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Abstract

The ecology and evolution of the Methylophilaceae family across aquatic salinity gradients

Arthi Ramachandran, PhD

Concordia University, 2023

Anthropogenic pressures on aquatic environments are leading to rapid environmental

change. One of the main environmental stressors in marine environments is change in salinity. It

is a major factor that controls the distribution and diversity of organisms. As microbes are essential

to maintaining ecosystem services and biogeochemical cycling, it is important to understand the

diversity, distribution, ecology, and metabolism of bacteria living in these rapidly changing

environments. In this thesis, bacterial adaptation and evolution is investigated across salinity

gradients spatially and temporally. A targeted approach, using the Methylophilaceae as a model

family to monitor change, allowed us to explore and increase our understanding of niche

differentiation, genome streamlining, and ecological adaptations.

We first studied the diversity and distribution of the Methylophilaceae family across a

spatial salinity gradient where we detected the clades from freshwater to brackish-marine waters

in the Saint Lawrence Estuary and Bedford Basin. These distinct populations correlated with

specific salinity concentrations, which suggests different ecological roles in response to

environmental gradients. This led us to also investigate the adaptation and evolution of

Methylophilaceae in response to changing environmental conditions over time and space in the

increasingly freshening Arctic Ocean. We found evidence for endemic Arctic Ocean taxa as well

as a novel clade, BS01, which was adapted to the unique lower salinity surface waters of the Arctic

Ocean. We also discovered that over time, the Methylophilaceae family showed an increase in

specific taxa associated to the years experiencing the highest amount of freshening.

iii



The work in this thesis has increased our understanding of the Methylophilaceae family

and their niche differentiation to distinct environmental conditions. Overall, this work has larger

implications for understanding how climate change is affecting northern aquatic ecosystems and

how microbes are evolving and adapting to this change.
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Chapter 1. Introduction

The ability of aquatic ecosystems to persist through disturbances, while maintaining

essential ecosystem functions, is being increasingly tested as the world faces high rates of

environmental change associated to climate change and other anthropogenic stressors (Philippot,

Griffiths and Langenheder 2021). A key part of shaping ecosystem persistence is microbial

resilience, adaptation, and evolution. Microbes provide critical ecosystem services in aquatic

environments. They are essential for nutrient cycling, carbon sequestration, decomposition,

primary production, water purification, and climate regulation (Ducklow 2008; Gupta, Gupta and

Singh 2017). Therefore, understanding the complex links between microbial change and the

services they provide will help ecosystem functioning.

Coastal ecosystems are amongst the most productive and have been heavily subjected to

unprecedented environmental changes. Over the past decade, the Saint-Lawrence Estuary in

eastern Quebec has been facing milder, almost ice-free winters, early springs, and increased

warming of summer surface waters (Galbraith et al. 2022). The Bedford Basin, a temperate North-

West Atlantic inlet located in Nova Scotia, has also been experiencing higher rates of warming

and changes to the phytoplankton community composition (Robicheau et al. 2022). The Arctic

Ocean has been undergoing rapid changes, warming four times faster than the global rate, leading

to increased freshening (Timmermans, Toole and Krishfield 2018; Wang et al. 2018; Fu et al.

2020). One of the main environmental stressors in marine environments is change in salinity. It is

a major factor that controls the distribution and diversity of organisms. The Saint-Lawrence

Estuary allows us a unique environment to study salinity across a spatial gradient. The Arctic

Ocean surface waters are undergoing long-term freshening due to increase sea ice melt and river
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runoff. This provides us with the opportunity to study adaptation and evolution linked to salinity

over a temporal gradient.

To better study the consequences of environmental changes, it is important to understand

the diversity, distribution, ecology, and metabolism of bacteria living in these rapidly changing

environmental conditions. In this thesis, methylotrophic Beta-proteobacteria, along with other

important bacterial communities, were investigated in three different aquatic ecosystems. They are

of particular interest because of their known ecotypic diversity and distribution across various

habitats. The discovery of unique ecotypes across a salinity gradient in the Saint-Lawrence

Estuary, the Bedford Basin, and the Arctic Ocean allows us to decipher patterns of adaptation and

evolution.

1.1. Methylotrophy

1.1.1. Microbial methylotrophy

Methylotrophs are a taxonomically diverse group of microorganisms that use reduced one-

carbon (C1) compounds as their sole carbon and energy source (Chistoserdova and Lidstrom

2013). Methylotrophs degrade C1 compounds, like methane, methanol, methylamine, and

formaldehyde, using different pathways for their oxidation, demethylation, and assimilation into

biomass (Neufeld et al. 2008a; Chistoserdova, Kalyuzhnaya and Lidstrom 2009; Chistoserdova

2011a; Halsey, Carter and Giovannoni 2012; Chistoserdova and Lidstrom 2013). Methanotrophs

have received most of the attention because of its implication in methane, a potent greenhouse gas,

metabolism, even though they only account for a fraction of methylotroph diversity. Marine

methylotrophs play an important role in the metabolism and assimilation of C1 compounds like

methanol and methylated compounds containing amino, halide, and/or sulfur moieties in the

oceans (Neufeld et al. 2008a). Most of the previous work done on methylotrophs has focused on
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cultured representatives in the Alpha- and Gamma-proteobacterial groups. However, this early

work overlooked a group of marine Beta-proteobacteria within the Methylophilaceae family which

play an important role in the metabolism and assimilation of C1 compounds in the world’s oceans

(Giovannoni et al. 2008; Huggett, Hayakawa and Rappé 2012; Jimenez-Infante et al. 2015).

1.1.2. Sources of methanol

Methanol is an abundant oxygenated volatile organic compound in the ocean where it can

serve as a carbon and energy source for methylotrophic microorganisms. In the oceans, methanol

concentrations range from 50-400 nM with turnover times as low as one day (Dixon, Beale and

Nightingale 2011; Dixon and Nightingale 2012). Potential sources of methanol in the ocean

include production in anoxic bottom waters and sediments (Millet et al. 2008). Methanol is also

produced through the degradation of methylated sugars and hydrolysis of methyl halides (Millet

et al. 2008). Methanol is linked to primary production with C1 units either being directly released

by phytoplankton or as a result of bacterial breakdown of algal carbohydrates (Heikes 2002;

Mincer and Aicher 2016). Methanol is a main degradation product of pectin and lignin and is

therefore associated with plant growth and decay (Heikes 2002; Millet et al. 2008). These C1

compounds are also transported to the surface waters from terrestrial sources such as biomass

burning, atmospheric production, and anthropogenic sources (Heikes 2002; Millet et al. 2008;

Dixon, Beale and Nightingale 2011) (Figure 1.1). In fact, a study conducted in the Northwest

Passage showed that the high Arctic waters are a sink for atmospheric methanol, which could

potentially increase as sea-ice extent decreases (Sjostedt et al. 2012).
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Figure 1.1 Overview of methanol production and pathways into the ocean. Black lines show
potential sources of methanol and red lines show the loss of potential methanol.

