral contigs
(Appendix H: Table H1) and had matches to spacers from Bacteroidales UBA4459, its
potential host.

The cl_1024 contained total 14 viral contigs, including the two with initial matches to
the Chlorobium CRISPR spacers (Appendix H: Table H1), and the host analysis of
these viral contigs also supported the above taxa as potential hosts of the ¢l 1024 viral
contigs. The ¢l 1024 viral contigs from 2008 and 2013-2015 Ace Lake metagenomes
were highly similar to each other with >98% identity across >80% alignment fraction,
whereas the contigs from 2006 were also quite similar to the other contigs (>95%) but
across a lower alignment fraction (>60%). This difference was probably observed due to
the longer lengths of contigs from 2006 metagenomes. The cl 1024 contigs and

sg 14554 were also aligned against the Ace Lake metagenome contigs to increase the
representation of these potential Chlorobium viruses; 69 metagenome contigs had good
matches to the cl_1024 (cl 1024 matches) and 29 contigs had good matches to
sg_14554 (sg_14554 matches) (Appendix H: Table H1).

Abundance correlation analyses between the Ace Lake Chlorobium and cl 1024 group
(cl 1024 + cl 1024 matches), sg 14554 group (sg_14554 + sg_14554 matches), cl 248,
and cl_400 were performed to ascertain the nature of virus-host association between the
bacteria and the viruses. The data showed significant positive correlation between
Chlorobium abundance and its potential viruses from cl 1024 group (R= 0.7, P=2e-11)
and sg_14554 group (R=0.97, P=0.02) in the Ace Lake Interface and its surrounding
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Upper 3 and Lower 1 zones; cl 248 also showed a positive correlation, but it was not
significant (R=0.5, P=0.7) (Figure 3.12). The cl 400 showed a significant positive
correlation to Chlorobium abundance (R=0.9, P=5e-11), although Chlorobium was not
amongst its potential hosts determined from spacer matches. It is possible that these
potential Chlorobium viruses (cl 1024, sg 14554, cl_248) grow cooperatively with the
Chlorobium and were not responsible for its very low abundance in Oct 2014,
considering that they were not detected in the Ace Lake metagenomes from this time
period. Additionally, these potential Chlorobium viral clusters and singleton were

identified only in the Ace Lake metagenomes in the Antarctic virus catalogue.

The Chlorobium spacer sequences were also thoroughly analysed to assess if there were
a seasonal pattern of spacer acquisition. For this, the spacer sequences on the host
contigs with matches to the two cl_1024 contigs and sg 14554 were analysed. A total of
89 unique spacers were identified on the host Chlorobium contigs from the 120 time-
series Ace Lake metagenomes. Although no seasonal pattern was observed, many of the
spacers were found on contigs from multiple time periods, highlighting that capacity of

Chlorobium to defend against viral predation (discussed in Chapter 5).

Figure 3.12 Ace Lake Chlorobium and its potential viruses. The line graph shows the read
depth-based abundance association between Chlorobium (black line) and its potential viruses —
cl 1024 group (green line), sg_14554 group (yellow line), and cl 248 (orange line) as well as

cl 400 (grey line) in the metagenomes from three filter fractions (x-axis: 3-20 um, 3; 0.8-3 pm,
0.8; 0.1-0.8 um, 0.1) and three Ace Lake depths (x-axis: Upper 3, U3; Interface, [; Lower 1,

L1). The metagenomes were sampled from summer (red font), winter (blue font), and spring
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(green font) shown on the x-axis. Winter data were not gathered from the Lower zone of Ace

Lake due to logistics issues during sample collection.

Table 3.6 Host analysis of two cluster 1024 (c1_1024) and one singleton (sg_14554) viral
contigs. Total 83 spacers matched the three potential Chlorobium virus contigs — one singleton
(sg_14554) and two cl_1024 contigs from Dec 2006 and Aug 2014 Ace Lake metagenomes
(Appendix H: Table H1). Of these, 65 spacers were numbered from S1-S65, whereas the other
18 spacers were either reverse complements of S1-S65 (‘RC’ after the spacer number) or their
sequences were same as S1-S65 but shorter by 1 nucleotide (‘-1 after the spacer number; e.g.,
S1 was 34 nt and S1-1 was 33 nt). Spacers that were both short and reverse complements were
numbered as ‘RC-1" after the spacer number. The numbers in parentheses represent the number
of host contigs that also had cas genes flanking the CRISPR spacer arrays. The spacers
highlighted in red had 90-99% identity matches to the respective viral contigs, whereas all other
spacer matches were 100% identical. The yellow highlighted microbe was the most abundant
bacteria, Chlorobium, in Ace Lake. * The host taxonomy was determined from the contig

taxonomies generated by the Cavlab pipeline v4 runs on the metagenomes (section 3.2.1).

Potential host sg 14554 cl 1024 cl 1024
Host phylum/class
taxonomy* Dec 2006 Dec 2006 Aug 2014
S51, 852, S53,
Chlorobaculum S54, S55, S56,
S2-2 (1)
tepidum S57, S58, S60
(1)
S1(D),
Chlorobium S3 RC (1),
S3 RC (1),
phaeobacteroides S4 RC (1)
S4 RC (1)
S1(1), S2 (3),
Chlorobi o &
S3 (1), S4 (1),
S3(@),S41), S1-1(Q),
Chlorobium S20 (1), S21
S3 RC(1), S1 RC(),
phaeovibrioides (1), S22 (1)
S4 RC (1) S2 RC,
S3 RC (1),
S4 RC (1)
Prosthecochloris sp.
S62 (1)
CIB 2401
Gammaproteobacteria Acinetobacter sp. C15 S19
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S21 (1),

Alcanivorax jadensis ~ S49 RC, S59, S11-1 S11-1
S49-1
Edwardsiella tarda S19 RC
Halomonas
S19
subterranea
S23, S24, S24-
1, S25, S26,
S27, 828, S29,
S30, S31, S32,
S8, S11-1,
Klebsiella S33, S34, S35, S8, S10, S11-
S11, S13,
prneumoniae S35 RC-1, 1, S11
S14, S15
S36, S37, S38,
S39, S40, S41,
S42, 843, S44,
S45
Legionella S48 (1),
massiliensis S48 RC (1)
Legionella
S48-2 (1)
pneumophila
Marinobacter
S49,S49 RC S17,S17 RC
antarcticus
S21 (1), S2 (3),
S7(1),
S21 RC, S41, S2 RC, S5,
Marinobacter sp. S7 RC (1),
S42, S63, S64, Sig S7 (1),
S65 S7 RC (1)
Nitrococcus mobilis S6 (1) S6 (1)
Vibrio cholerae S50
Deltaproteobacteria S12
Desulfuromonadaceae S61 RC
Deltaproteobacteria
Desulfuromonadales S61 (1)
Desulfuromonas S61 (1)
Lactobacillus
Firmicutes S46, S47 S16
namurensis
Flavobacteriia Runella zeae S31
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Verrucomicrobium sp.

Verrucomicrobia S9 S9
3C

3.3.6 ‘Other’ taxa and unassigned contigs

The low abundance (relative abundance <1%) and low-quality OTUs, together referred
to as ‘other’ taxa — including ‘other’ archaea, bacteria, eukarya, and viruses, were
explored further to determine their overall taxonomic composition. The ‘other’ bacterial
OTUs contributed more toward the total bacterial abundance in the Lower zone of Ace
Lake than in the Upper zone (Figure 3.13). Contrarily, ‘other’ viral OTUs were
abundant in the Upper zone of Ace Lake alongside ‘other’ eukaryal OTUs, rather than
in the Lower zone of Ace Lake alongside the ‘other’ archaeal OTUs. Among the ‘other’
bacterial OTUs, the overall pattern of depth distribution of the phyla and class OTUs in
Ace Lake was similar to the distribution pattern of the high-quality OTUs from those
taxa. The members of the phyla Proteobacteria, Bacteroidetes, Actinobacteria, and
Firmicutes showed the highest combined abundances (sum of relative abundances of
OTUs belonging to a phylum), with Bacteroidetes and Actinobacteria being more
prevalent in the Ace Lake Upper zone (peak relative abundances: 14% and 8%,
respectively) and Firmicutes being more abundant in the Lower zone (peak relative
abundance: 6%). Of the Proteobacteria OTUs, most belonged to Deltaproteobacteria
and were abundant in the Ace Lake Lower zone (peak relative abundance: 19%),
followed by Alphaproteobacteria and Gammaproteobacteria that were prevalent in the

Ace Lake Upper zone (peak relative abundances: 10% and 8%, respectively).

The ‘other’ archaeal OTUs mainly belonged to Euryarchaeota phylum (peak relative
abundance: 3%), especially the Methanomicrobia class of this phylum. The ‘other’
eukarya group mainly comprised of members of Chlorophyta, Streptophyta as well as
some uncharacterised eukaryal OTUs termed as ‘unclassified Eukaryota’ in the
metagenome Phylodist files (peak relative abundances: 1%, 1%, and 2%, respectively).
The ‘other’ viruses group included double-stranded DNA viruses as well as some
uncharacterised viral OTUs referred to as ‘unclassified Viruses’ in the metagenome

Phylodist files (peak relative abundances: 11%, and 12%, respectively).
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Figure 3.13 Depth and season distribution of unassigned contigs, low abundance OTUs,
and OTUs with poor taxonomic assignments. The heat map depicts the relative abundances

of low abundance OTUs (relative abundance <1% in all metagenomes) and OTUs with poor
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taxonomic assignment grouped under ‘Other’ Eukarya, Viruses, Bacteria, and Archaea as well
as the combined relative abundances of unassigned contigs shown as Unassigned. The relative
abundances were calculated in metagenomes from three filter fractions (x-axis: 3—20 um, 3;
0.8-3 pum, 0.8; 0.1-0.8 um, 0.1), seven lake depths (y-axis: Upper 1 to Lower 3), and three
seasons (y-axis: summer, red font; winter, blue font; spring, green font). The categorical
gradient bar indicates relative abundances in percentage. All Ace Lake surface (Upper 1)
samples were from summer. Winter data were not gathered from the Lower zone of Ace Lake

due to logistics issues during sample collection.

The taxonomic as well as genetic composition of the unassigned contigs were
determined by analysing the gene annotations on the contigs, including SSU rRNA
genes. The analysis of taxonomy of the SSU rRNA genes contained in the unassigned
contigs showed that most of them were associated with ‘uncultured’ archaea, bacteria,
or eukarya, suggesting the presence of novel microbes in Ace Lake that have not yet
been characterised (Table 3.7). Additionally, the analysis of the gene annotations on
unassigned contigs in Ace Lake showed that they mostly comprised of ‘hypothetical’
genes, which might code for novel proteins. The gene annotations on unassigned
contigs also included mobile elements (transposases, 1%), tRNAs (1%), and viral genes
(1-2%), latter of which indicated that the unassigned contigs also included viral contigs.
The presence of viruses and prophages among the unassigned data was also supported
by the output of VirSorter analysis, which showed that the relative abundances of
viruses were higher in the Upper zone of Ace Lake (peak relative abundance: 5%),
whereas the relative abundances of prophages were higher in the depths around the Ace
Lake Interface (peak relative abundances: 2%) (Table 3.7). The unassigned and ‘other’
OTUs data needs to be studied further, to ascertain the composition of the Ace Lake

‘dark matter’ (discussed in Chapter 6)

Table 3.7 Unassigned contigs in Ace Lake metagenomes — their genetic and taxonomic
composition. * The percentages were calculated relative to the total gene annotations in the
unassigned contigs of length >1 kb in a metagenome. Values from metagenomes from each
depth were averaged. T The percentage values indicate the number of /6S and /8S rRNA genes
identified on unassigned contigs that had matches to uncultured Archaea or Bacteria and
uncultured Eukarya, respectively. The SSU rRNA genes included partial gene sequences, but
the matches to those partial sequences were not considered. Uncultured Archaea, Bacteria, and
Eukarya included 76S rRNA gene matches to uncultured archaeon, bacterium, and eukaryote,

respectively, as well as other uncultured microbes with known superphylum, phylum, clade,
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and/or class taxonomy. For example, Uncultured Archaea included microbes referred to as
uncultured archaeon, uncultured euryarchaeote, and uncultured DPANN archaeon in the NCBI
database. Uncultured Bacteria included microbes referred to as uncultured bacterium,
uncultured Bacteroidetes, uncultured actinobacterium, uncultured marine bacterium, uncultured
Sphingobacteria bacterium, uncultured gamma proteobacterium, uncultured
Alphaproteobacteria bacterium, uncultured Arctic sea ice bacterium, uncultured Flavobacteriia
bacterium, uncultured delta proteobacterium, uncultured planctomycete, uncultured
Lentisphaerae bacterium, uncultured Chloroflexi bacterium, uncultured proteobacterium,
uncultured Firmicutes bacterium, uncultured Spirochaetes bacterium, uncultured Parcubacteria
group bacterium, uncultured Microgenomates group, uncultured Epsilonproteobacteria
bacterium, and uncultured Candidatus Atribacteria bacterium in the NCBI database. Uncultured
Eukarya included microbes referred to as uncultured eukaryote, uncultured marine eukaryote,
uncultured stramenopile, uncultured alveolate, uncultured fungus, uncultured heterolobosean,
uncultured labyrinthulid, uncultured marine alveolate, uncultured marine picoeukaryote, and
uncultured ciliate in the NCBI database. § The relative abundances of Viruses and Prophages
were calculated from unassigned contigs of length >1 kb that VirSorter confidently predicted as
viruses (VirSorter categories 1 and 2) and prophages (VirSorter categories 4 and 5),
respectively, using Formula (1) described in section 3.2.1. The peak relative abundances were
the highest relative abundances of Viruses and Prophages in all metagenomes from each depth
(Upper 1, 2, 3, Interface, Lower 1, 2, 3).

Genetic composition

Upper Upper Upper Lower Lower Lower
Depth . 5 3 Interface . 5 3

Potential
) 2% 1% 2% 1% 1% 1% 2%
viral genes

Hypothetical
Average number of 1% 65% 62% 59% 57% 59% 71%
genes

genes at a depth*
tRNA genes 2% 1% 2% 1% 1% 1% 1%

Transposase
1% 1% 1% 1% 1% 1% 1%
genes
Upper Upper Upper Lower Lower Lower
Depth Interface
1 2 3 1 2 3
Number of SSU Uncultured
0 0 9% 13% 11% 9%

rRNA genes on Archaea
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unassigned contigs ~ Uncultured
34% 39% 42% 52% 57% 55% 62%

with matches to} Bacteria

Uncultured
33%  27% 26% 59% 0 0 0

Eukarya

Peak relative
abundances (%) of

unassigned contigs

Viruses 5% 4% 3% 5% 3% 2% 1%

with an affiliation  prophages  02% 0.5% 2% 1% 2% 1% 0.4%
tof

3.3.7 Overall functional potential of Ace Lake

Nearly 40 million protein-coding genes from the Ace Lake metagenomes were parsed
and analysed to understand the functional potential of the lake microbial community.
The Ace Lake Upper zone supported aerobes, most of which were capable of
phototrophy, whereas the Interface and Lower zones sustained obligate anaerobes,
including a highly abundant photoautotroph (Chlorobium) at the Interface. A COG
analysis of the Ace Lake metagenomes exhibiting a broad distribution of the gene
functions identified in the metagenomes showed that the functional potential associated
with the oxic and anoxic zones of the Ace Lake differed (Figure 3.14). Most of the
genes were associated with amino acid metabolism (E), translation (J), cell membrane
biogenesis (M), and replication, recombination and repair (L), and their abundance was
higher in the Lower zone than in the Upper zone (Figure 3.14). This could be attributed
to the presence of more biomass in the Lower zone of Ace Lake, as shown by the
turbidity values measured at different lake depths in different time periods (Table 3.8).
Genes associated with energy production (C), signal transduction (T), transcription (K),
carbohydrate metabolism (G), lipid metabolism (I), and post-translational modification
(O) were also prevalent in the Lower zone (Figure 3.14). At the Ace Lake Interface,
genes associated with coenzyme metabolism (H) and inorganic ion metabolism (P) were
abundant. Notably, genes associated with defence mechanisms (V) were more abundant
in the anoxic zone (Interface and Lower) than in the oxic zone (Upper) of Ace Lake
(Figure 3.14). This was also observed in the KEGG analysis of CRISPR-Cas spacer
acquisition genes that were more abundant in metagenomes from Interface and Lower
zone than from the Upper zone of Ace Lake (Figure 3.15). However, mobilome-

associated genes, which could be from viruses or mobile elements, were identified from
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all lake depths. The presence of viruses throughout Ace Lake was also supported by the
data in the Antarctic virus catalogue that contained viral contigs from all lake depths
(section 3.3.5.3). Therefore, it could be speculated that the microbes in the Ace Lake
anoxic zone are well-equipped with defence genes such as CRISPR-Cas system genes
(Figure 3.15) and can actively defend against viral predation. This would reduce the
probability of host infection and could explain the overall low abundance of viruses in
the Lower zone of Ace Lake (Figure 3.13). The reduction in or absence of viral
predation could also explain the high abundance of bacteria in the anoxic waters of Ace
Lake than in the Upper zone (Figure 3.13), where a large variety of viruses have been

identified (Figure 3.13).
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Figure 3.14 COG category classification of proteins identified in Ace Lake metagenomes.
The heat map shows the normalized abundance of COG categories (x-axis) in metagenomes
from seven lake depths (y-axis: Upper 1 to Lower 3) and three seasons (y-axis: summer, red
font; winter, blue font; spring, green font). The COG category abundances in metagenomes
from the three filter fractions from each time period and lake depth are also shown (y-axis: top,
3-20 um; centre, 0.8—3 um; bottom, 0.1-0.8 um). The categorical gradient bar indicates the
ranges of normalized abundances of the COG categories. COG categories A, B, W, Y, and Z are

not shown because their abundance values were very low (<10,000) in all metagenomes. COG
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categories: Information storage and processing — A, RNA processing and modification; B,
chromatin structure and dynamics; J, translation, ribosomal structure and biogenesis; K,
transcription; L, replication, recombination and repair. Metabolism — C, energy production and
conversion; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G,
carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid
transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolites
biosynthesis, transport, and catabolism. Cellular processes and signalling — D, cell cycle
control, cell division, chromosome partitioning; M, cell wall/membrane/envelope biogenesis; N,
cell motility; O, post-translational modification, protein turnover, and chaperones; T, signal
transduction mechanisms; U, intracellular trafficking, secretion, and vesicular transport; V,
defence mechanisms; W, extracellular structures; X, mobilome: prophages, transposons; Y,
nuclear structure; Z, cytoskeleton. Poorly characterized — R, general function prediction only;

S, function unknown.

Table 3.8 Turbidity values measured at different depths of Ace Lake in different time
periods. The turbidity measurements were taken using a YSI Sonde device in 2006 and 2008
but using a TOA WQC device in 2013 and 2014. The values were measured in Nephelometric
Turbidity Units (NTU). The negative turbidity values indicate low-level turbidity.
Measurements were taken in summer (red), winter (blue), and spring (green) shown on the top

x-axis. The highest value in each time period is shown in red-coloured, bold numbers.

Depth Dec 2006  Nov2008 Nov2013  Aug2014 Oct2014 Dec 2014
Upper 2 -0.1 -0.1 0.4 12 4 1
Upper 3 0.1 0.5 0 2 1 7
Interface 139 87 44 26 9 10
Lower 1 10 8 10 - 5 53
Lower 2 6 5 7 - 6 11
Lower 3 26 21 27 - 24 29

3.3.71 KEGG analysis

The overall functional potential of Ace Lake was analysed from the abundances of the
genes associated with specific pathways and enzymes, including nutrient transporters
(Figure 3.15). As KEGG analysis reflected functional potential, the abundances of the
genes were directly related to the abundances of the contributing microbes. For
example, sulfide oxidation was abundant at the Ace Lake Interface, except in

metagenomes from winter and Oct 2014 (Figure 3.15), which coincided with the
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abundance pattern of Chlorobium (Figure 3.6), a GSB containing genes for sulfide

oxidation.

Among the high-quality OTUs analysed from Ace Lake, many contained genes for
photoheterotrophy (Aquiluna, Balneolaceae UBA2664, Burkholderiaceae MOLAS814,
Crocinitomix, Cyclobacterium, Fabibacter, Flavobacteriaceae MAG-120531,
Haloferula, Hydrogenophaga, Loktanella, Leadbetterella, Methylophilaceae BACL14,
Microbacteriaceae BACL2S, Nisaea, Nonlabens, Pelagibacter, Polaribacter,
Porticoccaceae HTCC2207, Pseudohongiellaceae 2, Saprospiraceae sp., Yoonia,
Verrucomicrobia BACL24, Verrucomicrobia UBA4506), with some also capable of
photoautotrophy (Chlorobium and Synechococcus) and photomixotrophy
(Synechococcus). Chlorobium contains the genes for anoxygenic photoautotrophy
through rTCA and is known to use special light-harvesting antennae known as
chlorosomes for absorbing light in low-light environments (Buchanan and Arnon, 1990;
Eisen et al, 2002). KEGG analysis showed a high abundance of genes associated with
r'TCA cycle and a GSB type I reaction centre core complex at the Ace Lake Interface
(Figure 3.15), which coincided with the high abundance of Chlorobium in this zone
(Figure 3.6). Apart from this, the genes associated with Calvin cycle were found in all
lake depths and were contributed by the most abundant cyanobacteria Synechococcus,
which was found to be abundant throughout the Ace Lake (Figure 3.6). Genes
associated with the Wood-Ljungdahl pathway were also observed in the Ace Lake
anoxic zone metagenomes (Figure 3.15), suggesting that anaerobic autotrophy was
prevalent in the system. These genes were contributed by some of the obligate
anaerobes (Desulfatiglanales NaphS2, Desulfobacterales SS133MH16,
Desulfobacterium, Desulfocapsa, Methanomicrobiaceae 1, Methanothrix_A) thriving in
the Ace Lake Interface and Lower zones (Figure 3.6). Methanogenesis genes were also
present in the Lower zones of Ace Lake (Figure 3.15) and were contributed by
Methanomicrobiaceae 1 and Methanothrix A, the two abundant methanogenic archaea
identified in the lake (Figure 3.7). This was consistent with the previous findings
suggesting that methanogenesis occurred in the anoxic zone of Ace Lake (Franzmann et
al, 1991). Additionally, the abundance of genes associated with a ribose ABC
transporter was high in the Upper zone (Upper 2, 3) of Ace Lake as well as at the
Interface in Oct 2014 (Figure 3.15), when the abundance of Chlorobium was very low
(Figure 3.6). This abundance was contributed by multiple OTUs (Aquiluna,
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Burkholderiaceae MOLAR14, Gimesia, Loktanella, Microbacteriaceae BACL25,
Nisaea, Pelagibacter, Pseudohongiellaceae 2, Verrucomicrobia SW10, and Yoonia)
that contained ribose ABC transporter genes and were abundant in the Upper zone of
Ace Lake; some of them were also present at the Interface in Oct 2014 (Aquiluna,
Gimesia, Microbacteriaceae BACL25, Nisaea) (Figure 3.6). Some of these OTUs
(Gimesia, Pelagibacter) had the capacity to utilize ribose as a carbon source. The data
showed that a variety of energy production and carbon fixation and utilization pathways

(and enzymes) were employed by the diverse microbial population of Ace Lake.

Among the pathways associated with nitrogen cycling, ammonia assimilation was most
prominent in the KEGG analysis (Figure 3.15), and all abundant OTUs showed capacity
to utilize ammonia as a nitrogen source. Additionally, the nitrogenase gene (catalyses
nitrogen to ammonia reduction) was present in the Ace Lake Chlorobium and
Desulfocapsa, which explained the high abundance of this gene in the Interface and
Lower zones. The Ace Lake Upper zone is known to contain very low concentration of
ammonia, which increases with lake depth and is highest at the Interface (Rankin et al,
1999). Therefore, it is possible that Chlorobium maintains ammonia levels in the Ace
Lake by fixing nitrogen when the ammonia levels drop after being assimilated by all
microbes in the lake system; also suggested previously (Ng et al, 2010; Lauro et al,
2011). The genes associated with the branched-chain amino acid (BCAA) ABC
transporter were abundant throughout the lake, especially in the anoxic zone of Ace
Lake (Figure 3.15), indicating its importance as a carbon and nitrogen source in the lake
system. BCAA ABC transporter genes were detected in Bacteroidales UBA4459,
Cloacimonetes JGIOTU-2, Desulfatiglanales NaphS2, and Nisaea, of which only

Nisaea was mainly from the Upper zone of Ace Lake.
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Figure 3.15 Enzymes/pathways involved in energy conservation and metabolism in Ace
Lake. The heat map shows the normalized abundance of specific enzymes/pathways (x-axis) in
metagenomes from seven lake depths (y-axis: Upper 1 to Lower 3) and three seasons (y-axis:
summer, red font; winter, blue font; spring, green font). The enzyme/pathway abundances in
metagenomes from the three filter fractions from each time period and depth are also shown (y
axis: top, 3—20 um; centre, 0.8—3 um; bottom, 0.1-0.8 um). The categorical gradient bar
indicates the ranges of normalized abundances of the enzyme/pathway. BCAA ABC transporter,
branched-chain amino acid ATP-binding cassette transporter; Cas, CRISPR-associated; CBB
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cycle, Calvin—Benson—Bassham cycle; CRISPR, clustered regularly interspaced short
palindromic repeats; DMSP, dimethylsulfoniopropionate; DNRA, dissimilatory nitrate
reduction to ammonium; PHA, polyhydroxyalkanoate; reverse TCA cycle, reverse tricarboxylic

acid cycle; SOX system, sulfur-oxidizing system; TMA, trimethylamine.

In the Ace Lake Interface, the sulfur cycling between Chlorobium and the SRB has been
shown before, where Chlorobium oxidises sulfide to sulfate and the SRB reduce the
sulfate back to sulfide (Rankin et al, 1999; Coolen et al, 2006; Ng et al, 2010; Lauro et
al, 2011). In accordance with this, the sulfide oxidation and dissimilatory sulfate
reduction pathways were found to be abundant in the Interface and Lower zones of Ace
Lake (Figure 3.15), where Chlorobium and the SRB (Desulfatiglanales NaphS2,
Desulfobacterales SS5133MH16, Desulfobacterium) prevailed (Figure 3.6). Apart from
the SRB, Desulfocapsa, also a member of Deltaproteobacteria, was abundant in the
anoxic zone of Ace Lake (Figure 3.6). This microbe has the capacity for sulfur and
thiosulfate disproportionation (Finster et al, 2013); thereby, producing sulfide that could
be used by Chlorobium and sulfate that could be used by the SRB (Figure 3.16).
Additionally, genes associated with sulfate assimilation (assimilatory sulfate reduction)
were abundant throughout the lake, suggesting that many OTUs had the capacity to

utilise sulfate as a sulfur source.

Figure 3.16 Sulfur cycling between Chlorobium and some Deltaproteobacteria at the Ace
Lake oxycline. The figure shows the interaction between the sulfide oxidising GSB Chlorobium
and the members of Deltaproteobacteria, namely Desulfocapsa and the three SRB —
Desulfatiglanales NaphS2, Desulfobacterales S5133MH16, Desulfobacterium. Of these,

Desulfocapsa is involved in sulfur (S°) and thiosulfate (S,05>") disproportionation into sulfate
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(SO4*) that can be used by the SRB and sulfide (H>S) that can be used by Chlorobium, at the

Ace Lake Interface.

A number of hydrogenases were also identified in the abundant OTUs, especially in the
Lower zone, which was supported by the high abundance of hydrogenase genes in the
anoxic zone of Ace Lake (Figure 3.15). The importance of hydrogen cycling in the Ace
Lake Lower zone has been reported in a publication suggesting that the anoxic zone
microbes have the capacity to utilise hydrogen as a source of energy and probably exude

hydrogen during anaerobic respiration or fermentation. (Panwar et al, 2020).

3.4 Conclusion

The analysis of the Ace Lake data showed that its microbial community was very
diverse, with the Upper zone mainly harbouring phototrophs including a picoeukaryote
(Micromonas) and a highly abundant cyanobacteria (Synechococcus) (section 3.3.3). A
high abundance of an anoxygenic, photoautotrophic GSB (Chlorobium) also existed at
the oxycline (Interface) of Ace Lake, which was consistent with previous findings
(Rankin et al, 1999; Ng et al, 2010; Lauro et al, 2011). On the other hand, the Lower
zone mainly supported obligate anaerobes including many members of
Deltaproteobacteria (Desulfatiglanales NaphS2, Desulfobacterales SS133MH16,
Desulfobacterium, Desulfocapsa, Syntrophales UBA2210), some bacterial candidate
phyla (Atribacteria 34-128, Cloacimonetes JGIOTU-2), and methanogenic archaea
(Methanomicrobiaceae 1, Methanothrix_A) (section 3.3.3). This niche segregation of
the microbes in Ace Lake probably allows them to coexist within the lake environment;
and has been reported before (Rankin et al, 1999; Lauro et al, 2011). The analysis of the
120 time-series metagenomes from Ace Lake showed that the changes in season could
severely impact the abundances of these microbes, especially the phototrophs in the
Upper and Interface zones that rely on light for primary production (section 3.3.4).
Contrarily, the abundances of most Lower zone microbes did not vary drastically with

seasonal changes, as they relied on chemolithoautotrophy for energy production.

A variety of viruses were also detected throughout the Ace Lake, including the complete
genome of an abundant ‘huge’ phage (~528 kb; cl_24) containing some cas genes and
CRISPR spacers, which it might use to target other viruses infecting its potential host

(section 3.3.5.2). Five algal viruses (Phycodnaviridae 1-5), a cyanophage, and some
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potential GSB viruses (cl 1024, cl 248, sg 14554 as well as cl 400) were also
identified from the Ace Lake metagenomes. Of these, only the GSB viruses showed any
association with their potential hosts (Chlorobium). These GSB viruses might be
prophages considering that they were mainly detected in the 3—20 and 0.8—-3 pum-filter
metagenomes and their abundances positively correlated with their host abundance
(section 3.3.5.6). The algal viruses showed no correlation to the abundant alga
Micromonas in the Upper zone of Ace Lake, suggesting that either there was no virus-
host relationship or that the relationship was more than a simple, linear correlation
(section 3.3.5.4). Similarly, the cyanophage did not correlate with the most abundant
marine cyanobacteria Synechococcus in Ace Lake (section 3.3.5.5), but their interaction
might be more complex, especially considering that cyanophages have the capacity to
direct the evolutionary growth of marine cyanobacteria (Coleman et al, 2006; Avrani et
al, 2011). Overall, the variations in the relative abundances of these abundant microbes
(Chlorobium, Synechococcus, Micromonas) probably did not result from viral predation

and lysis and was rather due to seasonal changes and low light availability in winter.

Ace Lake biodiversity has been thoroughly investigated by many research groups (Hand
and Burton, 1981; Burch, 1988; Burke and Burton, 1988; Franzmann et al, 1992;
Gibson and Burton, 1996; Franzmann et al, 1997; Rankin et al, 1997; Rankin, 1998;
Bell and Laybourn-Parry, 1999; Rankin et al, 1999; Laybourn-Parry et al, 2005; Madan
et al, 2005; Powell et al, 2005; Ng et al, 2010; Lauro et al, 2011; Laybourn-Parry and
Bell, 2014; Panwar et al, 2020), yet there are some aspects of the lake system that need
to be studied further. Among the ~25 million contigs assembled from the 120 Ace Lake
metagenomes, many of the contigs (~11 million) could not be assigned a taxonomy,
most of these being <1 kb in length (~10 million), and were studied separately as
‘unassigned contigs’ (section 3.3.6). The analysis showed that the unassigned contigs of
length >1 kb comprised of uncultured microbes that could potentially be novel
organisms. Most of the genes annotated on these contigs coded for ‘hypothetical’
proteins and could potentially be novel genes (Table 3.7). Therefore, further studies are
required to analyse this ‘dark matter’. A variety of viruses were detected throughout the
Ace Lake, with some potentially associated with the most abundant taxa in the lake
(section 3.3.5; Appendix H: Tables H1 and H2). Many viral contigs representing
complete genomes were also identified (section 3.3.5.1; Appendix H: Table H1), which

need to be analysed to assess their potential hosts. High-quality bins of the green alga

179



Micromonas and the Phycodnaviridae 1-5 algal viruses are also required to study their

functional potential and probable interactions.

The two most abundant microbes in Ace Lake, Synechococcus and Chlorobium, have
been analysed and discussed in Chapters 4 and 5, respectively. Additionally, the
Chlorobium OTUs detected in two other meromictic systems in the Vestfold Hills,
namely Ellis Fjord and Taynaya Bay, have been compared with the Ace Lake

Chlorobium, to assess potential endemism, and are discussed in Chapter 5.
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4. Ace Lake Synechococcus — genomic variation and

potential for defence against viruses

4.1 Introduction

Synechococcus are picocyanobacteria belonging to the Synechococcaceae family of
Synechococcales order. Synechococcus was among the most abundant microorganisms
in Ace Lake (Chapter 3 section 3.3.3). Synechococcus has been previously reported to
be abundant in the oxic zone (Upper zone) of Ace Lake, showing highest abundance in
the depths just above the oxycline of the lake (Rankin et al, 1997; Rankin, 1998; Rankin
et al, 1999; Powell et al, 2005; Lauro et al, 2011). Two Synechococcus genomes have
been assembled from a Synechococcus species isolated from Ace Lake by Powell et al
(2005) — a complete genome of Synechococcus sp. SynAce01 (hereafter referred to as
SynAce01) sequenced and assembled by Tang et al (2019) and a draft genome of
Synechococcus sp. Ace-Pa sequenced and assembled by JGI as part of a project led by
Cavicchioli R. The 765 rRNA gene-based phylogeny and functional potential, especially
metabolic functions, of this Synechococcus have been previously analysed (Rankin,

1998; Powell et al, 2005; Lauro et al, 2011; Tang et al, 2019).