1.2. OM43/LD28 methylotrophs

1.2.1. Marine methylotrophy

Although methylotrophy has been studied in the oceans for decades, a combination of

cultivation, genomic, and proteomic studies recently demonstrated that the Beta-proteobacteria

OM43 clade of marine Methylophilaceae bacteria represent a previously overlooked component

of the methylotrophic marine community (Morris, Longnecker and Giovannoni 2006; Giovannoni

et al. 2008; Sowell et al. 2011; Halsey, Carter and Giovannoni 2012; Georges et al. 2014; Jimenez-

Infante et al. 2015; Taubert et al. 2015). Among the marine methylotrophs, the OM43 clade

belonging to the Beta-proteobacteria occurs abundantly in productive aquatic environments from

coastal waters to brackish and freshwater ecosystems (Giovannoni et al. 2008; Huggett, Hayakawa

and Rappé 2012; Salcher et al. 2015, 2019; Sosa et al. 2015). Surveys in the Western Atlantic
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Ocean determined that OM43 clade members represented 5% of the bacterial clones retrieved [27].

Furthermore, studies showed that about 4% of stained cells could be attributed to the OM43 clade

in the North Sea (Sekar et al. 2004). Based on 16S rRNA surveys, the OM43 clade is more

abundant and common than other previously described marine methylotrophs (Sekar et al. 2004;

Morris, Longnecker and Giovannoni 2006; Song, Oh and Cho 2009; Taubert et al. 2015). Previous

studies have also indicated that the abundance and distribution of this group seem to be associated

with phytoplankton blooms(Sowell et al. 2011; Georges et al. 2014). Genome analysis of OM43

isolates have demonstrated that they have a highly reduced genome, are specialists for C1

compounds, and possess a unique set of methanol oxidation genes compared to previously

described methylotrophs (Giovannoni et al. 2008; Halsey, Carter and Giovannoni 2012).

Environmental proteomic studies have shown the prevalence of these OM43 methanol oxidation

genes, particularly methanol dehydrogenase (XoxF). These are commonly expressed in coastal

surface waters, where XoxF accounted for up to 3% of all identified peptides, suggesting that the

OM43 clade may be responsible for a considerable amount of methanol turnover in the coastal

ocean (Sowell et al. 2011; Georges et al. 2014).

A powerful method to study the physiology of microbial cells is to isolate and cultivate

strains from any given community to better study their metabolic capabilities. Cultivated strains

can provide complete genome sequences offering insights into their potential metabolism and are

useful for interpreting other genomic datasets (Giovannoni and Stingl 2007). Marine OM43

bacteria were first isolated from their respective aquatic environments using dilution to extinction

cultivation techniques (Connon and Giovannoni 2002) with sterilized ocean water serving as the

growth medium (Connon and Giovannoni 2002; Salcher et al. 2015; Sosa et al. 2015). These
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studies demonstrated that natural marine environments contain adequate growth substrates and

nutrients to sustain these methylotrophic bacteria.

Methylotrophic Beta-proteobacteria are globally distributed and express high ecotypic

diversity across habitats. This means that there are genetically distinct geographic populations of

methylotrophic Beta-proteobacteria that are adapted to specific environmental conditions. To date

strains from the marine OM43 clade have been isolated from a variety of habitats: strain

HTCC2181 from the Oregon coast (Giovannoni et al. 2008), strain HIMB624 (or KB13) from the

coast of Hawaii (Huggett, Hayakawa and Rappé 2012), strain MBRS-H7 from the Red Sea

(Jimenez-Infante et al. 2015), and strains NB0016 and NB0046 from Nahant Bay (Sosa et al.

2015). Even though these strains contain some of the smallest genomes among the free-living

bacteria, they share about two-thirds of their genomic content with each other (Jimenez-Infante et

al. 2015; Salcher et al. 2015). There is a very high level of genome and, most likely, functional

conservation seen in OM43 genotypes from contrasting oceanic habitats giving rise to potential

niche adaptations with differences in their pangenome (Jimenez-Infante et al. 2015). A study

conducted on the Red Sea by Jimenez-Infante et al. (2015) revealed ecotypic separation of the

marine OM43 clade members (HTCC2181, HIMB624, MBRS-H7) through phylogenetic analysis

of the 16S-23S internal transcribed spacer (ITS) and metagenomic fragment recruitment. These

isolates can be distinguished as open ocean (HIMB624 and MBRS-H7) and coastal ocean

(HTCC2181 and NB strains) ecotypes. A clear dominance of members of the open ocean clade

was seen in higher temperatures and less productive environments whereas the coastal ocean clade

showed the opposite trend (Jimenez-Infante et al. 2015). At the genome level, several differences

have been found among the OM43/LD28 clade, which can account for the ecological success of

different subclades in divergent aquatic habitats.
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1.2.2. Freshwater methylotrophy

Less is known about methanol oxidation in the surface waters of lakes and rivers than there

is in oceans, although a large body of work exists on benthic methylotrophy in freshwater

sediments (Kalyuzhnaya et al. 2012; Chistoserdova and Lidstrom 2013). Given that terrestrial

plants and phytoplankton are sources of methanol and methylated compounds in the ocean (Milne

et al. 1995; Heikes 2002b; Millet et al. 2008b; Mincer and Aicher 2016b), methylotrophy is likely

important in the surface waters of lakes as well. The occurrence of close relatives of the marine

OM43 clade in freshwater habitats, which form a closely related, but separate, lineage known as

the LD28 clade (Giovannoni et al. 2008; Salcher et al. 2015, 2019), also implies that OM43-like

organisms have a broad biogeographical distribution. In fact, 16S rRNA gene sequences affiliated

with OM43 are common in lakes of Europe and North America (Zwart et al. 1998, 2003; Salcher

et al. 2008; Jezbera et al. 2012). LD28 and OM43 are both members of the broader betIV clade

(Newton et al. 2011), which also contains Methylophilus and Methylotenera strains found in

freshwater sediments and soils (Chistoserdova 2011a). Both Methylophilus and Methylotenera can

use a range of one carbon compounds (Chistoserdova 2011a) and some may also be able to subsist

on phenol and humic matter (Hutalle-Schmelzer et al. 2010). Isolates from two planktonic

freshwater methylotrophic lineages (LD28 and closely affiliated PRD01a001B) were cultured

from Lake Zurich, Switzerland (Salcher et al. 2015). Subsequent genome analysis confirmed a

methylotrophic lifestyle and a reduced set of genes for C1 metabolism (Salcher et al. 2015).

1.2.3. Diversity of Beta-proteobacterial methylotrophs across ecosystems

The methylotrophic lineages, LD28 and OM43, that are common to both freshwater and

marine ecosystems are a good model family to study diversity, distribution, and activity across a

range of aquatic ecosystems. A common feature of the OM43/LD28 methylotrophs is that they
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possess a unique methanol dehydrogenase gene, xoxF4, that can be used as a specific functional

gene marker for environmental studies (Chistoserdova et al. 2007; Giovannoni et al. 2008; Salcher

et al. 2015, 2019; Sosa et al. 2015). A study was conducted on the basic physiology and genomic

traits of an OM43 isolate recovered from the ultraoligotrophic environment of the Red Sea

(Jimenez-Infante et al. 2015). The authors found biogeographical distribution patterns that are co-

related to physiochemical conditions of specific environments, opening the door for further

research questions about variability between environments and conditions (Jimenez-Infante et al.