More than 20 Synechococcus clades, each representing an ecotype, have been identified
in various marine habitats (Ahlgren and Rocap, 2006; Ahlgren and Rocap, 2012; Sohm
et al, 2016). In the Black Sea, four Synechococcus phylotypes representing different
strains of Synechococcus, two from epipelagic zone and two from mesopelagic zone,
were reported (Cesare et al, 2020). In the Sargasso Sea, seven Synechococcus
phylotypes were identified, of which two were Synechococcus ecotypes with varying
capacity for light and nitrogen utilization (Ahlgren and Rocap, 2006). The marine
Synechococcus ecotypes are shaped by temperature and availability of macronutrients
and iron, based on the data gathered from the surface waters of the Atlantic and Pacific
Oceans (Sohm et al, 2016). Synechococcus phylotypes from seven Synechococcus
clades were also identified in two cyclonic eddies in South China Sea, and their
abundances and distribution in the eddies were defined by temperature, salinity,
chlorophyll a concentration, and availability of macronutrients and light (Jing and Liu,

2012).
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Synechococcus was observed in all depths of Ace Lake, although it was more abundant
in the Upper oxic zone than at the Interface or Lower anoxic zone (Figure 3.6). Its
abundance varied with season, being high in summer and low in early winter but
recovering by late winter (Figure 3.6). Its ability to survive in the anoxic depths of Ace
Lake and grow in the dark winter could be attributed to its fermentative capacity
(Chapter 3 section 3.3.4). As the Ace Lake environment in summer/winter and
oxic/anoxic zones is different (Chapter 3 section 3.3.2, Figure 3.4), it is likely that the
Synechococcus identified in metagenomes from the Upper oxic vs Lower anoxic zone
and summer vs winter represent different phylotypes or ecotypes. The term phylotype is
rank-neutral and often used in place of OTUs in microbiology (Moreira and Lopez-
Garcia, 2011). Similar to phylotypes, ecotypes have no taxonomic rank, and refer to
organisms that belong to the same species but have different genetic composition, which
allows them to adapt to specific environments. These genetic differences, however, are
not sufficient to categorise ecotypes as sub-species, since the differences in their genetic
makeup is due to the specific environment they are found in (Mayr, 1999). In this
chapter, genomic variations in Ace Lake Synechococcus that might represent distinct
phylotypes or ecotypes of this cyanobacterium were investigated. Here, Synechococcus
phylotypes refer to Ace Lake Synechococcus that showed subtle differences in their
genetic composition but the genetic differences did not appear to affect their
metabolism. Synechococcus ecotypes refer to Ace Lake Synechococcus that showed
genetic differences related to their metabolic capacity, and might indicate niche
adaptation. Synechococcus phylotypes and ecotypes have also been referred to as

Synechococcus subpopulations in this chapter.

The metagenome-based study of Ace Lake viruses revealed a cyanophage potentially
associated with Synechococcus (Chapter 3 section 3.3.5). Since Synechococcus
abundance is high in Ace Lake for most of the year (Figure 3.6), it is likely that it has
some defence mechanisms that help in evading viruses or disrupting viral attacks. In
general, the prokaryotic defence systems have been broadly classified as: (1) host
resistance-based, (i1) host immunity-based and (ii1) host cell dormancy and apoptosis-
based (Koonin et al, 2017). In host resistance-based defence against viruses, the host
cells generate variant cell surface receptors, which can affect virus attachment leading
to viral evasion; previously reported in marine cyanobacteria and Antarctic haloarchaea

(Avrani et al, 2011; Tschitschko et al, 2015; Tschitschko et al, 2018). The host
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immunity-based defence against viruses involves defence systems such as CRISPR-Cas
system, restriction-modification (R-M) system, bacteriophage exclusion (BREX) system
and a defence island system associated with restriction—modification (DISARM) that
identify invading viruses and neutralize them (Barrangou et al, 2007; Goldfarb et al,
2015; Koonin et al, 2017; Ofir et al, 2018). The host cell dormancy and apoptosis-based
defence against viruses involves toxin-antitoxin (T-A) system, particularly the T-A
systems involved in abortive infection (ABI) mechanism (Gerdes et al, 2005; Koonin et
al, 2017). In hosts with T-A systems, a stable toxin component (protein) is produced
along with an unstable antitoxin component (RNA or protein), which can either
inactivate the toxin or downregulate its expression (Koonin et al, 2017). In the absence
of the antitoxin component, which can happen during viral infection, the toxin can cause
cell dormancy or cell death, which prevents the virus from spreading to the rest of the
host cell colony (Koonin et al, 2017). Of these prokaryotic defence systems, the
CRISPR-Cas defence system has not been identified in marine cyanobacteria such as
Synechococcus and Prochlorococcus (Cai et al, 2013). This was also true for Ace Lake
Synechococcus that did not appear to have any CRISPR-Cas genes (Chapter 3 section
3.3.5.5). Therefore, the genomic composition of Ace Lake Synechococcus was further
investigated to identify other bacterial defence systems (described below in section

4.2.4).
4.1.1 Aims

The overall aim was to investigate any genomic variation in the Synechococcus present
in metagenomes from different seasons (summer vs winter vs spring) and lake depths
(upper oxic vs interface vs lower anoxic), to identify its potential phylotypes or ecotypes
in Ace Lake. For this purpose, the Synechococcus MAGs were compared with each
other and SynAce01 genome in a preliminary analysis. This was followed by FR
(fragment recruitment) of metagenomic reads from different time periods and Ace Lake
depths to the SynAce01 genome to further verify potential Synechococcus phylotypes
and ecotypes. As Synechococcus associated viruses have been identified in the Ace
Lake metagenomes (Chapter 3 section 3.3.5), a specific aim was to examine the defence

genes annotated in the MAGs to assess the possibility of defence against viruses.

4.2 Methods
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4.2.1 Preliminary analysis of genomic variation within Ace Lake Synechococcus

population using MAGs

Ace Lake metagenomes were sequenced, assembled, and annotated as described in
Chapter 2 section 2.1.1. From each Spades-assembled metagenome, high- and medium-
quality MAGs were generated by JGI’s IMG system, using MetaBAT and CheckM. The
Synechococcus MAGs represented the draft genomes of the Ace Lake Synechococcus
from different time periods and lake depths. According to the IMG taxonomic
classification of the Synechococcus MAGs, the closest related species to these MAGs
was Synechococcus sp. SynAce01 indicating that the Synechococcus MAGs and
SynAce01 are probably the same Synechococcus species. The MAG data included
nucleotide sequences of the contigs as well as protein and nucleotide sequences of the
open reading frames annotated on those contigs. The Synechococcus MAGs (Appendix
A: Table A2) were downloaded from the Ace Lake time-series metagenomes (Appendix

A: Table Al) available on JGI’s IMG/M website (https://img.jgi.doe.gov/cgi-

bin/m/main.cgi).

Synechococcus MAGs with >99% genome completeness, i.e., MAGs that contained
most of the lineage marker genes associated with the species to which the MAGs were
assigned (Parks et al, 2015), were used for the preliminary analysis of Synechococcus
genomic variation. A more detailed analysis of Syrnechococcus genomic variation was
performed using FR (described below in section 4.2.2). The Synechococcus MAG
contigs were aligned to the contigs of the Synechococcus MAG generated from Dec
2014 Upper 3 0.8 um-filter metagenome. This MAG was selected because it had the
highest total base pair count among the Ace Lake Synechococcus MAGs and >99%
genome completeness. The Synechococcus MAG contigs were also aligned to
SynAce01 genome, but not to Ace-Pa. Both SynAce01 and Ace-Pa were sequenced
from the same Synechococcus isolate, but SynAce01 represented the complete genome
of the species, whereas Ace-Pa represented a draft genome. For these alignments, the
blastn module of BLAST+ v2.9.0 was used. The BAM and BAI alignment and index
files were generated from the contig alignments using Samtools v1.10. The alignments
were analysed using IGV to assess the types of variation, indels or single nucleotide
polymorphisms (SNPs), in the MAG sequences (method described in Chapter 2 section
2.2.5.2). The genes annotated in the variable sequence regions of the MAGs were

analysed. The ANIs of the MAGs against SynAce01 genome and against each other
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were calculated using pyani (method described in Chapter 2 section 2.2.4.2). The
average amino acid identity (AAI) of the MAGs was calculated using the AAl-profiler
online service, which compared the input protein sequences with the proteins of species

in the UniProt database (http://ekhidna2.biocenter.helsinki.fi/AAl/; Medlar et al, 2018).

4.2.2 FR analysis of genomic variation within Ace Lake Synechococcus population

The FR analysis of Ace Lake metagenomic reads to SynAce01 genome was used for a
more in-depth study of the genomic variation in Ace Lake Synechococcus populations
from different seasons and lake depths. This involved aligning metagenome filtered
reads from different seasons and time periods to Ace Lake Synechococcus genome
SynAce01. The number of read bases from a metagenome that mapped to each base of
SynAce01 were referred to as SynAce0l base coverages in a metagenome. The average
of all SynAce01 base coverages from a metagenome was referred to as SynAce01 mean
read depth in the metagenome. The base coverages of SynAce0l in each metagenome
were used to identify genomic regions with coverages lower (low coverage regions,
LCRs) or higher than SynAce01 mean read depth in the metagenome. LCRs indicated
genomic regions present only in a fraction of the Synechococcus population from a
season or lake depth, thereby suggesting presence of different phylotypes. Depending
on the genes present in the LCRs, the Synechococcus phylotype containing the LCR
might have a unique metabolic capacity that helps in niche adaptation and might
represent an ecotype. High coverage regions would indicate overrepresented genomic
regions, usually observed in regions containing mobile elements or multicopy genes in
certain configurations (described below in section 4.3.5.1). Similar approaches have
been previously used to identify Antarctic haloarchaea phylotypes and ecotypes
(DeMaere et al, 2013; Tschitschko et al, 2015; Tschitschko et al, 2016; Tschitschko et
al, 2018).

The Ace Lake metagenomes were selected from different depths and time periods based
on the overall abundance of Synechococcus OTU in them (Table 4.1). The reads from
selected 3—20 and 0.8-3 um-filter metagenomes from a time period and depth were
combined to form merged metagenomes (Table 4.1). Ace Lake metagenomes from Dec
2006 were not used for this comparative analysis due to differences in sequencing
methods and types of reads. The Dec 2006 metagenomes contained unpaired reads
sequenced using Sanger and 454 sequencing methods, which generated <0.8 million
reads (containing <500 million bases) per metagenome. On the other hand, all other
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metagenomes contained paired-end reads sequenced using Illumina technology, which
produced >13 million reads (containing >3 billion bases) per metagenome (Chapter 2
section 2.1.1; Appendix A: Table A1l). This difference in total read and base counts
could lead to read depth bias, making it difficult to assess SynAce01 low coverage
regions in Dec 2006 metagenomes during FR analysis, where low read depth could
indicate non-alignment of reads (suggesting low coverage genomic regions) or
unavailability of reads that could align to the region (due to the use of low coverage

sequencing data).

The reads in the merged metagenomes were aligned to the SynAce01 genome using

BBMap v38.51 (https://sourceforge.net/projects/bbmap/) with 95% minimum alignment

identity (minid=0.95), to generate SAM alignment files and base coverage files. The
BAM and BAI alignment and index files were created from SAM files using Samtools
v1.10. The total number of reads from a merged metagenome that aligned to SynAce01
genome were calculated from the alignments in the BAM files using the ‘flagstat’
function of Samtools v1.10. The BAM and BAI files were analysed using IGV and only
the SNPs with variant frequency >0.9 (i.e., at least 90% of the aligned reads contained
the mutation) were considered as fixed mutations during the analysis. The base
coverage files were utilised to assess the read depth distribution of SynAce0l in Ace
Lake merged metagenomes, using Python v3.6 scripts and plots to identify variable
coverage regions. The data in the base coverage files were also used to generate circos
plots in R v4.0.2 to highlight the variable coverage regions and to show the abundance

of SynAce01 in merged metagenomes.

Table 4.1 List of Ace Lake metagenomes used for FR analysis of SynAce01. * The 3-20 and
0.8-3 um-filter metagenomes from a lake depth and time period were combined to prepare the
merged metagenomes shown in column three. ® The relative abundance of Synechococcus in the
selected metagenomes was calculated using the method described in Chapter 3 section 3.2.1.€
The number of reads represents the total number of reads in the merged metagenomes. For
comparative analysis, the selected metagenomes represented data from the upper oxic (Upper
3), oxycline (Interface), and lower anoxic zones (Lower 1, 2, 3) of Ace Lake as well as from

summer (Dec), winter (Aug), and spring (Oct, Nov) seasons.

Synechococcus OTU relative
Lake Time Merged metagenome Number of
abundance (%)®
depth period name® reads©
3-20 um-filter  0.8-3 pm-filter

187


https://sourceforge.net/projects/bbmap/

Upper 3 Nov 2008 Nov2008 U3 2 8 137,274,340

Aug 2014 Aug2014 U3 12 16 52,404,196
Oct 2014 Oct2014_U3 11 32 44,347,552
Dec 2014 Dec2014 U3 19 44 47,658,964
Interface Oct 2014 Oct2014 1 11 25 49,439,564
Lower 1 Dec 2014 Dec2014 L1 3 5 44,499,368
Lower 2 Dec 2014 Dec2014 1.2 4 6 53,825,658
Lower 3 Nov 2013 Nov2013 L3 8 3 43,627,018

4.2.3 Phylogeny assessment

For the phylogenetic analysis of the Ace Lake Synechococcus, the 16S rRNA genes from
the MAGs and various species of marine cyanobacteria were used (Table 4.2). The gene
sequences were aligned in MEGA X v10.1.7 software using Clustal W algorithm. The
alignments were used to generate a maximum likelihood tree in MEGA X with default

parameters and 1,000 bootstrap values.

Table 4.2 Marine cyanobacteria species used in the phylogenetic analysis of Ace Lake
Synechococcus. * The accession IDs of the 165 rRNA genes or the species genomes are
provided in the last column. * The table includes the /6S rRNA gene from SynAce01 as well as
two distinct /6S ¥rRNA genes identified in the Synechococcus MAGs (referred to as 16S rRNA
AL1 and 16S rRNA AL2; described below in section 4.3.2).

Organism et Accession ID*
(in bp)
Anabaena oscillarioides 1,418 AJ630426.1
Anabaenopsis elenkinii 1,461 KM020015.1
Chlorogloeopsis fritschii 1,149 NR 112176.1
Cyanobium gracile 1,476 NR 102447.1
Leptolyngbya valderiana 1,349 KY807918.1
Lyngbya cf. confervoides 1,331 AY599507.1
Microcoleus antarcticus 1,395 AF218373.1
Microcoleus glaciei 1,394 AF218374.1
Microcystis aeruginosa 1,489 NR _074314.1
Nodularia spumigena 1,438 NR _112106.1
Nostoc commune 1,446 ABO088375.2
Oscillatoria princeps 1,367 AB045961.1
Prochlorococcus marinus subsp. marinus 1,483 NC 005042.1
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Prochloron didemni 1,009 MT254065.1
Prochlorothrix hollandica 1,408 AJ007907.1
Prochlorothrix scandica 1,236 HQ316169.1
Synechococcus elongatus 1,489 NR 074309.1
Synechococcus sp. PCC7001 1,411 ABO015058.1
Synechococcus sp. PCC7002 1,452 AJ000716.1
Synechococcus sp. PCC7003 1,414 ABO015059.
Synechococcus sp. PCC7117 1,411 ABO015060.1
Synechococcus sp. PCC73109 1,413 ABO015061.1
Synechococcus sp. PCC7335 1,410 ABO015062.1
Synechococcus sp. WH5701 1,440 AY172832.1
Synechocystis sp. PCC6803 1,238 AY224195.1
Synechococcus sp. SynAce01* 1,486 NZ CP018091.1
Synechococcus (16S rRNA AL1)* 1,489 MG taxon ID: 3300022857
Gene locus tag: Ga0222653 10001424
Synechococcus (16S rRNA AL2)* 1,489 MG taxon ID: 3300023253
Gene locus tag: Ga0222695 100009760

4.2.4 Analysis of Synechococcus defence system genes

The annotated genes on the contigs of Synechococcus MAGs were manually parsed to
assess the presence/absence and number of genes associated with various defence
systems such as R-M system, DISARM, BREX system, and T-A system (specifically
ABI mechanism) (Table 4.3). The gene assignments were verified by aligning them
against reference proteins from the UniProtKB/Swiss-Prot database using the ExPASy
BLAST+ online service (https://web.expasy.org/blast/). The verified defence genes

were further assessed to identify the defence system subtype (Table 4.3). The CRISPR-
Cas defence system was not investigated, as Ace Lake Synechococcus did not have cas

genes (Chapter 3 section 3.3.5.5).