2015). These results demonstrated a geographical distribution of OM43/LD28-related

methylotrophs across both marine and freshwaters. This suggests that methylotrophy occurring in

the water column is an important component of lake, estuary, and marine carbon cycling and

biogeochemistry.

1.2.4. Metabolic versatility in OM43/LD28 methylotrophs

The OM43/LD28 clade of bacteria were believed to be obligate methylotrophs, but now it

is known that they are also commonly enriched for under a variety of conditions. For example, a

study conducted by Sosa et al. (2015) (Sosa et al. 2015) expanded on the dilution to extinction

technique by enrichment with high molecular weight (HMW) dissolved organic matter (DOM)

collected directly from ocean surface waters. They discovered that the most abundant isolates

belonged to the OM43 clade revealing previously unsuspected relationships between naturally

occurring organic polymers and the microorganisms that consume them (Sosa et al. 2015). A

follow up study conducted by Gifford et al. (2016) (Gifford et al. 2016) revealed that abiotic

release of methanol from HMW DOM is negligible and therefore it is likely that the growth using

this organic polymer is due to enzymatic cleavage of the carbon substrate directly by the

methylotrophs. Similarly, enrichment and cultivation of pelagic freshwater bacteria was performed
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by Hutalle-Schmelzer et al. (2010) (Hutalle-Schmelzer et al. 2010). They enriched bacterial

populations, including LD28 methylotrophs, from a humic lake using phenol and humic matter.

These studies demonstrate that organic polymers in both marine and freshwater environments can

serve as important growth substrates for methylotrophic bacteria. However, a comprehensive

mechanistic understanding to tease apart the complex factors allowing methylotrophs to access

these growth substrates remains to be determined.

A study using quantitative transcriptomics showed that OM43 may upregulate the Ribulose

monophosphate (RuMP) pathway when nutrient supplies allow methanol to be used for both

energy generation and biosynthesis (Gifford et al. 2016). In this study, it was also determined that

the metabolic range of the OM43 strain (NB0046) has potentially expanded to include other carbon

substrates. However, this only holds true for one marine isolate grown and tested in the lab. There

is no evidence that the same upregulation would occur for other OM43/LD28 strains. Freshwater

habitats are also more spatially and temporally dynamic than marine water bodies. There is far

more terrestrial input and that changes the source of the organic matter found in the surface waters

and changes the potential for these organisms to use terrestrial organic polymers.

While the OM43, HTCC2181 strain, can grow on methanol as a sole carbon and energy

source, this strain also exhibits synergistic growth when methanol is supplemented with additional

methylated compounds (i.e. Dimethylsulfoniopropionate (DMSP) and Trimethylamine N-oxide

(TMAO)) (Halsey, Carter and Giovannoni 2012). It has also been shown that the addition of

methylamine increased cell yield and led to significantly higher cell numbers in freshwater

methylotrophs found in Lake Zurich (Salcher et al. 2015). In addition, Gifford et al. (2016)

revealed that in marine methylotrophs high expression levels of the xoxF gene was correlated with

nitrogen availability, therefore suggesting that favourable growth would be seen using a
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methylamine amended media. The study illustrated that the OM43, NB0046 strain, can grow on

HMW DOM amended media without the addition of methanol (Gifford et al. 2016). There are

many unanswered metabolic and physiological questions that we can begin to answer using

cultivated strains. Physiological and metabolic interpretations of individual populations of

OM43/LD28 methylotrophs will provide a knowledge base for predicting the carbon-processing

activities of marine and freshwater populations.

1.5. Northern aquatic ecosystems

1.5.1. The Saint-Lawrence Estuary

The Saint Lawrence Estuary, located in in Québec, Canada is an interesting ecosystem that

supports a diverse range of microbial life. The estuary has a gradient of salinity, with freshwater

from the river mixing with saltwater from the ocean, creating a distinct brackish environment.

Nutrients from both the river and ocean influence the bacterial community composition across the

estuary. Previous studies have reported on the distribution of specific bacterial taxa across the

estuarine surface salinity gradient and on the distribution of metabolic pathways across the

stratified waters using meta-omics approaches (Colatriano et al. 2015; Cui et al. 2020). Climate

change is also having a profound impact on the environmental conditions of the Saint Lawrence

Estuary. Increased surface temperatures, changes in precipitation patterns, and increased river

runoff have been observed, all of which could be causing changes to the salinity gradient across

the estuary. This makes the Saint Lawrence Estuary an important ecosystem to study.

1.5.2. The Bedford Basin

The Bedford Basin is a large northwest Atlantic inlet in Eastern Canada and is considered

a good indicator of what is happening in coastal waters along the Atlantic continental shelf. As a

fjord with a long narrow entrance, Bedford Basin has limited freshwater input mostly localized to
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the surface waters. As we increasingly see the effects of climate change on ecosystems, the

Bedford Basin is an important study site due to continued time-series monitoring by the

Department of Fisheries and Oceans. Previous studies have identified changes in microbial

community composition in relation to seasonality and changing environmental conditions

(Georges et al. 2014; El-Swais et al. 2015). In fact, a recent study shows changes in phytoplankton

community composition in response to warmer temperatures (Robicheau et al. 2022). These

changes in phytoplankton may also affect the abundance and diversity of methylotrophs that use

the methanol released by phytoplankton as a carbon and energy source.

1.5.3. The Arctic Ocean

The waters of the Western Arctic Ocean are strongly stratified by a gradient in salinity

where fresher water with a higher nutrient content overlies more saline water. The high nutrient

concentration is due to inflow directly from the relatively fresh and nutrient-rich Pacific Ocean

(Carmack et al. 2011). The halocline also receives a significant volume of freshwater from the

Mackenzie River, contributing to the low salinity surface waters. The Canada Basin, one of the 4

basins of the Arctic Ocean, also receives inflow from the relatively warm and saline Atlantic

Ocean. The sea ice extent and seasonality play an important role in shaping the structure of the

Arctic Ocean. Sea ice cover has significantly diminished in the past decade, with one of the lowest

ever recorded sea ice minima starting in the summer of 2007. Additionally, the oldest and thickest

ice (five years or older) disappeared almost entirely from the Arctic in 2010 (McLaughlin et al.

2011; IPCC 2019; ICCI 2022). Questions about how this increase in freshening will affect the

water column of the Canada Basin have risen from these drastic changes.

The majority of life in the Arctic is microbial but the consequences of climate-mediated

changes on the microbial food web and in turn biogeochemical cycles are not well known. Global
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climate change is impacting the oceans by increasing sea surface temperatures and leading to

melting sea ice, which together alter water stratification and circulation patterns. These changes

can in turn affect the marine biome by changing marine food web dynamics (Doney 2010;

Carmack and McLaughlin 2011). Evidence for such a change has already been reported from the

upper 150m of the Canada Basin where smaller phytoplankton size-classes are becoming now

more prevalent (Li et al. 2013). The increase of freshwater in the Arctic Ocean leads to questions

about whether there are bacterial species, with freshwater and marine lineages, that can adapt and

evolve in response to these new conditions. It is also important to understand the mechanisms of

freshwater-marine transition zones. In fact, scientists and many international reports have

highlighted the role of Arctic microbes as first responders to climate change and the resulting need

for increased microbial genomics research. Additionally, international reports have highlighted

the lack of microbial time-series data showing the effects of climate change at the base of the

marine food web (CAFF 2017; IPCC 2019, 2021). Long-term observations of the state of the

bacterial community will allow us to link the changing physical and chemical pressures to the

impact on marine ecosystems. With climate change greatly affecting the Arctic Ocean, it is

important to assess genetic diversity and increased adaptability to decreased salinity and low

nitrate concentrations in the surface waters. Investigating the changes in bacterial community

composition in association to various changes in environmental factors. This will allow us to

determine how changes in the Arctic Ocean are directly affecting the microbes living there.

1.6. Rationale

Given what we know about the importance of aquatic environments and methylotrophs,

the overarching objective of this thesis was to further understand the metabolic diversity and

evolution of bacteria caused by changes in environmental variables, specifically salinity. In the
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first study, we investigated the diversity of methylotrophic bacteria in pelagic marine and

freshwater ecosystems. The second set of studies focus on the Arctic Ocean ecosystem to 1)

investigate the distribution, diversity, and metabolism of OM43/LD28 clades in the Western Arctic

Ocean, and 2) to determine how decadal changes in microbial community composition in the

Western Arctic Ocean is linked to shifts in environmental variables.
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2. Investigation of XoxF methanol dehydrogenases reveals new methylotrophic bacteria in

pelagic marine and freshwater ecosystems

Ramachandran A, Walsh DA. FEMS Microbiol Ecol 2015;91:fiv105.

2.1. Abstract

The diversity and distribution of methylotrophic bacteria have been investigated in the

oceans and lakes using the methanol dehydrogenase mxaF gene as a functional marker. However,

pelagic marine (OM43) and freshwater (LD28 and PRD01a001B) methylotrophs within the

Betaproteobacteria lack mxaF, instead possessing a related xoxF4-encoded methanol

dehydrogenase. Here, we developed and employed xoxF4 as a complementary functional gene

marker to mxaF for studying methylotrophs in aquatic environment. Using xoxF4, we detected

OM43-related and LD28-related methylotrophs in the ocean and freshwaters of North America,

respectively, and showed the coexistence of these two lineages in a large estuarine system (St

Lawrence Estuary). Gene expression patterns of xoxF4 supported a positive relationship between

xoxF4-containing methylotroph activity and spring time productivity, suggesting phytoplankton

blooms are a source of methylotrophic substrates. Further investigation of methanol

dehydrogenase diversity in pelagic ecosystems using comparative metagenomics provided strong

support for a widespread distribution of xoxF4 (as well as several distinct xoxF5) containing

methylotrophs in marine and freshwater surface waters. In total, these results demonstrate a

geographical distribution of OM43/LD28-related methylotrophs that includes marine and

freshwaters and suggest that methylotrophy occurring in the water column is an important

component of lake and estuary carbon cycling and biogeochemistry.
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2.2. Introduction

Methanol is an abundant organic compound in the ocean where it can serve as a carbon

and energy source for methylotrophic microorganisms. Marine methanol can originate from

terrestrial inputs as well as production during phytoplankton growth and decay (Milne et al. 1995;

Heikes 2002). In addition to high oceanic concentrations (50–400 nM), the turnover time of

methanol in seawater is short, on the order of one to a few days, suggesting that methanol

biogeochemistry is a significant com- ponent of the marine carbon cycle (Dixon, Beale and

Nightingale 2011; Dixon and Nightingale 2012). To elucidate the role of microorganisms in

marine methanol cycling, it is important to identify and quantify the diversity and distribution of

methylotrophic bacteria in the ocean. To this end, (Mcdonald and Murrell 1997) first proposed the

use of the mxaF gene, which encodes the alpha subunit of methanol dehydrogenase (MDH), as a

functional gene marker for methylotrophs. MDH is an enzyme containing a pyrroloquinoline

quinone (PQQ) cofactor that oxidizes methanol to formaldehyde, and over the years the mxaF gene

has been used in numerous cultivation-independent assessments of marine methylotroph diversity

(Mcdonald and Murrell 1997; Neufeld et al. 2008b; Lau et al. 2013).

Although mxaF as a marker has proved useful, an important limitation is that marine

methylotrophs that lack the mxaF gene have recently been reported. Cultivation of marine

methylotrophs of the OM43 clade of Betaproteobacteria and subsequent genome analysis showed

that these methylotrophs lack mxaF, yet possess a homologous xoxF4 gene that is implicated in

methanol oxidation (Giovannoni et al. 2008; Chistoserdova 2011b). In fact, previous phylogenetic

analyses of MxaF and XoxF proteins revealed that this MDH protein family comprises at least six

different clades (MxaF and XoxF1–5) and that methylotrophs may possess multiple MDH
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homologs (Chistoserdova 2011b; Keltjens et al. 2014). However, representative genomes of the

OM43 clade possess only a single xoxF4 gene.

Based on 16S rRNA surveys, the OM43 clade is more abundant and common than other

previously described proteobacterial methylotrophs (Sekar et al. 2004; Morris, Longnecker and

Giovannoni 2006; Song, Oh and Cho 2009; Taubert et al. 2015). Environmental proteomic studies

have shown that the XoxF4 protein is commonly expressed in coastal surface waters, suggesting

the OM43 clade may be responsible for a considerable amount of methanol turnover in the coastal

ocean (Sowell et al. 2011; Georges et al. 2014). Based on these recent observations, it is therefore

likely that the current approaches that rely on the mxaF gene marker do not provide an accurate

account of the abundance and diversity of marine methylotrophic bacteria.

Compared to oceans, less is known about methanol oxidation in the surface waters of lakes

and rivers, although a large body of work exists on benthic methylotrophy in sediments

(Kalyuzhnaya et al. 2012; Chistoserdova and Lidstrom 2013). Given that terrestrial plants and

phytoplankton are sources of methanol and methylated compounds in the ocean (Milne et al. 1995;

Heikes 2002; Millet et al. 2008), methylotrophy is likely important in the surface waters of lakes

as well. Interestingly, 16S rRNA gene sequences affiliated with OM43 are common in lakes of

Europe and North America where they are referred to as the LD28 tribe (Zwart et al. 1998; Salcher

et al. 2008; Jezbera et al. 2012). LD28 and OM43 are both members of the broader betIV clade

(Newton et al. 2011), which also contains Methylophilus and Methylotenera isolates from

freshwater sediments and soils (Chistoserdova 2011a). These isolates can use a range of one carbon

compounds (Chistoserdova 2011a) and some may also be able to subsist on phenol and humic

matter (Hutalle-Schmelzer et al. 2010). Very recently, isolates from two planktonic freshwater

lineages (LD28 and closely affiliated PRD01a001B) were cultured from Lake Zurich, Switzerland
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(Salcher et al. 2015). Subsequent genome analysis confirmed a methylotrophic lifestyle and a

reduced set of genes for one carbon (C1) metabolism. Similar to OM43, these freshwater lineages

lack mxaF, but possess a single xoxF4 homolog. As such, we hypothesized that xoxF4 genes

present in lakes and rivers can also serve as a functional gene marker for freshwater

LD28/PRD01a001B methylotrophy.