Table 4.3 Prokaryotic defence systems investigated in Ace Lake microbes. * The
arrangement of defence genes in CRISPR-Cas defence gene clusters are shown in column three.
Notably, CRISPR-Cas system genes were not identified in Ace Lake Synechococcus (Chapter 3
section 3.3.5.5), but Ace Lake Chlorobium contained CRISPR-Cas defence genes (described
below in Chapter 5 section 5.4.3). B The data for defence system subtypes and the genes
involved in them were taken from the publications cited in the last column. cas, CRISPR-

associated gene; dinG, ATP-dependent DNA helicase; LS, leader sequence; RT, reverse
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transcriptase; tnsABCD, Transposon Tn7 transposition genes; TPR, tetratricopeptide repeat;

tracrRNA, transactivating CRISPR RNA; wyl, WYL-domain encoding gene.

Defense system Systenn Defense genes® References®
subtype
CRISPR-Cas casb6, casll, cas7, cas5, cas8al, cas3’', cas3', Makarova et
(class 1) A cas2, cas4, casl, cas4 al, 2020
cas6, cas8bl, cas7, cas5, cas3, cas4, casl,
B cas2
1I-C cas3, cas), cas8c, cas7, cas4, casl, cas2
cas3', cas3", cas10d, cas7, cas5, cas6, casd,
b casl, cas2
cas3, cas8e, casll, cas7, cas5, cas6, casl,
- cas2
I-F1 casl, cas2, cas3, cas8f1, cas5f1, cas7fl, cas6f
I-F2 casl, cas2, cas3, cas7f2, cas5f2, cas6f
tnsA, tnsB, tnsC, tnsD, cas8f3/cas5f3, cas7f3,
- casof
cas3, cas8u2, cas7, cass, cas6, cas4, casl,
o cas?2
LA cas6, casl0, casll, cas7, cass, cas7, csmo,
casl, cas2
111-B cas?7, casl0, cas5, cas7, casll, cas6, cas7
1II-C cas7,cas7,casl0, cas7, casll, cas5
LD casl0, cas7, cas5, casll, cas7, cas7, csx19,
cas’7
TPR + caspase, cas7, casll, cas7, cas7, RT,
HI-E casl, cas2
III-F casl0, cas5, casll, cas7
IV-A dinG, cas6, cas8-like, cas7, cas5
IV-B cysH-like, cas$-like, casli, cas7, casd
1v-C LS, casll, cas7, cas5
CRISPR-Cas II-A cas9, casl, cas2, csn2, tracrRNA Makarova et
(class 2) 1I-B cas9, casl, cas2, cas4, tracrRNA al, 2020
1I-Cl1 cas9, casl, cas2, tracrRNA
11-C2 cas9, tracrRNA, cas4, cas2, casl
V-A casl2a, cas4, casl, cas2
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V-B1 casl2bl, cas4, casl, cas2, tracrRNA
V-B2 cas4, casl, cas2, cas12b2, tracrRNA
V-C casl, casl2c
V-D casl, cas12d
V-E casl2e, cas4, casl, cas2, tracrRNA
V-F1 casl, cas2, cas4, cas12f1, tracrRNA
V-F2 cas12f2, casl, cas2, cas4
V-F3 casl, cas2, cas4, cas12f3
V-G cas12g, tracrRNA
V-H casi2h
V-1 casi2i
V-K (V-U5)  tnsB, tnsC, tniQ, cas12k, tracrRNA
V-Ul c2c4
V-F1 (V-U3) c¢2cl0
V-U2 c2c8
V-U4 c2c9
VI-A casl3a, casl, cas2
VI-B1 cas13bl, csx28
VI-B2 csx27, cas13b2
VI-C casl3c
VI-D wyl, cas13d, casl, cas2
R-M Type I methyltransferase, restriction endonuclease Koonin et al,
Type 11 restriction, modification and specificity 2017
subunits
Type 111 restriction subunit, methyltransferase
Type IV AAA+ family GTPase, restriction
endonuclease
BREX Type 1 brxA, brxB, brxC, pglX, pglZ, brxL Goldfarb et
Type 2 pelW, pglX, pglY, pglZ, brxD, brxHI al, 2015
Type 3 brxF, brxClpglY, pglXl, brxHII, pglZ, brxA
Type 4 brxP, brxC/pglY, pglZ, brxL
Type 5 brxA, brxClpglY, brxB, brxClpglY, pglX, pglZ,

brxHII
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Type 6 brxE, brxA, brxB, brxClpglY, pglX, pglZ,

brxD, brxHI
DISARM Class 1 drmD, drmMI, drmA, drmB, drmC Ofir et al,
Class 2 drmE, drmA, drmB, drmC, drmMII 2018
T-A Type I, II, III, Numerous T-A system genes have been Yamaguchi
1V, V, VI, identified, including those involved in ABI etal, 2011;
ABI systems  mechanism Koonin et al,
2017,

Lopatina et

al, 2020

4.3 Results

4.3.1 Overview of Synechococcus MAGs and SynAce01 genome

A total of 59 Synechococcus MAGs (~157 Mbp; Appendix A: Table A2) generated
from 120 Ace Lake time-series of metagenomes (Appendix A: Table A1) were used for
various analyses in this chapter (Appendix A: Table Al). Notably, all Synechococcus
MAGs were from 3-20 um-filter and 0.8-3 pum-filter metagenomes and none were from
0.1-0.8 um-filter metagenomes, which was consistent with the size partitioning of the
Synechococcus OTU (Chapter 3 section 3.3.5.5). The 16S rRNA marker gene was
identified in 19 Synechococcus MAGs. The genomic variation, viral defence potential,
ANI, and AAI of the MAGs were explored using a total of 81,361 genes on 2,259
Synechococcus contigs. These genes and contigs were from 25 MAGs with >99%
genome completeness as well as a Synechococcus MAG with 97% genome
completeness and containing a distinct /6S ¥YRNA gene (16S rRNA AL2) (described
below in section 4.3.2). The Synechococcus MAGs used for the preliminary analysis of
genomic variation represented high- and medium-quality draft genomes that were nearly
complete (>99% genome completeness) and contained little contamination (<4% bin
contamination). Bin contamination indicates the number of multicopy marker genes in
each marker set that was identified in a MAG, and it can represent copies of the marker

genes from different strains that have been included in the MAG (Parks et al, 2015).
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The complete genome of SynAce01 is available in NCBI (RefSeq ID:

NZ _CP018091.1). The method used for the sequencing and assembly of SynAce01
complete genome was rigorous (Tang et al, 2019). It included the use of Illumina as
well as PacBio technologies for generating two sets of contig assemblies, which were
then compared to generate a closed genome. A post-genome assembly error correction
step was included to correct any sequencing or assembly errors (Tang et al, 2019).
Therefore, SynAce01 genome was considered to be of good quality and was used for
the preliminary and FR analyses of genomic variation in Ace Lake Synechococcus.
SynAce01 genome was 2,750,634 bp long, with 63.9% GC content. Overall, it

contained 2,881 annotated genes, of which 2,732 were protein coding genes.
4.3.2 Synechococcus 16S rRNA gene identity, ANI, AAI, and phylogeny

The 16S rRNA gene sequences taken from 19 Synechococcus MAGs were 1,489 bp
length each, but only 18 of the 19 genes had identical sequences; this gene sequence is
hereafter referred to as 16S rRNA AL1. The variant /6S rRNA gene sequence (hereafter
referred to as 16S rRNA AL2) was from a Synechococcus MAG generated from Dec
2014 Lower 1 3 um-filter metagenome; it was 99.9% similar to 16S rRNA ALl
sequence with SNPs at positions 217 (A>T transversion) and 231 (G2 T transversion)
(Figure 4.1).

Figure 4.1 Differences in the sequence of 16S rRNA genes from Ace Lake Synechococcus.
The figure highlights the SNPs observed in the /6S rRNA gene sequences from SynAce01 and
Synechococcus MAGs (16S rRNA ALI1 and 16S rRNA AL2). The positions (pos) indicate base
positions on /68 ¥rRNA genes from Synechococcus MAGs, all of which were 1,489 bp long. The
length of the SynAce01 /6S ¥rRNA gene was 1,486 bp.

The taxonomic analysis of Ace Lake OTUs had showed that the closest related species
to the Ace Lake Synechococcus OTU was SynAce01, with 99.9% 16S rRNA gene
identity and 99% ANI over 97% alignment fraction (Chapter 3 section 3.3.3). This
relatedness was verified for the Ace Lake Synechococcus MAGs from different lake
depths and time periods, by comparing their /65 rRNA genes with that of SynAce0l.
The analysis showed that 16S rRNA AL1 and 16S rRNA AL2 were both 99.7% similar
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to SynAce01 /65 rRNA gene, with 3 additional nucleotides at their sequence ends and a
SNP each — 16S rRNA AL1: position 217 T> A transversion and 16S rRNA AL2:
position 231 G>T transversion (Figure 4.1). The 16S rRNA gene-based phylogenetic
analysis showed distinct clustering of Synechococcus marker sequences from Ace Lake,
separate from all other marine cyanobacteria species analysed (Figure 4.2). The overall
ANI of the Synechococcus MAGs was >99.4% when compared against each other and
>99.2% (over 89-96% alignment fraction) when compared against the SynAce01
genome. The AAI of the MAGs against the SynAce0l proteome was >99.4% over 73—

83% alignment fraction.

Figure 4.2 16S rRNA gene-based phylogenetic analysis of Ace Lake Synechococcus. The
maximume-likelihood tree shows the 165 ¥rRNA gene-based phylogeny of various marine
cyanobacteria (Table 4.2). The red-highlighted /6S rRNA gene sequences (16S rRNA AL1 and
16S rRNA AL2) were from Synechococcus MAGs (described in section 4.3.2). The tree is

drawn to scale and the scale length indicates the branch length. The numbers next to the
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branches represent bootstrap values showing the percentage of trees in which the taxa clustered

together. Only bootstrap values greater than 50% are shown here.

4.3.3 Analysis of sequence variations between Synechococcus MAGs

The alignment of all MAGs against the MAG with the highest total base pair count and
>99% genome completeness showed at least 60 regions with SNPs, with the lengths of
the variable sequence regions ranging from 300 bp to 34 kb. Most of the genes in these
variable sequence regions were either of unknown function or coded for enzymes
involved with mobile genetic elements (transposases). Genes predicted to be involved in
cell wall biosynthesis (mostly glycosyltransferases) were also prevalent in the variable
sequence regions. Some of the genes coded for membrane-associated proteins (Sec-
translocase, efflux pump membrane proteins, outer membrane protein TolC,
undecaprenyl-diphosphatase, HPP family protein, porins, type IV pilus assembly
proteins) and substrate transporters (multiple sugar ABC transporter, MFS transporter
family proteins, iron transporter FeoB, putative sulfate transporters, putative
bicarbonate transporter, and putative ion antiporters). A few genes involved in

metabolism and cell defence were also identified in the variable sequence regions.
4.3.4 Comparative analysis of Synechococcus MAGs and SynAce01

As SynAce01 and the Synechococcus MAGs were from Ace Lake, they were used for
preliminary analysis of genomic variation in the Ace Lake Synechococcus. The
alignment of the Synechococcus MAGs against the SynAce0l genome showed that the
MAGs did not have a similar pattern of sequence alignment, with only two MAGs
matching across 100% alignment fraction of the reference genome and multiple regions
with alignment gaps (Figure 4.3). The genes identified in the most prominent alignment
gaps mostly coded for enzymes associated with mobile elements (transposases),
proteins of unknown functions (hypothetical and uncharacterised proteins), and cellular
defence proteins (T-A system proteins) (Table 4.4). Apart from the alignment gaps, a
few regions of the Synechococcus MAGs had low identity matches to the SynAce01
genome. One of these low identity regions (72—78% identity) starting at around 933 kb
length of the SynAce01 genome was ~36 kb long and contained genes involved in cell
membrane fluidity (two fatty acid desaturases) and substrate transport (three zinc ABC
transporter proteins). Another region with low identity matches (73—81% identity)
starting at around 1.3 Mb length of the SynAce01 genome contained genes potentially
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involved in cell wall modification (two glycogen/starch/alpha-glucan phosphorylases
and a mannose-1-phosphate guanylyltransferase/mannose-6-phosphate isomerase).
Apart from the alignment gaps and low identity regions, some of the Synechococcus
MAG contigs did not match the SynAceO1 genome sequence. The genes annotated on
these MAG contigs were mostly of unknown function (hypothetical proteins) and some
were associated with cell wall modification (glycosyltransferases), mobile elements
(transposases), and cellular defence systems (R-M and T-A system proteins). Genes
involved in transport of substrates to and from the cell (ABC transporter and MFS

transporter proteins) were also identified in these MAG contigs.

Figure 4.3 Alignment of Synechococcus MAGs against SynAce01 genome. The figure shows
the alignment of 26 Synechococcus MAGs to the SynAce01 genome (x-axis, black line). The y-
axis indicates the metagenomes (sample collection time, lake depth, and filter fraction) from
which the MAGs were generated. The metagenomes are arranged from top to bottom in the
order of sample collection time period from 2008 to 2015 and lake depth from Upper 1, 2, 3 to
Interface to Lower 1, 2, 3. The genome completeness of the Synechococcus MAGs shown here
was >99%, except for the MAG from ‘Dec 2014 Lower 1 3.0’ that had a genome completeness
of 97% and contained 16S rRNA AL2 gene (section 4.3.2). The white regions in the alignment
bands depict alignment gaps and indicate that the MAGs had no matches to those regions of the

reference genome (section 4.3.4). The gradient bar indicates the percentage alignment identity.
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The blue highlighted labels represent MAGs from Upper 3 zone of Ace Lake, where the

population of Synechococcus was high in most time periods (Chapter 3 section 3.3.3). Filter

fraction: 3, 3—20 um; 0.8, 0.8-3 um.

Table 4.4 Genes annotated on SynAce01 genomic regions associated with alignment gaps

in Synechococcus MAGs. * The approximate starting positions and lengths of the MAG

alignment gaps on the SynAce01 genome are provided in the second column (the alignment

gaps can be seen as white regions in Figure 4.3). The regions are arranged from top to bottom in

the order of their occurrence along the length of SynAce01 genome.