The objective of this study was to first develop the xoxF4 gene as a complementary

functional gene marker to the canonical mxaF gene for studying methylotroph diversity in aquatic

environments. We then investigated the distribution, diversity, and xoxF4 expression levels of

methylotrophic bacteria across marine, estuarine, and freshwater environments using a com-

bination of PCR-based analyses of xoxF4 genes and comparative metagenomics of PQQ-

dependent methanol dehydrogenases present in publically available marine and freshwater

metagenomes.

2.3. Materials and Methods

2.3.1. Sampling and environmental DNA and RNA extraction

Microbial biomass for DNA and RNA extraction was collected from the surface water (5

m depth) at the compass buoy station in Bedford Basin, Nova Scotia, and along a transect of the

St Lawrence Estuary, Quebec (Figure 2.1). Sampling of the St Lawrence Estuary occurred during

16–20 May 2011. It should be noted that no biological replicates of DNA or RNA were collected.

Seawater was prefiltered (2 L from Bedford Basin and 2.5 L from the St Lawrence Estuary)

through a Whatman GF/D filter (2.7 μm cut- off) and cells were collected on a 0.22μm Sterivex

filter. After filtration, 1.8 mL of sucrose-based lysis buffer was added and filters were stored at –

80◦C. DNA was extracted following the protocol described in (Zaikova et al. 2010). RNA was
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extracted using the mirVana miRNA Isolation kit (Life Technologies, Burlington, Ontario,

Canada) following the modified methodology in (Stewart et al. 2012).

Figure 2.1 Map of the coastal Atlantic Ocean and St Lawrence Estuary showing station
locations (circles) used in this study. The inset map at the lower left shows the study region
(dashed box) in the broader context of North America.

Temperature and salinity were measured by CTD. Bacterial production was measured

using the [3H]leucine incorporation method detailed in (Smith and Azam 1992). Bacterial

abundance was determined through flow cytometry in which the cells were stained with SYBR

Gold as detailed in (Li and Dickie 2001). Chlorophyll a measurements were determined in vitro

by fluorescence of 90% acetone extracts of plankton as detailed in (Li and Dickie 2001).

2.3.2. xoxF4 PCR primer design and amplification

Multiple sequence alignments of PQQ-dependent dehydrogenase genes (xoxF1–5 and

mxaF) from whole genomes were generated using MUSCLE (in MEGA5). Primer sets were

designed in order to amplify the xoxF4 fragment specifically by maximizing primer matching to
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marine xoxF4 genes and minimizing primer matching to genes from the other five xoxF/mxaF

clades. The multiple sequence alignments were created using the nucleotide sequences of genes

encoding PQQ-dependent dehydrogenases acquired from the NCBI database. The primers used

for the ∼500 bp fragment were 974F (5′-AACCCWTCHGTNTGGAAYCC-3′) and 1441R (5′-

GCRCCMACCCAWGGYTGACC-3′), which were subsequently used for cloning and

sequencing. The primers for the ∼230 bp fragments were 1004F (5′-

CCWGGYGAYAAYAARTGGTC-3′) and 1232R (5′-GCCCAGTTNAYRAAKGGRTG-3′),

which were subsequently used for qPCR and RT-qPCR assays (Supplementary Figure 2.1).

Genomic DNA from Methylotenera mobilis strain #13 (Chistoserdova 2011a) was used as a PCR

positive control as this strain possesses both the mxaF and the xoxF4 homologs.

Template genomic DNA from environmental samples was used in a 25 μL reactions

containing 16 μL MilliQ, 5 μL 1X Reaction Buffer, 1.25 μL F primer (0.5 μM), 1.25 μL R primer

(0.5 μM), 0.5 μL dNTPs (0.2 μM), 0.5 μL Phire Polymerase, 1 μL DNA template (∼10 ng). PCR

conditions were as follows: 98◦C for 30 s for the initial denaturing step; 30 cycles of 98◦ C for 5

s, 56.5◦ C (60◦ C for mxaF) for 5 s, 72◦C for 10 s; and 72◦C for 1 min for the final elongation step.

PCR products were visualized using a 1% (w/v) agarose gel via electrophoresis.

2.3.3. Cloning and sequencing of xoxF4 fragment

The larger fragment (∼500 bp) of xoxF4 was PCR-amplified and gel-purified using the

QIAGEN QIAquick Gel Extraction Kit. The samples used for the construction of the clone

libraries were from January 2011 and May 2011 from Bedford Basin, and Station B and Station

22 from the St Lawrence Estuary. The purified PCR product was cloned into a pJET vector using

the CloneJET PCR Cloning Kit. The transformants were grown on LB+Ampicillin plates and the

colonies, 24 for each sample, were screened for the insert by colony PCR using the pJET primers.

19



Restriction fragment length polymorphism (RFLP) analysis was performed using the following

reaction mix: 7.75 μL H2 0, 2 μL NE buffer 4, 0.25 μL HhaI, 10μL Colony PCR product. The 16

clones chosen for sequencing were those that showed variation in fragment size after the RFLP.

Plasmid DNA was isolated using the GeneJet Plasmid Miniprep Kit (Thermo Scientific, Ottawa,

Ontario, Canada) and sent for paired end Sanger sequencing (OPERON, Louisville, KY, USA).

Phylogenetic analysis was performed using maximum likelihood and a GTR + Gamma distribution

(four categories) model of evolution.

2.3.4. Quantification of xoxF4 gene and mRNA abundances

Plasmids harboring the xoxF4 fragment were linearized overnight at 37◦C using the Eco31I

restriction enzyme. The linearized plasmid was gel purified and used as the qPCR and RT-qPCR

standards. The absolute quantification was measured through serial dilutions of 107 to 103 gene

copies per microlitre. Template genomic DNA from Bedford Basin and St Lawrence Estuary

samples were used in 20 μL reactions containing 14.6 μL MilliQ, 4μL 5X EvaGreen qPCR mix,

0.4μL F primer (0.1μM), 0.4 μL R primer (0.1 μM), 1 μL DNA template. The thermal profile used

was 15 min polymerase activation at 95◦C followed by the PCR cycling stage with 40 cycles (95◦C

for 45 s, 55◦C for 30 s, 72◦C for 1 min) and ending with a melting curve (95◦C for 15 s, 55◦C for

15 s, 95◦C for 15 s). The dilution factor used for the unknowns was between 100 and 10−3 and the

reactions were performed in triplicate. In order to calculate the copy number of the xoxF4 gene in

1 mL of seawater, the copy number given by the qPCR was divided by the amount of seawater

(mL) filtered for each sample and corrected for the dilution factor.