(11 kb length)

Alignment gap
MAGs in which ] » ) i
starting position SynAce01 genes annotated in the alignment gap
observed
and length®
All MAGs except  ~26 kb 3 copies of DEAD/DEAH box helicases
Oct 2014 Upper (22 kb length) RES family NAD+ phosphorylase
3 0.8 and Dec 3 Uncharacterized proteins
2014 Upper 3_0.8) 2 Hypothetical proteins
TerB family tellurite resistance protein
Class I SAM-dependent DNA methyltransferase
~50kb AbrB family transcriptional regulator

Thermonuclease family protein

2 copies of GNAT family N-acetyltransferases
YjbQ family protein

CDGSH iron-sulfur domain-containing protein
Flavin reductase family protein

Alpha/beta hydrolase

4 Hypothetical proteins

3 Uncharacterized proteins

Transposase

~68 kb
(22 kb length)

19 Hypothetical proteins

Terminase

An uncharacterised protein

3'-5' exonuclease

2 copies of Helix-turn-helix domain-containing
proteins

3 copies of Transposases

C1 family peptidase

IS5/1IS1182 family transposase
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~93 kb 2 Hypothetical proteins
(2.3 kb length)

8 out of 26 MAGs ~155kb 2 copies of IS481 family transposase
(23 kb length) Bile acid:sodium symporter family protein (a

transmembrane protein)
Rhodanese-like domain-containing protein
5 Uncharacterized proteins
Conjugal transfer protein Trbl
Deoxyribodipyrimidine photo-lyase
FAD-dependent oxidoreductase
2 copies of Type II T-A system PemK/MazF family
toxin
IS5 family transposase
Putative addiction module antidote protein
Type II T-A system RelE/ParE family toxin
RNA-directed DNA polymerase
4 Hypothetical proteins
IS1595 family transposase

All MAGs ~2.3 Mb 4 copies of type Il T-A system VapBC toxin
(76 kb length) 3 Hypothetical proteins
2 copies of ISAs1 family transposase
Uma?2 family endonuclease (putative restriction
endonuclease)
2 copies of N-acetylmuramoyl-L-alanine amidase
AbrB/MazE/SpoVT family DNA-binding domain-
containing protein (antitoxin component of the Phd-
Doc family type Il T-A system)
Cellulose synthase catalytic subunit
2 Uncharacterized protein
AI-2E family transporter
IS1595 family transposase
Fatty acid desaturase
Rhomboid family intramembrane serine protease

IS30 family transposase

4.3.5 FR analysis of SynAce01 in Ace Lake metagenomes
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The recruitment analysis of reads from Ace Lake merged metagenomes from different
time periods and lake depths to the SynAce01 genome was used for a more in-depth
analysis of Synechococcus genomic variation, including variable coverage regions and
SNPs. The coverage pattern of SynAce01 was similar to the relative abundance pattern
of the Synechococcus OTU in the merged metagenomes, showing high coverage in the
upper oxic zone compared to the lower anoxic zone (Figures 4.4a, b, ¢). The abundance
of Synechococcus was generally low in the Interface zone of Ace Lake (<6%; Chapter 3

Figure 3.6), except in the metagenomes from Oct 2014 used here for FR analysis.
4.3.5.1 Variable coverage regions

The alignment of metagenomic reads to SynAce01 genome showed presence of regions
with variable coverage — seven LCRs and 14 high coverage regions (Figure 4.4d). The
high coverage regions mainly contained genes associated with mobile elements
(transposases) and a few duplicate genes (rRNAs and photosystem-associated proteins)
(Table 4.5). The LCRs contained genes involved in a variety of functions including
DNA/RNA/protein modification, DNA replication and repair, cell wall biosynthesis,
assembly, and modification, metabolism, substrate transport, as well as cell defence
(Table 4.5). However, most of the genes in the LCRs were of unknown function or were
associated with mobile elements. Genes associated with transfer RNAs and rRNAs were
also present in the LCRs along with a bacteriophage-associated gene (terminase).
Synechococcus had two 16S rRNA genes, of which one was present in the LCR starting
at ~1.8 Mb position on SynAce0l genome, whereas the other was in a high coverage
region starting at ~800 kb position on SynAce01 genome (Table 4.5). The high
coverage Synechococcus 16S rRNA gene was an inverted duplicate of the low coverage
16S rRNA gene in SynAce01, and variable read depth is often associated with this
sequence configuration

(http://software.broadinstitute.org/software/igv/interpreting_pair_orientations).

4.3.5.2 SNPs

For the analysis of SNPs in Synechococcus from different time periods and lake depths,
only the mutations that were present in at least 90% of the metagenomic reads aligned
to the reference base were considered. A total of 494 out of 2881 SynAce01 genes
showed at least one SNP in at least one merged metagenome. Nearly all of these SNPs

were observed in regions where the read depth did not vary, i.e., non-variable coverage
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regions, and almost one-fifth of the genes containing SNPs (103 out of 494) were of
unknown function (hypothetical and uncharacterised proteins). The rest of the genes
were mainly associated with various metabolic functions, substrate transport,
DNA/RNA/protein modification, cell wall biosynthesis and modification, and cell

defence.

For the analysis of sequence variations in /6S rRNA gene of Synechococcus, the marker
gene sequence in the high coverage region (starting at ~800 kb position on SynAce01
genome) was examined. Notably, the SNP at position 217 of /16S rRNA gene (Figure
4.1) was present in a larger Synechococcus population (79-96% of the reads aligned to
the reference base) than the SNP at the position 231 (6-21% of the reads aligned to the
reference base) in all merged metagenomes, except the metagenome from Lower 1. In
Dec 2014 Lower 1 merged metagenome, the SNP at position 217 was present in 53% of
the reads aligned to the reference base, whereas the SNP at position 231 was present in
47% of the aligned reads. On closer inspection, it was observed that the two SNPs rarely
occurred on the same reads, suggesting that they probably represented data from two
different subpopulations of Synechococcus, of which the ones carrying the mutation at
position 217 were more prevalent. This was consistent with the observation that 18 out
of 19 Synechococcus MAGs had the 16S rRNA gene mutation at position 217 (16S
rRNA ALI containing T A transversion; Figure 4.1), whereas the remaining MAG
had the /6S rRNA gene mutation at position 231 (16S rRNA AL2 containing T>G

transversion; Figure 4.1).
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Figure 4.4 Synechococcus abundance, coverage distribution, and genomic variation in Ace
Lake metagenomes from different lake depths and time periods. (a) The bar-chart shows the
relative abundance distribution of Synechococcus OTU (coloured pyramids) in merged
metagenomes from different lake depths (U3, I, L1, L2, L.3) and seasons (summer, Dec; winter,
Aug; spring, Oct and Nov) (x-axis). Synechococcus OTU relative abundances in merged
metagenomes were calculated from the absolute abundances of Synechococcus contigs in 3—20
and 0.8-3 pm-filter metagenomes relative to the total abundance of all contigs in the two
metagenomes (method described in Chapter 3 section 3.2.1). In the colour key, the merged
metagenome from Aug 2014 is shown in a blue box to highlight its winter origin. (b and c¢) The
bar-charts show the number of mapped reads (b, coloured cones) and mean read depth (c,
coloured cylinders) of SynAce01 in the Ace Lake merged metagenomes from different lake
depths and time periods. The y-axis in (b) indicates the total number of reads that aligned to the
SynAce01 genome, whereas the y-axis in (¢) denotes the mean of read depths from each
position on SynAce01 genome. Read depth values were calculated from the data in the base
coverage files generated using BBMap v38.51 (section 4.2.2). (d) The circos plot depicts the
coverage distribution of SynAce01 genome in Ace Lake merged metagenomes (coloured rings).
The outermost ring (grey) depicts the backbone of SynAce01 genome and the x-axis scale for
all rings is drawn around its circumference. Read depth values are plotted on linear scale y-axes.
As the main purpose of the figure was to highlight the distribution of variable coverage regions,
the y-axes scales of circos rings vary. Read depth values greater than the y-axes limits were
truncated to the y-axis maximum values. Variable coverage regions are marked by the dark blue
(low coverage) and light blue (high coverage) stars inside the innermost ring of the circos plot.
Merged metagenomes and their y-axis scale ranges, outer to inner ring: Nov 2008 U3 (A, |, 0—
1000); Aug 2014 U3 (B, 7, 0-1000); Oct 2014 U3 (C, m, 0-1000); Dec 2014 U3 (D, m, 0—
1000); Oct 2014 1 (E, , 1-1000); Dec 2014 L1 (F,H, 0-300); Dec 2014 L2 (G, H, 0-300);
Nov 2013 L3 (H, m, 0-300). Lake depths: U3, Upper 3; I, Interface; L1, Lower 1; L2, Lower 2;
L3, Lower 3.

Table 4.5 Genes annotated on variable coverage regions of SynAce01 genome. * The
approximate starting positions and lengths of the variable coverage regions on the SynAce01
genome are provided in the first column (the variable coverage regions are labelled as blue stars
in Figure 4.4d). The LCRs are shown with a light blue background colour, whereas high
coverage regions are shown with a light orange background colour. ® The metagenomes
mentioned in the second column refer to the merged metagenomes used for FR analysis of
SynAce01 — Nov 2008 Upper 3, Aug 2014 Upper 3, Oct 2014 Upper 3, Dec 2014 Upper 3, Oct
2014 1, Dec 2014 Lower 1, Dec 2014 Lower 2, Nov 2013 Lower 3 (Table 4.1). The regions are
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arranged from top to bottom in the order of their occurrence along the length of SynAce01

genome.

Starting position
and length of Metagenomes in which
variable coverage observed®

region®

SynAce(1 genes annotated in the variable

coverage region

~20 kb All
(87 kb length)

46 Hypothetical proteins

9 Uncharacterised proteins

3 copies of Helix-turn-helix domain-containing
protein

3 copies of DEAD/DEAH box helicase

2 copies of GNAT family N-acetyltransferase
4 Transposases

IS5/1S1182 family transposase

IS1182 family transposase

Collagen-like protein

C39 family peptidase

C1 family peptidase

RES family NAD+ phosphorylase

TerB family tellurite resistance protein

Class I SAM-dependent DNA
methyltransferase

Thermonuclease family protein

YjbQ family protein

CDGSH iron-sulfur domain-containing protein
Flavin reductase family protein

Alpha/beta hydrolase

Peptide-methionine (S)-S-oxide reductase
MsrA

LysM peptidoglycan-binding domain-
containing protein

Terminase

3'-5' Exonuclease

~118 kb All
(939 bp length)

IS481 family transposase

~176 kb All

IS1595 family transposase
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(954 bp length)

~223 kb All [S481 family transposase
(938 bp length)
~297 kb All IS30 family transposase
(2 kb length) Transposase
~796 kb All 23S ribosomal RNA
(5 kb length) tRNA-Ala
tRNA-Ile
16S ribosomal RNA
~846 kb All Photosystem II D2 protein (photosystem q(a)
(1 kb length) protein)
~902 kb All IS3 family transposase
(1 kb length)
~1.19 Mb All except Nov 2013 IS5 family transposase
(1 kb length) Lower 3
~1.42 Mb Only Nov 2013 L3 2 copies of GDP-mannose 4,6-dehydratase
(18 kb length) 3 copies of Glycosyltransferases

Glycosyltransferase family 4 protein

2 copies of [ISAs1 family transposase

[S66 family transposase

GNAT family N-acetyltransferase
tRNA-Gly

FkbM family methyltransferase
SAM-dependent methyltransferase
Methyltransferase domain-containing protein
ABC transporter ATP-binding protein (O-
antigen export system ATP-binding protein
RfbB)

ABC transporter permease (O-antigen export

system permease protein RfbA)

Hypothetical protein
~1.52 Mb All except Dec 2014 4 Hypothetical proteins
(21 kb length) Lower 1 and Nov 2013 3 copies of Glycosyltransferases
Lower 3 Glycosyltransferase family 4 protein

Glycosyltransferase family 2 protein
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ABC transporter ATP-binding protein (Lipid A
export ATP-binding/permease protein MsbA)

O-antigen ligase family protein

~1.65 Mb All Photosystem II q(b) protein
(1 kb length)
~1.81 Mb All 16S ribosomal RNA
(5 kb length) tRNA-Ile

tRNA-Ala

23S ribosomal RNA
~1.9 Mb All except Nov 2013 IS5 family transposase
(1.5 kb length) Lower 3
~2.12 Mb Aug 2014 Upper 3, Oct 3 Hypothetical proteins
(4 kb length) 2014 Upper 3, Dec 2014 DNA polymerase III subunit gamma/tau

Upper 3, and Oct 2014
Interface

~2.23 Mb All 9 Hypothetical proteins
(44 kb length) 11 copies of Glycosyltransferases

Glycosyltransferase family 2 protein
Glycosyltransferase family 4 protein

2 copies of IS1595 family transposase

2 copies of ISAs1 family transposase

IS3 family transposase

4 copies of FkbM family methyltransferase

4 copies of type Il toxin-antitoxin system VapC
family toxin

Asparagine synthase (glutamine-hydrolyzing)
Class I SAM-dependent methyltransferase
Alpha-1,2-fucosyltransferase

Glycoside hydrolase family 99-like domain-
containing protein

Polysaccharide pyruvyl transferase family
protein

Nitroreductase family protein

ABC transporter ATP-binding protein (Lipid A
export ATP-binding/permease protein MsbA)

Uma2 family endonuclease
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N-acetylmuramoyl-L-alanine amidase
AbrB/MazE/SpoVT family DNA-binding

domain-containing protein

~2.25 Mb All IS3 family transposase
(1.6 kb length)
~2.3 Mb All Photosystem II D2 protein (photosystem q(a)
(1 kb length) protein)
~2.38 Mb All except Nov 2008  Hypothetical protein
(380 kb length) Upper 3 and Nov 2013
Lower 3
~2.53 Mb All except Nov 2013 IS3 family transposase
(1 kb length) Lower 3
~2.61 Mb All Upper 3 Photosystem II q(b) protein

(1 kb length)

4.3.6 Defence genes in Ace Lake Synechococcus

The genes annotated in Synechococcus MAGs were manually parsed to identify the
defence genes (Table 4.6). Synechococcus MAGs contained multiple copies of the
genes that coded for the methyltransferase, sequence specificity, and restriction
endonuclease subunits of a type I R-M system. The genes coding for a type II R-M
system methylase subunit as well as a type Il R-M system restriction enzyme were also
identified in the Synechococcus MAGs, but most of these had low identity matches to
the reference proteins in the UniProtKB/Swiss-Prot database (Table 4.6). Some MAG
gene annotations matched previously reported DISARM gene annotations (Ofir et al,
2018). For example, gene annotations similar to drmD (SNF2 family helicase), drmC
(phospholipase D), and drmMII (5-cytosine DNA methyltransferase) were identified
among the Synechococcus MAG gene annotations (Table 4.6). The verification of the
gene functions by matching their proteins to UniProtKB/Swiss-Prot database showed
that the functional annotation of phospholipase D was correct, but it was not specifically
associated with DISARM. The genes annotations of SNF2 family helicases and 5-
cytosine DNA methyltransferase showed that they were associated with different
helicases and methylases and neither were specifically associated with DISARM

mechanism (Table 4.6).
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Genes associated with a variety of T-A systems, including multiple copies of the genes
coding for VapBC, MazEF, and HigAB type II T-A systems, were found in the MAGs,
along with the genes coding for the YefM antitoxin and HipA, PemK and RelE toxins
of type II T-A systems (Table 4.6). Previous studies have reported that HEPN domain
containing T-A system proteins could be involved in the ABI mechanism of viral
infection disruption (Koonin et al, 2017). Therefore, genes coding for HEPN domain
containing proteins were identified in the Synechococcus MAGs, but none of them were
found to be a part of the ABI mechanism. The genes associated with CRISPR-Cas

system were not present in the Synechococcus MAGs (Chapter 3 section 3.3.5.5).

Apart from the defence genes identified on the Synechococcus MAGs, genes coding for
two BREX proteins (BrxC and PglX) were present on the SynAce01 genome. The BrxC
protein had 50% protein sequence similarity to BREX system P-loop protein BrxC from
a Verrucomicrobia bacterium, whereas the PglX protein had 52% protein sequence
similarity to BREX-1 system adenine-specific DNA-methyltransferase PglX from
Leptospira ognonensis. As previous studies have shown that phage resistance genes are
usually clustered together in defence islands (Makarova et al, 2011), the genes
neighbouring the BREX genes were assessed, leading to the identification of brx4 and
brxB. The brxA gene coded for a DUF1819 family protein of unknown function,
whereas brxB gene coded for a DUF1788 domain-containing protein of unknown
function; these annotations were consistent with their previous gene function
assignments (Goldfarb et al, 2015). The gene coding for BrxL (a Lon-like protease) was
also present in SynAce01, albeit at a different location on the genome, but the core pglZ
gene was not identified. Notably, the brxC and pglX BREX genes in SynAce01 flanked
a toxin gene and an antitoxin gene of a putative RelBE type II T-A system as well as an
antitoxin gene (abiEi) of a type IV T-A system possibly involved in ABI mechanism
(Figure 4.5a). The pglX gene was truncated and appeared to be disrupted by an 15487
family transposase gene, which flanked its truncated side. The brxL gene was also
truncated and coded for a BrxL protein that was less than one-third of the median size of
most BrxL proteins (median protein length being 682 aa; Goldfarb et al, 2015). The FR
analysis showed alignment of reads from different merged metagenomes to these
SynAce01 BREX genes with no SNPs and no variable coverages, suggesting that
probably all Ace Lake Synechococcus contained this incomplete type | BREX system
cassette (Figure 4.5b).
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To determine whether the BREX gene cassette identified in SynAce01 was present in
the Synechococcus MAGs, the alignment of the Synechococcus MAGs to the SynAce0l
genome was reanalysed. The annotated genes in the selected regions of Synechococcus
MAGs were manually reannotated to verify their potential function (Table 4.6).
Interestingly, some Synechococcus MAG contigs also contained a pg/Z gene clustered
with a non-truncated brxL gene, although these two genes were not near the incomplete
BREX defence cassette. Genes coding for an ATP-dependent Lhr-like helicase, a
serine/threonine protein kinase, and a phosphoadenosine phosphosulfate reductase were
also identified among the Synechococcus MAGs, however, their manual annotation
could not verify them as BREX genes (Table 4.6). Moreover, their neighbouring genes

were involved in various metabolic functions, but not cell defence.

Figure 4.5 BREX defence system genes in SynAce01 and their coverage in Ace Lake
merged metagenomes. (A) The schematic shows the location of BREX genes (green) on
SynAce01 genome (black line). The BREX defence cassette contained brxA, brxB, brxC, and
truncated pglX genes, although the cassette was interrupted by the presence of genes associated
with T-A system (type IV T-A gene, orange; type Il T-A genes, yellow). A transposase gene
(red) flanked the defence cassette on one side. A truncated brxL gene was located far from the

defence gene cassette. The empty regions with green borders in pglX and brxL genes indicate
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truncated parts of these BREX genes. (B) The scatter-plot displays the mean read depths of the
genes identified in the SynAce01 BREX cassette (genes along x-axis; also shown in A) relative
to the mean read depths of SynAce01 in merged metagenomes from Ace Lake. Read depth
values were calculated from the data in the base coverage files generated using BBMap v38.51
(section 4.2.2). The gene/SynAce01 mean read depth ratio was calculated by dividing the mean
read depth of a gene by the overall mean read depth of SynAce01 in a merged metagenome (%
ratio along y-axis). Most gene/SynAce01 ratio values were around 100% suggesting that the
mean read depths of these genes were similar to the SynAce01 mean read depth in a merged
metagenome. This, in turn, indicated that the SynAce01 BREX cassette was probably present in
all Synechococcus in Ace Lake. The 1S481/SynAce01 ratio was >300%, which indicated that the
mean read depth of this transposase gene was three-times the SynAce01 mean read depth in
merged metagenomes. Ace Lake merged metagenomes: Nov 2008 _Upper 3 (m); Aug

2014 Upper 3 (); Oct 2014 Upper 3 (m); Dec 2014 Upper 3 (H); Oct 2014 Interface (' ); Dec
2014 Lower 1 (M); Dec 2014 Lower 2 (H); Nov 2013 Lower 3 (m).

Table 4.6 Defence genes annotated in Synechococcus MAGs. * The gene annotations were
provided by JGI’s IMG system. ® The gene functions were verified against reference proteins in
UniProtKB/Swiss-Prot database using the ExXPASy BLAST+ online service

(https://web.expasy.org/blast/). The proteins with poor matches to reference proteins in

UniProtKB/Swiss-Prot database were aligned to the complete UniProtKB database for
verification of function. The highlighted genes had functions similar to some of the DISARM as
well as BREX system genes.

Defence Subsystem Gene function and protein
Annotated gene® o
system type sequence identity (%)®
Type I R-M o 35% Probable type I restriction
Type I restriction enzyme )
system ) enzyme BthVORF4518P M protein
M protein

Bacteroides thetaiotaomicron

o 30% Type-1 restriction enzyme
Type I restriction enzyme
) EcoBI specificity protein
S subunit
Escherichia coli

R-M system o 51% Putative type I restriction
Type I restriction enzyme ) )
enzyme HindVIIP M protein

M protein
Haemophilus influenzae
29% Putative type-1 restriction
Type I restriction enzyme enzyme MjaXP specificity
S subunit protein Methanocaldococcus

Jjannaschii
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Type I restriction enzyme

R subunit

43% Putative type I restriction
enzyme HindVIIP R protein

Haemophilus influenzae

Type I restriction enzyme

S subunit

23% Putative type I restriction
enzyme specificity protein

HI 0216 Haemophilus influenzae

Type I restriction enzyme

M protein

36% Type I restriction enzyme

EcoEI M protein Escherichia coli

Type I restriction enzyme

R subunit

39% Type I restriction enzyme

EcoEI R protein Escherichia coli

Type I restriction enzyme

R subunit

28% Type I restriction enzyme

EcoKI R protein Escherichia coli

Type I restriction enzyme

S subunit

28% Type-1 restriction enzyme
EcoBI specificity protein

Escherichia coli

Type I restriction enzyme

M protein

32% Type I restriction enzyme

EcoEI M protein Escherichia coli

Type I restriction enzyme

R subunit

37% Type-1 restriction enzyme R
protein Staphylococcus

epidermidis

Putative type
IT R-M genes

Type I restriction-
modification system

DNA methylase subunit

33% Type IIS restriction enzyme
Eco571 Escherichia coli

Type I

restriction/modification

25% Putative DNA

methyltransferase YeeA Bacillus

system DNA methylase
_ subtilis
subunit YeeA
Type 11 23% Putative DNA
restriction/modification  methyltransferase YeeA Bacillus
system DNA methylase subtilis
subunit YeeA

Putative type
[II R-M gene

Type Il restriction

enzyme

26% Type III restriction-
modification system EcoPI enzyme

res Escherichia phage P1

CRISPR-Cas No Cas genes

system identified.
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Type 1 BREX  ATP-dependent Lon

system protease (fragment)

27% Lon protease 2 Myxococcus

xanthus

ATP-dependent Lon

protease

86%; ATP-dependent Lon protease
Cyanobium sp. (in UniProtKB)

Bisphosphoglycerate-
independent
phosphoglycerate mutase

(AIKP superfamily)

62%,; PglZ domain-containing
protein Cyanobium sp. (in

UniProtKB)

Putative inner membrane

protein DUF1819

100%; Putative inner membrane
protein DUF1819 Synechococcus
sp. Ace-Pa (in UniProtKB)

Uncharacterized protein

DUF1788

100%; Uncharacterized protein
DUF1788 Synechococcus sp. Ace-
Pa (in UniProtKB)

Hypothetical protein

50%; BREX system P-loop protein
BrxC Verrucomicrobia bacterium

(in UniProtKB)

Type II
BREX system
restriction/modification
system DNA methylase

subunit YeeA

53%; Site-specific DNA-
methyltransferase (adenine-
specific) Nitrospira lenta (in

UniProtKB)

ATP-dependent Lhr-like

helicase

26% Uncharacterized ATP-
dependent helicase MJ0294

Methanocaldococcus jannaschii

SNF2 family DNA or
RNA helicase

26% Uncharacterized ATP-
dependent helicase YqhH Bacillus

subtilis

SNF2 family DNA or
RNA helicase

40% Uncharacterized ATP-
dependent helicase YwqA Bacillus

subtilis

SNF2 family DNA or
RNA helicase

27% Uncharacterized ATP-
dependent helicase YwqA Bacillus

subtilis

SNF2 family DNA or
RNA helicase/ERCC4-

related helicase

30% Uncharacterized ATP-
dependent helicase YqhH Bacillus

subtilis
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SNF2 family DNA or 46% Uncharacterized ATP-
RNA helicase/ERCC4-  dependent helicase YqhH Bacillus

related helicase subtilis
Serine/threonine-protein 33% Serine/threonine-protein
kinase kinase PknA Nostoc sp.

. 53% Phosphoadenosine
Phosphoadenosine
phosphosulfate reductase
phosphosulfate reductase
Synechococcus sp.

No DISARM ATP-dependent RNA  64% ATP-dependent RNA helicase

defence helicase RhlE RhIE Escherichia coli
cassette Primosomal protein N' 45% Primosomal protein N'
identified. (replication factor Y) Synechocystis sp.
ATP-dependent DNA 48% ATP-dependent DNA
Some genes helicase RecQ helicase RecQ Escherichia coli

with functions Phosphatidylserine/phosp

similar to hatidylglycerophosphate/  28% Phospholipase D Rickettsia
DISARM cardiolipin synthase-like prowazekii
system genes enzyme
were found. 26% Uncharacterized ATP-
SNF2 family DNA or )
) dependent helicase YqhH Bacillus
RNA helicase
subtilis
DISARM
40% Uncharacterized ATP-
system SNF2 family DNA or )
) dependent helicase YwqA Bacillus
RNA helicase
subtilis
27% Uncharacterized ATP-
SNF2 family DNA or )
) dependent helicase YwqA Bacillus
RNA helicase
subtilis
SNF2 family DNA or 30% Uncharacterized ATP-
RNA helicase/ERCC4-  dependent helicase YqhH Bacillus
related helicase subtilis
SNF2 family DNA or 46% Uncharacterized ATP-

RNA helicase/ERCC4-  dependent helicase YqhH Bacillus

related helicase subtilis

DNA (cytosine-5)- 28% Modification methylase Apll

methyltransferase 1 Arthrospira platensis
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T-A system

VapBC type
II T-A system

Antitoxin VapB

50% Virulence-associated protein

B Dichelobacter nodosus

Antitoxin of toxin-

antitoxin stability system

52% Antitoxin VapB22

Mycobacterium tuberculosis

Arc/Met]J family

transcription regulator

59% Antitoxin VapB32

Mycobacterium tuberculosis

PIN domain nuclease of

toxin-antitoxin system

32% Ribonuclease VapC22

Mycobacterium tuberculosis

PIN domain nuclease of

toxin-antitoxin system

30% Ribonuclease VapC22

Mycobacterium tuberculosis

PIN domain nuclease of

toxin-antitoxin system

37% Ribonuclease VapC22

Mycobacterium tuberculosis

MazEF type
II T-A system

Antitoxin component of

MazEF toxin-antitoxin

34% Antitoxin MazE Escherichia

coli
module
47% Endoribonuclease MazF9
mRNA interferase MazF
Mycobacterium tuberculosis
36% Endoribonuclease MazF
mRNA interferase MazF
Staphylococcus epidermidis
49% Probable endoribonuclease
mRNA interferase MazF MazF Mycolicibacterium
smegmatis
51% Probable endoribonuclease
mRNA interferase MazF MazF Mycolicibacterium

smegmatis

HigAB type
II T-A system

Plasmid maintenance
system antidote protein

Vapl

53% Virulence-associated protein I

Dichelobacter nodosus

Plasmid maintenance
system antidote protein

Vapl

49% Virulence-associated protein 1

Dichelobacter nodosus

Proteic killer suppression

protein

56% Toxin HigB-1 Vibrio

cholerae

Proteic killer suppression

protein

53% Toxin HigB-1 Vibrio

cholerae
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Antitoxin
YefM of the
Phd antitoxin Antitoxin of toxin- 35% Orphan antitoxin YefM
superfamily of antitoxin stability system Salmonella typhimurium
type I1 T-A
systems

Serine/threonine-protein 42% Serine/threonine-protein

kinase HipA kinase toxin HipA Escherichia coli
Toxin ) 50% Endoribonuclease PemK
modules of mRNA interferase MazF Escherichia coli
HipBA, 37% Endoribonuclease PemK
PemlK, and mRNA interferase MazF Escherichia coli
RelBE type 11 mRNA-degrading
T-A systems endonuclease RelE of  30% Toxin RelE Mycobacterium
RelBE toxin-antitoxin tuberculosis
system

4.4 Discussion

4.4.1 Synechococcus genomic variation — phylotypes and potential ecotypes

The Synechococcus MAGs and SynAce01 genome represented the same species of
Synechococcus in Ace Lake, which was evident from the comparison of /65 rRNA
genes from Synechococcus MAGs and SynAce01 as well as their ANI and AAI (section
4.3.2). SNPs in the Synechococcus 16S rRNA marker gene indicated that at least two
distinct, but closely related (99.9% marker gene similarity), subpopulations of
Synechococcus existed in Ace Lake (section 4.3.5.2). The genomic variation identified
during comparative analysis of Synechococcus MAGs with each other and SynAce01 as
well as the FR analysis of metagenomic reads to SynAce01 also suggested the presence
of different phylotypes and potential ecotypes of Ace Lake Synechococcus. However,
the data did not indicate any season-based segregation of the Synechococcus

subpopulations.

4.4.1.1 Synechococcus subpopulations representing a potential ecotype
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A few genes involved in a broad range of metabolic functions were present in the LCRs
(Table 4.5). These included genes coding for a YjbQ family protein, flavin reductase
and nitroreductase family proteins, and a photosystem II q(b) protein; additional copies
of these genes were also present in the non-variable regions of SynAce01. A single-
copy gene coding for glutamine-hydrolyzing asparagine synthase (AsnB) was present in
the LCRs. The SynAce01 AsnB protein sequence had 30% similarity to the asparagine
synthetase [glutamine-hydrolyzing] gene from Bacillus subtilis. This enzyme catalyses
the ATP-dependent biosynthesis of L-asparagine, where it converts aspartate to
asparagine using glutamine or ammonium as a nitrogen source, preferably glutamine.
An alternate reaction for biosynthesis of L-asparagine involves ammonium-hydrolyzing
asparagine synthase (AsnA), which uses ammonium for conversion of aspartate to
asparagine. The asparagine produced from either reaction can be used for the
biosynthesis of amino-acids. Due to its stability and high nitrogen to carbon ratio,
asparagine has also been considered to be suitable for nitrogen storage, although high
concentration of asparagine inhibits AsnA and AsnB enzyme activities (Reitzer and
Magasanik, 1982; Gaufichon et al, 2010). A study has shown that in environments with
nitrogen as the limiting nutrient, the glutamine-dependent AsnB enzyme activity could
be important for asparagine synthesis from glutamine (Reitzer and Magasanik, 1982).
As bioavailable nitrogen is a limiting nutrient in the Ace Lake upper oxic zone (Rankin
et al, 1999), the Synechococcus subpopulation containing the asnB gene (hereafter
referred to as Synechococcus AsnB subpopulation) could represent a distinct ecotype

with an improved capacity to store and utilise nitrogen.

The Synechococcus AsnB subpopulation had low relative coverage (<10%) compared to
the overall mean read depth of SynAce01 in the merged metagenomes, except in the
bottom-most depth of Ace Lake where nearly 40% of the population had an asnB gene
(Figure 4.6). The Ace Lake Lower zone has a high concentration of ammonium,
peaking at around 15 m depth, compared to the Upper zone (Burton, 1980; Hand and
Burton, 1981). A putative ammonium transporter was identified in >85% of the
Synechococcus population in each merged metagenome, indicating their capacity for
ammonium uptake. As AsnB can use both ammonium and glutamine as a source of
ammonia for biosynthesis of asparagine, the availability of reduced nitrogen could
probably sustain a larger Synechococcus AsnB subpopulation in the Lower zone of Ace

Lake. A similar Synechococcus AsnB subpopulation was also found among the
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Synechococcus species isolated by Callieri et al, (2019) from the dark, anoxic waters of
Black Sea. An assessment of the annotated genes in the draft genomes of two
Synechococcus strains from Black Sea showed that one strain (Synechococcus sp.
BS55D; RefSeq assembly ID: GCF _004332415.1) had an asnB gene, but the other
(Synechococcus sp. BS56D; RefSeq assembly ID: GCF_004332405.1) did not, and both
had two ammonium transporter genes. The Synechococcus AsnB subpopulation also
appeared to be stable in Ace Lake, as it was observed in metagenomes from time
periods spanning seven years from 2008 to 2014 and from all three depth zones (oxic,

oxycline, anoxic) of Ace Lake.

Figure 4.6 The relative coverage of SynAce01 asnB gene in Ace Lake merged
metagenomes. The bar charts show the mean read depth of asnB gene (orange bars) and its
coverage relative to the mean read depth of SynAce01 (blue bars) in Ace Lake merged
metagenomes, indicated along the y-axis. The asnB/SynAce01 mean read depth ratio
represented the relative coverage of asnB gene in the merged metagenomes and indicated the
approximate percentage of the Synechococcus subpopulation that probably had the asnB gene.
Read depth values were calculated from the data in the base coverage files generated using
BBMap v38.51 (section 4.2.2). The asnB/SynAce01 mean read depth ratio was calculated by
dividing the mean read depth of asnB by the overall mean read depth of SynAce01. Lake
depths: U3, Upper 3; 1, Interface; L1, Lower 1; L2, Lower 2; L3, Lower 3.

4.4.1.2 Synechococcus subpopulations with varying cell wall composition

The genomic variation, including LCRs and SNPs, indicated that potential
Synechococcus phylotypes that differ in their cell wall composition might exist in Ace
Lake. Multiple SynAce01 genes associated with cell wall biosynthesis, assembly, and
modification (mostly multicopy genes) had low coverage in the merged Ace Lake
metagenomes, suggesting that only a subpopulation of Syrnechococcus contained
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additional copies of these genes (Table 4.5). The genes coded for collagen-like protein,
LysM domain-containing protein, GDP-mannose 4,6-dehydratase, O-antigen ligase,
ABC transporters (O-antigen and Lipid A), N-acetylmuramoyl-L-alanine amidase, and

glycosyltransferase family proteins.

The collagen-like protein has been previously associated with bacterial outer membrane
and is known to assume a thermostable triple helix shape (Yu et al, 2014). A single
copy of its gene was identified in a SynAce01 LCR (Table 4.5). This protein has been
identified in bacteria from various habitats including Antarctic sediments and glaciers
(Kananaviciuté et al, 2020). LysM domain-containing protein could also be associated
with the bacterial outer membrane, as LysM domains bind peptidoglycans and are
usually found on extracellular proteins or receptors (Mesnage et al, 2014). GDP-
mannose 4,6-dehydratase is involved in the biosynthesis of GDP-fucose, which is used
for the synthesis of extracellular polysaccharides and glycoconjugates, and has been
previously identified in another Synechococcus (Kramm et al, 2012). O-antigen ligase
family protein is involved in the production of O-antigen, an outer membrane
lipopolysaccharide in bacteria. The SynAce01 genes coding for an O-antigen export
system were present in LCRs in Nov 2013 Lower 3 merged metagenome, whereas the
genes coding for a lipid export system was present in LCRs in all merged metagenomes.
N-acetylmuramoyl-L-alanine amidase can break down peptidoglycan, and is probably

involved in cell wall degradation.