The RNA from the Bedford Basin and the St Lawrence Estuary was used as the template

to synthesize cDNA using the M-MLV Reverse Transcriptase kit (Invitrogen) using the reverse

primer 1441R. The results obtained from the samples (Bedford Basin and St Lawrence Estuary)
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were compared to the standard curve and a quantity of copy number was given. Calculation of

mRNA transcript levels in the RT-qPCR analysis was similar to that of gene copy number. The

efficiency of the qPCR was ≥81% and the R2 value was ≥93% for all runs.

2.3.5. Metagenomic analysis of PQQ-dependent methanol dehydrogenases

XoxF4 from the Betaproteobacterial strain HTCC2181 was used as the query protein

sequence to search for homologs in metagenomic datasets from 35 marine and two freshwater

ecosystems from IMG/M using BLASTp and a 10−5 E-value cutoff (Supplementary Table 2.1).

Retrieved protein sequences were clustered at 99% identity using the program cd-hit (Fu et al.

2012) to reduce redundancy, resulting in 808 clusters for which a single sequence was selected as

a representative. Sequences greater than 300 amino acids in length were added to a multiple

sequence alignment, containing PQQ-dependent dehydrogenase reference sequences including

sequences from (Lau et al. 2013; Keltjens et al. 2014). The preliminary tree included metagenomic

sequences that were closely related to other PQQ-dependent dehydrogenases (e.g. alcohol and

glucose de- hydrogenases) and these were trimmed. After clustering and trimming, 44 protein

sequences remained for the final phylogenetic analysis using the MEGA6 software. The following

parameters were used: maximum-likelihood method, JTT substitution model, gamma distribution

model for the rate variation with four discrete gamma categories, and the nearest-neighbor

interchange (NNI) heuristic search method.

2.4. Results

2.4.1. xoxF4 PCR primer design and specificity

Previous phylogenetic analysis of MxaF and XoxF proteins revealed that these MDH

subunits are members of six different clades (MxaF and XoxF1–5) (Chistoserdova 2011b; Keltjens

et al. 2014). While the genomes of certain bacteria may encode multiple xoxF homologs (Keltjens
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et al. 2014), the publicly available marine OM43 genomes (strains HTCC2181 and

HIMB624/KB13) and freshwater LD28 (‘Candidatus Methylopumilus planktonicus’) and

PRD01a001B (‘Candidatus Methylopumilus turicensis’) genomes only contain a single homolog

encoding an XoxF4 protein. Therefore, we designed PCR primer sets (Supplementary Figure

2.1) that would broadly and specifically target the xoxF4 gene in order to maximize the detectable

diversity of xoxF4- containing bacteria in the environment. One primer combination (974F/1441R)

targeted a ∼500 bp fragment of the xoxF4 gene, while a second primer combination

(1004F/1232R), targeting an internal ∼230 bp fragment, was designed for qPCR.

2.4.2. xoxF4 diversity in aquatic environments

We surveyed the methylotrophic community in seasonal surface waters of a coastal inlet

(Bedford Basin, Nova Scotia), as well as along a 200 km estuarine salinity gradient (St Lawrence

Estuary, Quebec) (Figure 2.1, Table 2.1). Using the 974F/1441R primers, we detected xoxF4

genes in all samples, while no mxaF amplification was detected using the updated primers reported

in Lau et al. (2013). Cloning and sequencing of the xoxF4 fragments followed by phylogenetic

analysis verified the specificity of the 974F/1441R primer combination and identified three distinct

and well-supported xoxF4 subclades (Figure 2.2). We detected xoxF4 sequences nearly identical

to strain HTCC2181 in both Bedford Basin (BB) and the marine end of the St Lawrence Estuary

(SLE). The second subclade (xoxF4–2) was composed solely of sequences recovered from BB.

The third clade was composed of sequences recovered from the SLE, including sequences

recovered from a freshwater location (xoxF4–3), as well as the xoxF4 gene from the LD28 isolate

‘Candidatus Methylopumilus planktonicus’. These results expand the known diversity and

distribution of xoxF4-harboring lineages in both marine and freshwater habitats of North America.
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Table 2.1 Environmental data from sample locations in BB and SLE

Bedford Basin
December 15 2010
January 11 2011
April 20 2011
May 25 2011

Saint Lawrence
Estuary

Station B
Station SI
Station 25
Station 23
Station 22
Station 21

Temperature
(oC)

7.9
5.1
4.5
7.9

10.6
4.3
5.5
4.7
5.4
6.0

Salinity
(PSU)

29.6
29.9
29.9
28.4

0.08
18.5
21.2
24.3
22.2
27.1

Chlorophyll
(mg/m3)

0.97
0.84
7.64
12.69

n.d
n.d
n.d
n.d
n.d
n.d

Bacterial
abundance
(x105 ml-1)

8.3
2.8
5.7
8.4

6.5
2.8
4.2
5.7
6.9
3.7

Bacterial
production

(ug C l-1 day-1)

n.d.
n.d
n.d
n.d

21.64
2.94
15.90
42.41
59.12
26.03

Figure 2.3 Phylogenetic analysis of partial (∼500 bp) xoxF4 gene sequences PCR-amplified from
Bedford Basin and Stations B and 22 in the St Lawrence Estuary using primer pair 974F/1441R.
The tree was inferred using maximum likelihood and a GTR + Gamma distribution (four
categories) model of evolution. Clone identifiers for sequences produced in this study are
presented in parentheses.
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2.4.3. Abundance and expression of xoxF4 genes

Quantification of xoxF4 gene abundance and mRNA transcripts revealed spatiotemporal

variation in methylotroph abundance and expression levels in BB and the SLE (Figure 2.3). In

BB, we com- pared the xoxF4 community during the winter (December and January) and during

the spring phytoplankton bloom (April and May). Over this time interval, xoxF4 gene abundance

increased twofold (from an average of 1747 mL−1 to 3499 mL−1), while mRNA expression levels

increased 12-fold (from 419 mL−1 to 4964 mL−1). These results demonstrated that xoxF4-

harboring bacteria exhibit higher abundance and xoxF4 expression levels in association with

productive spring conditions compared to the winter.

Figure 2.4 Abundance of xoxF4 genes and mRNA transcripts from seasonal samples collected in
Bedford Basin and along the salinity gradient of the St Lawrence Estuary. Error bars indicate
standard deviation.
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In the SLE, the xoxF4 genes were present and expressed across a salinity gradient ranging

from freshwater (Station B) to brackish-marine waters (Station 21). However, unlike in BB, we

did not observe a positive correlation between abundance and expression. While xoxF4 abundance

was maximal at the freshwater end of the SLE (Station B, 9931 mL−1), xoxF4 expression was at

its lowest (198 mL−1), suggesting the presence of an abundant, yet inactive freshwater assemblage

of methylotrophs. In contrast, xoxF4 gene expression was elevated within the brackish estuary and

exhibited a maximum at the most productive location near the marine end of the estuary (Station

22, 7345 copies mL−1).