The functional annotations of some of the glycosyltransferase genes in the LCRs
suggested that they were involved in cell wall biosynthesis and others might play a role
in cell wall modification. SNPs were also observed in a number of glycosyltransferase
genes throughout the SynAce01 genome. In bacteria, glycosyltransferase gene
mutations can affect its substrate specificity, which can in turn affect the type of sugar
selected for glycosylation (Schmid et al, 2016). Similar variations in glycosyltransferase
genes have been previously reported in an Antarctic haloarchaea population
(Tschitschko et al, 2018). The genes discussed in this section can directly or indirectly
impact cell wall composition, and subpopulations of Synechococcus that do not contain
these genes or contain a lower copy number of these genes could have a different cell

wall structure.

4.4.1.3 Synechococcus subpopulations with varying capacity for cell defence
and immunity
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The genomic variation observed in Ace Lake Synechococcus also pointed toward
subpopulations of Synechococcus that might differ in their capacity for cell defence and
immunity (Table 4.5). The genes identified in the LCRs that might be involved in some
form of defence system (mostly multicopy genes) included C39 family peptidase,
tellurite resistance gene (TerB family), DEAD/DEAH-box helicase, Uma2 family
endonuclease, RES family toxin, MazE family antitoxin, and VapC family toxins. Of
these, C39 family peptidase is usually found on ABC transporters for bacteriocin, which
is a secondary metabolite with antimicrobial properties that can inhibit the growth of
other nearby closely related bacteria (Dirix et al, 2004; Cotter et al, 2013). Bacteriocin
gene clusters have been identified in a number of marine cyanobacteria, including
various Synechococcus spp. (Wang et al, 2011). TerB family proteins can confer
immunity against tellurite, a rare compound made of tellurium dioxide and highly toxic
to most bacteria, as it generates of reactive oxygen species (Taylor, 1999; Chasteen et
al, 2009). A number of tellurite-resistant bacteria have been isolated from Antarctica

previously (Arenas et al, 2014).

The SynAce01 Uma?2 family endonuclease was verified as a putative R-M system
endonuclease through alignment to reference proteins in UniProtKB/Swiss-Prot
database. Moreover, SNPs were identified in another copy of Uma2 family
endonuclease gene in SynAce01. SNPs in restriction enzymes have been previously
reported and it has been suggested that point mutations can help to improve their target
sequence specificity (Saravanan et al, 2008). RES and VapC family toxins and MazE
family antitoxin belong to type II T-A systems. Of the four copies of VapC toxin genes
present in the LCRs, two genes had SNPs as well. Variations in the sequence of VapC
toxin have been observed previously and it has been suggested that environmental
conditions might contribute toward the evolution of T-A system modules (Lopes et al,
2019). DEAD/DEAH-box helicases are generally involved in RNA metabolism, but
some have been reported to contribute toward cell innate immunity as well as viral
interactions (Perculija and Ouyang, 2019). The genes discussed in this section were
probably involved in a variety of defence systems that can affect the endurance and
growth of Synechococcus. See below section 4.4.2 for further discussion on

Synechococcus cell defence and viral associations.

4.4.2 Synechococcus potential for defence against viruses
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The analysis of the Synechococcus MAGs showed the presence of many genes
associated with various defence systems that potentially provided viral immunity to the
bacteria (Table 4.6). Ace Lake Synechococcus does not contain CRISPR-Cas system
genes, which is consistent with previous findings in marine cyanobacteria (Cai et al,
2013). A number of genes coding for type I R-M system and some putative type II and
type III R-M system genes were present in Synechococcus, some of which contained
SNPs. Similar point mutations in restriction enzymes have been reported to improve
their capacity to detect and eliminate foreign DNA, including viruses (Saravanan et al,
2008). Multiple copies of the genes coding for various T-A system proteins, including
VapBC, MazEF, and HigAB type II T-A systems, YefM antitoxin, and HipA, PemK,
and RelE toxins, were identified in Synechococcus. Of these, the MazEF type II T-A
system is known to be involved in the ABI mechanism of viral infection disruption,
which causes the death of the infected host cell to prevent the spread of viral infection to
other host cells in the population (Hazan and Engelberg-Kulka, 2004; Engelberg-Kulka
et al, 2005). Although a number of helicase and methylase genes were present in
Synechococcus MAGs, none of them were found to be associated with DISARM
system, suggesting that this defence system was probably not present in Ace Lake

Synechococcus.

The FR analysis to SynAce01 genome showed that Ace Lake Synechococcus contained
genes for a type I BREX system (Figure 4.5). This defence system is known to prevent
viral DNA replication after the virus has invaded the host cell (Goldfarb et al, 2015).
The analysis of SynAce01 BREX genes showed that the BREX system was probably
inactivate, as the defence cassette (i) was missing the core pg/Z gene; (ii) had a
truncated pglX gene disrupted by the 1§48/ transposase gene flanking it on one side;
(111) contained a RelBE type II T-A system between pg/X and brxC genes; and (iv) had a
truncated brxL gene located far from the defence cassette (Figure 4.5). A similar
configuration of genes has been reported in the type 5 BREX system of some Antarctic
haloarchaea from Deep Lake in the Vestfold Hills, containing a transposon-disrupted
pelX gene and presence of VapBC type II T-A system genes (Tschitschko et al, 2015).
In this study, the pglX gene from the genome of Hrr. lacusprofundi had a low coverage
in the Deep Lake metagenomes, which along with the identification of a Hrr.
lacusprofundi contig with an intact pglX gene indicated the presence of haloarchaea

subpopulations capable of producing functional PglX proteins. This might not be the
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case with Synechococcus in Ace Lake, as all BREX genes were identified in non-
variable coverage genomic regions of SynAce01 (Figure 4.5b), and the pglX genes in
the Synechococcus MAGs were also truncated and were usually present on one end of
the MAG contigs. Such reordering and/or disruption of pg/X gene, including presence
of SNPs, has been reported previously, and it has been speculated that the pglX gene is
either the specificity module of BREX systems or it is highly toxic (Laity et al, 1993;
Sumby and Smith, 2003; Goldfarb et al, 2015). As most phage-related defence genes
are either toxic or apply fitness costs to the hosts, it has been suggested that the loss or
truncation of BREX genes and/or their genomic reorganization in the host can serve to
elevate their toxic effects in the absence of selection pressure imposed by phage (Hallet,
2001; Cerdeno-Tarraga et al, 2005; Gomez and Buckling, 2011; Hall et al, 2011; Stern
and Sorek, 2011; Bikard & Marraffini, 2012; Makarova et al, 2012; Goldfarb et al,
2015).

Notably, some of the Synechococcus MAGs, but not SynAce01 genome, contained pg/Z
core gene alongside a complete brxL gene, indicating the ability of a Synechococcus
subpopulation to produce functional PglZ and BrxL proteins. These two genes (pgl/Z
and brxL) are known to be co-transcribed in BREX systems as are brxA-brxB-brcC-
pglX (Goldfarb et al, 2015). Overall, Ace Lake Synechococcus had all defence genes
associated with a type 1 BREX system — containing brxA4, brxB, brxC (core), pglZ
(core), and brxL as well as a truncated pg/X gene (containing only a portion of the
methylase domain). However, the lack of a complete pglX gene in the Synechococcus
population indicated their inability to produce functional PglX protein. As PglX is
involved in methylation of host DNA to differentiate it from phage DNA, it has been
recognised as being essential for BREX-mediated virus resistance (Goldfarb et al,
2015). Therefore, in the absence of functional PglX proteins, the Ace Lake
Synechococcus BREX system would be inactive. However, it has been previously
reported that the BREX defence cassettes are readily exchanged through HGT and the
defence genes in them tend to co-evolve (Goldfarb et al, 2015). If intact BREX defence
genes exist in the microbial population of Ace Lake, it might be possible for

Synechococcus to reacquire the BREX defence system when under phage pressure.

Other than various cell defence and immunity systems, SNPs in the genes coding for
membrane-associated proteins, such as outer membrane proteins, pilus assembly

proteins, and substrate transport proteins, as well as genes associated with cell wall

220



modification, such as glycosyltransferases, were observed in Ace Lake Synechococcus.
SNPs in glycosyltransferase genes can potentially lead to changes in cell surface
structure (Schmid et al, 2016). Therefore, mutations in these membrane- and cell wall-
associated genes could provide immunity against viruses by changing cell surface
composition. This strategy is known to be employed by the marine cyanobacteria
Prochlorococcus that evades viruses through mutations in its cell-surface genes, which
prevents virus attachment by changing the cell surface structure (Avrani et al, 2011).
Similar variations in the cell surface proteins including S-layer, archaella, and adhesin
proteins as well as glycosyltransferases have been observed in the Antarctic haloarchaea
from Deep Lake and were considered to be a method for viral evasion (Tschitschko et

al, 2015; Tschitschko et al, 2018).

Interestingly, a terminase gene (flanked by hypothetical and uncharacterised genes) was
identified in the LCR starting at ~20 kb length of SynAce01 genome, suggesting the
presence of this phage packaging gene in a subpopulation of Ace Lake Synechococcus
(Table 4.5). A replication-defective prophage (phiSynAcel) has been previously
reported at this position in the SynAce01 genome (Tang et al, 2019). Phage have been
shown to be involved in the horizontal transfer of genetic material in a marine
Synechococcus, including transfer of genes associated with modification of cell surface
composition (Palenik et al, 2003). The potential role of viruses in HGT was also
observed in Antarctic haloarchaea from Deep Lake in the Vestfold Hills, where a
defective prophage (Hlac-Prol) associated with the archaeal BJ1 virus was identified in
the genome of Hrr. lacusprofundi (DeMaere et al, 2013; Tschitschko et al, 2015).
Cyanophages can drive the evolution of marine cyanobacteria, which in turn can enable
co-existence of host and virus due to the presence of virus susceptible as well as
resistant host populations (Coleman et al, 2006; Avrani et al, 2011; Zborowskya and
Lindell, 2019). As changes in cell wall structure could help evade viruses, it can be
speculated that Synechococcus subpopulations containing additional genes for cell wall
modification and cell defence possibly represent virus resistant populations. On the
other hand, Synechococcus subpopulations that do not contain these additional genes
could probably represent virus susceptible populations. Moreover, it has been
previously reported that the viral predators of marine cyanobacteria can be host-specific
(specialist) or have a broad range of hosts (generalist), and that host cyanobacteria

display resistance to these two types of viruses at the extracellular- or intracellular-level,
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respectively (Zborowskya and Lindell, 2019). Therefore, it is possible that
Synechococcus subpopulations use cell wall modifications as a means to resist specialist
viruses, whereas cell defence modifications are used for resistance against generalist
viruses (Figure 4.7). In any case, the presence of a potential prophage in Ace Lake
Synechococcus and the lack of a linear correlation between Synechococcus and the Ace
Lake cyanophage (Chapter 3 section 3.3.5.5) might indicate a complex pattern of

interaction between these cyanobacteria and their viral predators.

Figure 4.7 Potential Synechococcus populations in Ace Lake. Panels (A, B) highlight the
types of viruses and their infection mechanisms, and Synechococcus capacity for different types
of viral defence mechanisms. The virus-sensitive population (A) could include bacterial cells
prone to viral attacks by host-specific viruses (black virions) and/or general viruses with broad
host range (light grey virions). The viruses invade host cells, use host machinery to propagate,
and then lyse the host cell to release newly formed virions. The virus-resistant population (B)
could include bacterial cells that are capable of evading viruses or neutralising the invading viral
genetic material. The Synechococcus phylotypes that have additional and/or modified copies of
genes involved in cell surface modification and cell defence might be able to fend off phage
attacks (section 4.4.2). This has been previously reported for other bacteria and archaea (Avrani
et al, 2011; Tschitschko et al, 2015; Tschitschko et al, 2018; Saravanan et al, 2008). The
resistant cells could: (1) evade viruses, especially host-specific viruses, through modification of
cell surface proteins; (2) degrade invading viral genetic material using modified R-M defence
systems with improved target specificity; (3) prevent viral DNA replication through defence

mechanisms such as BREX defence system; or (4) prevent further spread of viruses in the host
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population by triggering cell death or dormancy through T-A system proteins involved in ABI
mechanism. (C, D) The Ace Lake Synechococcus has the capacity for assimilatory nitrate
reduction and glutamine production via the GS/GOGAT pathway (5) as part of nitrogen cycling.
A subpopulation of Synechococcus contained the asnB gene (D) coding for an asparagine
synthetase [glutamine hydrolyzing] enzyme that catalyses the production of asparagine from
glutamine (6). In the pathway reactions, enzymes are shown in red font, whereas the main
substrates and products are shown in black font. The icons for virions, DNA, and degraded cell

were taken from The Noun Project website (https://thenounproject.com/). 2-OG, 2-oxoglutarate;

Asn, asparagine; AsnB, asparagine synthetase [glutamine hydrolyzing]; Asp, aspartate; Gln,
glutamine; Glu, glutamate; GOGAT, glutamine-2-oxoglutarate-amido transferase (or glutamate

synthase); GSIII, glutamine synthetase I11.

4.5 Conclusion

Synechococcus is the second most abundant microbe in Ace Lake, and the most
abundant microbe in the upper oxic zone of the lake (Chapter 3 section 3.3.3). The
genetic composition of the LCRs in SynAce01 suggested the presence of different
Synechococcus phylotypes and potential ecotypes in Ace Lake, including
subpopulations with varying cell wall composition, cell defence capacity, and/or the
ability to utilise glutamine as a nitrogen source for asparagine production. A number of
sequence variations were also observed in Ace Lake Synechococcus, most of which
were in genes associated with cell wall assembly and modification, membrane proteins,
substrate transporters, and mobile elements. Variations in a similar set of genes have

also been reported in three haloarchaea from Deep Lake (DeMaere et, 2013).

The Ace Lake Synechococcus contained a variety of defence genes (R-M, BREX, T-A
systems) to prevent or disrupt viral infection, but did not contain any CRISPR-Cas
genes (Table 4.6), consistent with previously reported data from marine cyanobacteria
(Cai et al, 2013). These intracellular defence genes could provide immunity against
viruses with a broad host range; as previously observed in other marine bacteria
(Zborowskya and Lindell, 2019). SNPs observed in some of the genes associated with
cell wall structure could lead to the modification of cell surface composition, thereby
providing immunity against host-specific viruses that attach to receptors on the host cell
(Avrani et al, 2011; Schmid et al, 2016; Tschitschko et al, 2015; Tschitschko et al,
2018; Zborowskya and Lindell, 2019). Overall, the findings in this chapter suggested
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that a single species of Synechococcus is prevalent in Ace Lake, with subtle genomic
variation leading to subpopulations with better capacity to evade viruses (virus resistant
population) and/or to thrive in the nitrogen-limiting environment of the lake (AsnB
population) (Figure 4.7). The subpopulations of Syrnechococcus from different seasons
did not appear to differ, but the abundance of Synechococcus AsnB subpopulation
increased with lake depth suggesting some depth-based variations in Synechococcus

population.

A similar analysis of the most abundant microbe in Ace Lake, namely Chlorobium,
along with an analysis of the endemicity of Ace Lake Chlorobium to the Vestfold Hills,

are discussed in Chapter 5.
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5. Ace Lake Chlorobium — genomic variation, defence against

viruses, and endemism in the Vestfold Hills

5.1 Introduction

In Ace Lake, Chlorobium closely related to C. phaeovibrioides DSM 265 (hereafter
referred to as C-phaeov) was found to be the most abundant microorganism, with very
high abundance at the oxycline (Interface) of the lake, especially in summer and spring
seasons (Chapter 3 section 3.3.3; Appendix G). This is consistent with previous reports
of high abundance of this GSB in the Ace Lake oxycline (Burke and Burton, 1988a;
Coolen et al, 2006; Ng et al, 2010; Lauro et al, 2011). Chlorobium are GSB (family
Chlorobiaceae) belonging to the Chlorobiales order of Chlorobia class in the Chlorobi
phylum of bacteria. C-phaeov is a facultative anaerobe and a mesophile that was
isolated from a saline intertidal flat in Germany (IMG taxon ID: 640427130). The /6S
rRNA gene as well as BclA (bacteriochlorophyll A) protein-based phylogeny of the
Chlorobiaceae family and the functional potential of Ace Lake Chlorobium have been
analysed before (Imhoff, 2003; Coolen et al, 2006; Ng et al, 2010; Lauro et al, 2011).
The Ace Lake Chlorobium relative abundance varied with season — very high in
summer, low in winter, decreased further in early spring and revived to higher
abundance in following late spring and summer (Chapter 3 section 3.3.4). Chlorobium
is a key species in Ace Lake, based on its high abundance (Figure 3.6) and contribution
to various nutrient cycles in the lake (Coolen et al, 2006; Ng et al, 2010; Lauro et al,
2011). Its ability to recover from very low abundance in early spring (<1%, Figure 3.6)
to very high abundance in summer (>50%, Figure 3.6) indicated that the Ace Lake
Chlorobium population (or a subpopulation) might have a distinctive genomic capacity
to efficiently use available light for fast growth in summer. In this chapter, the genomic
variation within the Ace Lake Chlorobium population was assessed, comparing
Chlorobium identified in metagenomes from different seasons. Here, ecotypes and
phylotypes refer to Chlorobium with subtle genomic differences that may or may not
affect their metabolic capacity, respectively; similar to Synechococcus phylotypes and
ecotypes (Chapter 4 section 4.1). Chlorobium phylotypes and ecotypes have also been

referred to as Chlorobium subpopulations in the chapter.
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Figure 5.1 Location of Ace Lake, Ellis Fjord, and Taynaya Bay in the Vestfold Hills. The
location of Davis Station is shown with a yellow dot, whereas Ace Lake, Ellis Fjord Basin 2,
and Taynaya Bay Basin 1 are shown with orange dots and arrows. The distance between the
three aquatic systems is shown in white. Ellis Fjord has six basins, marked as EF1-EF6 in the
figure, of which two are meromictic (EF1 and EF2). The five meromictic basins of Taynaya
Bay are also shown, marked as TB1-TB4 and Burke. The satellite map of the Vestfold Hills and
the distance measurements were produced using the interactive atlas available on Landsat Image

Mosaic of Antarctica website (https://lima.usgs.gov/antarctic_research_atlas/). The locations of

Ellis Fjord and Taynaya Bay basins were taken from the data published by Gallagher and
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Burton (1988) and Gibson (1999). The photos of the three aquatic systems were taken by Sarah

Brazendale.

Ace Lake is a stratified lake in the Vestfold Hills (78°15" E, 68°33" S), which lie along
the east coast of Antarctica and cover approximately 411 km? area, being mostly free of
ice. The Vestfold Hills are well-known for their repertoire of stratified lakes and marine
basins, including Ace Lake, Ellis Fjord, and Taynaya Bay. These three aquatic systems
lie within a 20 km radius around the Davis Station; the Ace Lake and Taynaya Bay
Basin 1 are <2 km apart, but are 14—15 km away from Ellis Fjord Basin 2 (Figure 5.1).

Ellis Fjord (68°36' S, 78°07' E) is a ~10 km long, up to 117 m deep, narrow water inlet
of marine origin in the Vestfold Hills (Figure 5.1). The fjord is covered by ice for most
of the year and has six basins, of which the two inner basins (Basins 1 and 2) are
meromictic (Gallagher and Burton, 1988). The entrance to Ellis Fjord is restricted by a
shallow sill at 4 m depth and its six marine basins are separated by sills at depths 1 to 30
m, which together allow for the stable stratification of the meromictic basins of Ellis
Fjord (Burke and Burton, 1988a; Gallagher and Burton, 1988; Gallagher et al, 1989;
Gibson 1999). The maximum recorded depth of its meromictic Basin 1 (also called
Small meromictic basin) is 13 m and of meromictic Basin 2 (also called Deep
meromictic basin) is 110 m (Gibson, 1999; Gallagher and Burton, 1988). The Basin 2 of
Ellis Fjord is separated from Basin 1 on one side by a shallow sill (1 m deep) and from
the outer basins of Ellis Fjord on the other side by a sill at around 30 m depth
(Gallagher and Burton, 1988). The thermocline and halocline of Ellis Fjord Basin 2 lie
around 50 m depth, whereas its oxic-anoxic interface varies between 30 m (Dec 1983
data) to 45 m (Oct 1994 data) depth (Burke and Burton, 1988a; Gallagher and Burton,
1988; Gibson, 1999).

Taynaya Bay (68°27' S, 78°17' E) is a marine water inlet in the Vestfold Hills, with a
maximum depth of up to 80 m (Gibson, 1999). The bay is covered by ice for nearly the
whole year and has six basins, of which five basins (Burke Basin and Basins 1, 2, 3, and
4) are meromictic (Gallagher and Burton, 1988; Gibson, 1999). The maximum recorded
depths of these meromictic basins of Taynaya Bay vary — Burke Basin, 35 m; Basin 1,
12 m; Basin 2, 80 m; Basin 3, 55 m; and Basin 4, 20 m (Gibson, 1999). The oxic-anoxic
interface of Taynaya Bay Basin 1 was around 11 m depth in 1983 but started at around

7 m depth in 1994 (Burke and Burton, 1988a; Gibson, 1999). Moreover, the Basin 1
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waters did not show strong thermal or salinity gradients (Gibson, 1999; McMinn et al,

2000).

All three systems (Ace Lake, Ellis Fjord and Taynaya Bay) contain members of
Chlorobiaceae family (Burke and Burton, 1988a; Ng et al, 2010; Lauro et al, 2011). In
this chapter, the GSB identified in the three systems were compared to each other to
determine whether they belonged to the same species. The GSB were also compared to
their closest related non-Antarctic species and IMG metagenomic and genomic data to
evaluate their endemism to the Vestfold Hills. Here, Chlorobium endemism has been
used to indicate that the Chlorobium identified in Ace Lake, Ellis Fjord and Taynaya
Bay were probably native to the Vestfold Hills and not found elsewhere.

Potential viruses associated with Chlorobium were identified in Ace Lake (Chapter 3
section 3.3.5). Of the prokaryotic defence systems discussed earlier (Table 4.3), Ace
Lake Chlorobium has been shown to harbour a CRISPR-Cas system (Ng et al, 2010;
Lauro et al, 2011). Considering its very high abundance in Ace Lake Interface, it is
likely that this GSB harbours more defence systems that might protect it from viral
predation. Therefore, the genomic composition of Ace Lake Chlorobium was further
investigated to identify other bacterial defence systems (described below in section

4.2.4). Potential GSB viruses in Ellis Fjord and Taynaya Bay were also analysed.
5.1.1 Aims

The main aim of this chapter was to assess any genomic variation within the Ace Lake
Chlorobium population from different seasons (summer vs winter vs spring), to identify
its potential phylotypes or ecotypes in the lake. For this purpose, the Chlorobium MAGs
generated from the Ace Lake metagenomes were compared to each other in a
preliminary analysis (see below section 5.3.1 for description of Chlorobium MAGs).
This was followed by a more in-depth analysis of genomic variation using FR of the

metagenomic reads from different seasons and Ace Lake Interface.

The specific aims were:

e To assess genomic variation in Chlorobium populations from Ace Lake, Ellis Fjord
and Taynaya Bay. This analysis was performed to assess how similar these microbes
were and whether they represented a Chlorobium species potentially endemic to the
Vestfold Hills. To this end, FR analysis of the metagenomic reads from Ace Lake,

Ellis Fjord Basin 2, and Taynaya Bay Basin 1 was performed, to evaluate the
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similarities and differences between Chlorobium from the three systems. To assess
Chlorobium endemicity to the Vestfold Hills, the Chlorobium MAGs marker genes
were compared to metagenomic and genomic data from IMG. Moreover, the
Chlorobium MAGs generated from Ace Lake, Ellis Fjord, and Taynaya Bay
metagenomes were compared to the genome of C-phaeov, a non-Antarctic species
and the closest related organism to Ace Lake Chlorobium OTU (Appendix G).

e To identify potential viruses of Ellis Fjord and Taynaya Bay Chlorobium, to
compare them to Ace Lake Chlorobium viruses and assess the similarities in the
virus-host dynamics of the three systems. The types of defence genes in the
Chlorobium from the three systems were also evaluated, to assess their capacity for
defence against viruses. Moreover, the Chlorobium CRISPR spacers identified in
Ace Lake metagenomes from different time periods were used to analyse any
seasonal pattern of spacer acquisition. The Chlorobium CRISPR spacers identified
in Ace Lake, Ellis Fjord, and Taynaya Bay metagenomes were also compared to the
spacer database to examine the biogeographic distribution of potential Chlorobium
viruses (see Chapter 3 section 3.2.6 for description of spacer database). This
analysis was performed to evaluate the endemicity of the potential Chlorobium

viruses to the Vestfold Hills.

5.2 Methods

5.2.1 Chlorobium OTU bin refinement and abundance calculation in Ellis Fjord

and Taynaya Bay metagenomes

A total of 12 Ellis Fjord metagenomes and four Taynaya Bay metagenomes were used
for these analyses (Appendix A: Table A1). The water samples from Ellis Fjord Basin 2
were collected from 5, 18, 45, and 60 m depths onto large format filters of sizes 20, 3,
0.8, and 0.1 um. The water sampling, sequencing, assembly, and annotation were

performed as described in Chapter 2 section 2.1.1.

The water samples from Taynaya Bay Basin 1 were collected from 5 and 11 m depths;
the water was passed through a 20 pum size prefilter and the biomass was collected on
Sterivex cartridges of 0.22 pm filter size. The Sterivex cartridges were preserved at -80
°C during transportation from Davis Station to Australia. The DNA was extracted in

accordance with the xanthogenate-SDS (XS) DNA extraction protocol (Tillett and
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Neilan, 2000). DNA quality and yield were evaluated using agarose gel electrophoresis
and Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific), respectively. The
metagenomes were sequenced at the Australian Centre for Ecogenomics using Illumina
technology (150 bp paired-end reads). The metagenomic reads were QC filtered using
Trimmomatic v0.38 (Bolger et al, 2014), and the filtered reads were assembled using
metaSPAdes. The Ace Lake and Ellis Fjord metagenomes had been assembled from QC
filtered and error-corrected reads. Therefore, for the purpose of data consistency during
comparative analyses of the metagenomes from the three systems, the Taynaya Bay
filtered reads were also corrected using BFC v181 (Li, 2015) and then assembled using
metaSPAdes. A total of four Taynaya Bay metagenomes, two read-corrected and two
direct assemblies, were generated from the two Taynaya Bay samples. All assembled
metagenomes were annotated by JGI’s IMG system. For comparative analyses using
Ace Lake, Ellis Fjord, and Taynaya Bay metagenomes, only the read-corrected
assemblies were used. For CRISPR spacer analyses, both read-corrected and direct

assemblies from Taynaya Bay were used.

The taxonomic classification of contigs in the Ellis Fjord and Taynaya Bay
metagenomes was performed using the methods described in Chapter 3 section 3.2.1.
Chlorobium bin refinement and abundance calculation in these metagenomes was

performed using the methods described in Chapter 3 section 3.2.2.

5.2.2 Preliminary analysis of genomic variation within Ace Lake Chlorobium

population using MAGs

The Chlorobium MAGs (Appendix A: Table A2) were downloaded from the Ace Lake
time-series metagenomes (Appendix A: Table Al) available on JGI’s IMG/M website

(https://img.jgi.doe.gov/cgi-bin/m/main.cgi). Chlorobium MAGs with >99% genome

completeness were used for the preliminary analysis of genomic variation in Ace Lake
Chlorobium. A more detailed analysis of Chlorobium genomic variation within Ace
Lake was performed using FR (described below in section 5.2.3.1). The Chlorobium
MAG contigs were aligned to the contigs of the Ace Lake Chlorobium MAG generated
from Dec 2014 Lower 2_0.1 um-filter metagenome (hereafter referred to as AL ref
MAG). The MAG was selected because it had the highest total base pair count among
all Chlorobium MAGs from Ace Lake and had >99% genome completeness. The
methodology for this analysis as well for ANI calculation is described in Chapter 4
section 4.2.1.
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5.2.3 FR analyses
5.2.3.1 Determining genomic variation within Ace Lake Chlorobium population

FR was performed to analyse genomic variation in Ace Lake Chlorobium and to assess
any differences in Chlorobium populations from different seasons. As Chlorobium was
present in 3-20, 0.8-3, and 0.1-0.8 um-filter metagenomes, the reads from all three
filter fraction metagenomes from Ace Lake Interface were combined for each time
period to prepare pooled metagenomes (Table 5.1). These merged metagenomes from
Ace Lake Interface from each time period covered biomass sizes ranging from 0.1-20
um. For comparative analysis, these merged metagenomes represented data from
summer (Dec 2014), winter (Jul 2014, Aug 2014), and spring (Nov 2008, Nov 2013,
Oct 2014). The reads from the merged metagenomes were aligned to AL_ref MAG for
in-depth analysis of genomic variation in Ace Lake Chlorobium. The alignment of the
reads to AL_ref MAG was performed as described in Chapter 4 section 4.2.2. The base
coverages of AL _ref MAG in Ace Lake merged metagenomes were generated from
BAM files using the ‘depth’ function of Samtools v1.10 and were plotted on a circos
plot using R v4.0.2 (Figure 5.2d).

5.2.3.2 Determining genomic variation in Chlorobium populations from Ace

Lake, Ellis Fjord and Taynaya Bay

FR was performed to analyse genomic variation in Chlorobium from Ace Lake, Ellis
Fjord, and Taynaya Bay, and to eventually assess whether the Chlorobium populations
from the three systems were endemic to the Vestfold Hills. For this analysis, the Ellis
Fjord and Taynaya Bay metagenomes were selected based on the overall relative
abundance of Chlorobium OTU in them. Similar to the Ace Lake Interface merged
metagenomes, the reads from 3-20, 0.8-3, and 0.1-0.8 um-filter metagenomes from
Ellis Fjord 45 m depth were pooled to form a merged metagenome (Table 5.1). The
reads from the merged Ace Lake and Ellis Fjord metagenomes as well as the Taynaya
Bay metagenome from 11 m depth were aligned to the Chlorobium MAG generated
from 3 pm-filter metagenome from 45 m depth in Ellis Fjord (hereafter referred to as
EF ref MAG). The MAG was selected because it had the highest total base pair count
among the Chlorobium MAGs from Ace Lake, Ellis Fjord, and Taynaya Bay
metagenomes and had >99% genome completeness. Each merged metagenome from

Ace Lake and Ellis Fjord covered biomass sizes ranging from 0.1-20 um, whereas the
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Taynaya Bay 11 m metagenome covered a smaller range of biomass sizes from 0.22-20
um. Moreover, the amount of biomass captured on the large format filters used for
water sampling in Ace Lake and Ellis Fjord was more than the amount of biomass
captured on Sterivex cartridges used for water sampling in Taynaya Bay. The alignment
of the reads to EF_ref MAG was performed as described in Chapter 4 section 4.2.2. The
base coverages of EF _ref MAG in Ace Lake and Ellis Fjord merged metagenomes and
in Taynaya Bay 11 m metagenome were generated from BAM files using the ‘depth’
function of Samtools v1.10 and were plotted on a circos plot using R v4.0.2 (Figure

5.6).

Table 5.1 Ace Lake, Ellis Fjord, and Taynaya Bay metagenomes used for FR analyses of
Chlorobium MAGs. A The 3-20, 0.8-3, and 0.1-0.8 um-filter metagenomes from Ace Lake
Interface from each time period and Ellis Fjord 45 m depth were combined to prepare the
merged metagenomes shown in column three. B The relative abundance of Chlorobium OTU in
the selected metagenomes was calculated using the method described in Chapter 3 section 3.2.1.
€ The number of reads represents the total number of reads in the merged metagenomes from
Ace Lake and Ellis Fjord and in Taynaya Bay (TB_11m) metagenome. All Ace Lake merged
metagenomes were used for FR analysis described in section 5.2.3.1, whereas all Ace Lake and
Ellis Fjord merged metagenomes plus TB_11m were used for FR analysis described in section

5.2.3.2.

Chlorobium OTU relative
Sample collection Merged
. . abundance (%)® Number of
System  time period and metagenome
320 um-  0.8-3 0.1-0.8 reads©
depth name?
filter =~ pum-filter pm-filter
Ace  Nov2008 12.8 m AL Nov2008 I 42 62 81 204,878,852
Lake  Nov201313.5m AL Nov2013 I 12 21 33 86,383,986
Jul 2014 13.5m AL Jul2014 1 2 5 6 78,035,526
Aug 2014 145m AL Aug2014 1 1 5 5 82,792,076
Oct 201413 m AL Oct2014 1 0 1 1 70,579,806
Dec 2014 13.4m AL Dec2014 1 39 57 59 140,544,592
Ellis
) Oct 2014 45 m EF 45m 14 49 48 322,