2.4.4. Comparative metagenomics of mxaF and xoxF diversity and biogeography

Based on our observation of xoxF4 genes in the freshwater end of the SLE and the recent

report of freshwater methylotrophs by (Salcher et al. 2015), we were motivated to investigate the

distribution of PQQ-dependent methanol dehydrogenase across a diversity of marine and

freshwater habitats using metagenomics. To do so, we searched for XoxF/MxaF in publically

available metagenomic datasets, including those from surface waters of the oceans and freshwater

lakes in North America (Supplementary Table 2.1). After clustering and trimming, we identified

44 representative sequences. Phylogenetic analysis placed the metagenome-derived protein

sequences into five separate clades, which were previously reported in Keltjens et al. (2014)

(XoxF1, 3, 4, 5 and MxaF) (Figure 2.4). To visualize the geographical distribution of

methylotrophs, we then mapped the distribution of the different clades to the metagenome sample

locations (Figure 2.5).
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Roca Redonda

Figure 2.5 Phylogenetic analysis of PQQ-dependent methanol dehydrogenase MxaF/XoxF
proteins. Protein sequences generated from our study are in red, while those from lake and ocean
metagenomes are in blue. Some methylotrophs have multiple homologs of XoxF that can branch
into different clades. The following parameters were used: maximum-likelihood method, 100
bootstrap iterations, JTT substitution model, gamma distribution model for the rate variation with
four discrete gamma categories.

North Paci cOcean Saanich Inlet Saint Lawrence Estuary

Trout Bog Lake

Lake Mendota

Bay of Fundy Bedford Basin

Gulf of Maine
Newport Harbour

Delaware Bay Cape May

Chesapeake Bay

South of Charleston

Sargasso Sea

Colon

Gulf of Panama

XoxF1
XoxF3
XoxF4
XoxF5
MxaF

Cabo Marshall
North Seymour Island

Floreana Island

Figure 2.6 Survey of PQQ-dependent methanol dehydrogenase genes across aquatic
metagenomes.

Based on our metagenomic analysis, the detection of MxaF was restricted to lakes, while

XoxF4 was more broadly distributed across lake and ocean locations. XoxF4 proteins affiliated

with OM43 were common in coastal habitats of the North Pacific and North Atlantic Oceans, yet

not detectable offshore (Stations 12, 16 and 26 of Line P in the north-eastern Pacific and a single

station in the Indian Ocean) (Supplementary Table S1). In support of our observation of

freshwater xoxF4-containing methylotrophs in the St Lawrence River, we also identified closely

related homologs in the epilimnion of two freshwater lakes (Trout Bog and Lake Mendota).

Phylogenetic analyses placed these freshwater XoxF4 homologs into two distinct groups. One
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clade contained cultured isolates (e.g. Methylophilus and Methylotenera) from freshwater

sediments (Hernandez et al. 2015), while the second clade (XoxF4–3) was represented by

environmental sequences recovered from the water column and the xoxF4 homolog from

‘Candidatus Methylopumilus planktonicus’ (Salcher et al. 2015). These observations support the

presence of phylogenetically distinct benthic and pelagic lineages of methylotrophic

Betaproteobacteria in lakes.

Metagenomics also revealed the presence and broad distribution of the XoxF5 clade in

freshwater and marine environments. In the ocean, the XoxF5 showed a contrasting latitudinal

distribution compared to XoxF4: XoxF4 dominated in the north- ern hemisphere, while XoxF5

dominated environments near the equator. Moreover, there were 3 distinct XoxF5 subclades,

including two that were only identified in the ocean (XoxF5–1, XoxF5–2), and a third that was

restricted to lakes (XoxF5–3). While the freshwater clade was closely affiliated with

Methylomicrobium alcaliphilum, a halophilic methanotrophic bacterium containing the mxaF gene

(Vuilleumier et al. 2012) the marine subclades represented uncultivated and poorly characterized

taxa that may represent novel one carbon compound oxidizers in the sea.

2.5. Discussion

2.5.1. OM43 methylotroph abundance and activity in coastal habitats

Although methylotrophy has been studied in the oceans for decades, a combination of

cultivation, genomic, and proteomic studies recently demonstrated that the Betaproteobacteria

OM43 clade represent a previously overlooked component of the methylotrophic marine

community (Morris, Longnecker and Giovannoni 2006; Giovannoni et al. 2008; Sowell et al. 2011;

Halsey, Carter and Giovannoni 2012; Georges et al. 2014; Taubert et al. 2015b). Using PCR-based

assays specific to xoxF4, we detected the presence and expression of xoxF4 genes across a set of
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samples from the coastal north-west Atlantic Ocean and along the St Lawrence Estuary salinity

gradient. The universal detection of the xoxF4 gene and an absence of detectable mxaF

demonstrate that OM43 are numerically dominant over mxaF-harboring methylotrophs in the

ocean. A recent study of xoxF diversity in the western English Channel also identified xoxF4 genes

closely related to the OM43 clade (Taubert et al. 2015). Moreover, our comparative metagenomics

analysis showed a common presence of xoxF4 in coastal habitats, and a lack of detectable mxaF,

supporting a previous report by Chistoserdova (2011b). In the Atlantic, xoxF4 gene abundance

ranged from 1747 to 3499 copies mL−1 suggesting that about 1% of the bacterioplankton contain

a xoxF4 homolog. Although it is possible that some OM43 bacteria may possess multiple copies

of xoxF4, if we assume xoxF4 is a single copy gene in OM43, then this value agrees well with

previous studies showing that OM43 constitute ∼2% of bacterial cells in coastal microbial

communities (Rappé, Vergin and Giovannoni 2000; Sekar et al. 2004; Galand et al. 2008; Song,

Oh and Cho 2009). We observed highest xoxF4 gene expression during the spring phytoplankton

bloom. This observation is in agreement with previous work showing a high OM43 abundance

associated with diatoms (Morris, Longnecker and Giovannoni 2006), suggesting that diatom-

derived methanol and methylated substances such as dimethylsulfoniopropionate (DMSP) and

trimethylamine-N-oxide (TMAO) may serve as methylotrophic growth substrates.

The widespread distribution and expression of xoxF4 suggests that OM43 could be playing

a role in marine methylotrophy. However, these findings are at odds with earlier studies that

implicate Gammaproteobacteria with marine methanol metabolism (Neufeld et al. 2007, 2008b).

In a series of elegant studies, Neufeld et al. (2007, 2008b, 2008a) used DNA-SIP with

[13C]methanol to link methylotrophy with Methylophaga and other Gammaproteobacteria, but

not OM43, irrespective of season. One possible explanation is that OM43 are adapted to very low
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methanol concentrations, and it has been suggested that XoxF-type MDHs oxidize methanol with

higher rates and affinities than MxaF-MDHs (Keltjens et al. 2014). However, even in incubations

at near in situ methanol concentration (1μM), Methylophaga are detected among the predominant

methylotrophs (Neufeld et al. 2008a). Perhaps OM43 methylotrophs were overlooked in these

studies since low resolution 16S rRNA DGGE analysis and/or the mxaF gene marker were used

to assess the identity of methylotrophs. On the other hand, it may be that OM43 does not readily

assimilate methanol under the incubation conditions as it may be adapted to take advantage of

multiple growth substrates simultaneously when available in the environment. In fact, although

OM43 (strain HTCC2181) can grow on methanol as a sole carbon and energy source, this strain

exhibits synergistic growth when methanol is amended with additional methylated compounds

including DMSP and TMAO, which are compatible osmolytes produced by phytoplankton

(Halsey, Carter and Giovannoni 2012). In any case, the application of xoxF4 as a functional gene

marker for OM43 methylotrophy should be valuable in further deciphering the ecological niches

and metabolic preferences of methylotrophs in the ocean.

2.5.2. Expanding the diversity of putative marine methylotrophs

In addition to the XoxF4 family, our metagenomic survey revealed that the XoxF5 family

is common in the ocean. Although XoxF5 function remains undescribed, it is large family of

proteins implicated in one carbon metabolism and found in methylotrophs of Alpha-, Beta- and

Gammaproteobacteria (Keltjens et al. 2014). For the most part, detection of XoxF5 was restricted

to locations near the equator, while XoxF4 was more prevalent at northern latitudes. Indeed,

Salcher et al. (2015, in press) reported that xoxF4-containing freshwater strains from Lake Zurich,

Switzerland were psychrophilic, growing more rapidly at 6◦ C compared to 22◦ C. Hence, the

biogeographical divide we observed in the oceans may be driven by environmental conditions.
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However further work is required to link these xoxF5 genes to particular phylogenetic lineages

and assess their role in marine methylotrophy.

2.5.3. Rare-earth elements and their relationship to methylotrophs

Rare-earth elements (REEs) are used as the cofactor for the XoxF methanol dehydrogenase.

These elements are not as rare as their name implies as they are found in every type of soil, sand

and sediment (Keltjens et al. 2014). Previous studies indicate that xoxF gene expression is induced

by REEs found in the lanthanide group such as cerium (III) and lanthanum (III) (Keltjens et al.

2014). A study conducted by (Hara et al. 2009) showed that during phytoplankton growth, the

concentration of dissolved REEs decreased in the surface waters suggesting that REEs can be

concentrated by phytoplankton. Phytoplankton decay may therefore not only serve as a source of

methylotrophic growth substrates, but also as a source of REE cofactors; however, further

experimentation is required to test this hypothesis.

2.5.4. Freshwater and estuarine pelagic methanol-oxidizing bacteria

Methylotrophs have been extensively studied in freshwater sediments (Chistoserdova

2011a), yet much less is known about methylotroph distribution and activities in the surface waters

of lakes and rivers. Potential sources of methanol and methylated compounds in freshwater include

production in anoxic bottom waters and sediments, degradation of methylated sugars, direct

production by phytoplankton and trans- port from terrestrial sources. Using our xoxF4 primer set

we identified a group of xoxF4 sequences (xoxF4–3) in the St Lawrence River, and in

metagenomes from the epilimnion of Lake Mendota and Trout Bog in North America. These

results expand on a recent study by Salcher et al. (2015, in press), who isolated previously

uncultivated members of two fresh- water lineages (LD28 and PRD01a001) affiliated with the

marine OM43 clade. The xoxF4 sequences from our study were members of the LD28 group, and
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we were unable to identify xoxF4 sequences from the PRD01a001 group. Although primer bias

cannot be completely ruled out, in silico analysis would suggest that this is unlikely, as our xoxF4

primers will amplify xoxF4 sequences from both groups. This observation is in line with the

findings of Salcher et al. (2015, in press) who demonstrated that LD28 were generally more

abundant than PRD01a001 in Lake Zurich and this may be a general pattern that extends to

freshwaters of North America.

In addition to the identification of LD28-derived xoxF4 in freshwaters, we also identified

a mixture of LD28- and OM43- derived xoxF4 genes in brackish waters of the SLE. In a recent

study by Taubert et al. (2015, in press), a diversity of xoxF4 genes were identified in a salt marsh

demonstrating their common presence in brackish environments. In the SLE, a peak in xoxF4 gene

expression was also concomitant with the most productive location (S22) in the estuary. Hence, as

shown for marine (Milne et al. 1995; Heikes 2002; Sinha et al. 2007; Halsey, Carter and

Giovannoni 2012) and freshwater systems ((Millet et al. 2008; Salcher et al. 2015), it appears that

methylotrophs are associated with phytoplankton abundance in estuaries as well.

Now that it is possible to differentiate between distinct populations of xoxF4 containing

methylotrophs, it will be interesting to assess the activity and distribution of LD28 and OM43

methylotrophs along salinity gradients. Moreover, the phylogenetic relationships between the

marine and freshwater lineages show that this group of methylotrophs likely has a freshwater

ancestry and that the OM43 arose due to colonization of the marine environment. This is supported

by the observation that marine OM43 genomes have acquired ‘marine genes’ such as Na+-

pumping respiratory proteins by lateral gene transfer from marine Alphaproteobacteria (Walsh,

Lafontaine and Grossart 2013) during their evolution. Hence the OM43/LD28 methylotrophs may
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serve as a useful evolutionary model to investigate habitat transitions, ecological specialization

and speciation in the microbial world.
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2.8. Supplementary Figures and Tables

Supplementary Figure 2.1 Primer design technique

Supplementary Table 2.1 Metagenomic sample sites

Sampling Sites

Antarctic Peninsula

Bay of Fundy, Nova Scotia, Canada -
GS006

Depths Dates

5 m 06-02-28

1 m 03-08-23

Description
Marine bacterioplankton communities from
Palmer Station B, Arthur Harbor, Antarctica
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
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Bedford Basin, Nova Scotia, Canada -
GS005

Bermuda, Atlantic Ocean - GS001

Block Island, New York, USA -
GS009

Browns Bank, Gulf of Maine - GS003

Cabo Marshall, Isabella Island,
Equador - GS036

Cape May, New Jersey, USA - GS010

Chesapeake Bay, Maryland, USA -
GS012

Coastal Floreana, Equador - GS028

Cocos Island, Costa Rica - GS023

Colon, Panama - GS019

Delaware Bay, New Jersey, USA -
GS011

Devil's Crown, Floreana Island,
Equador - GS027

Dirty Rock, Cocos Island, Costa Rica -
GS025

Equatorial Pacific Ocean - GS037

Galapagos, Equador - GS026

Gulf of Mexico, USA - GS016

Gulf of Panama, Panama - GS021

Halifax, Nova Scotia, Canada - GS004

1 m 03-08-22

5 m 03-05-15

1 m 03-11-18

1 m 03-08-21

2.1 m 04-03-02

1 m 03-11-18

2.07 m 04-10-26

2 m 04-02-04

2 m 04-01-21

1.7 m 04-01-12

1 m 03-11-18

2.2 m 04-02-04

1.1 m 04-01-28

1.8 m 04-03-17

2 m 04-02-01

2 m 04-01-08

1.6 m 04-01-19

2 m 03-08-22

The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
The Sorcerer II Global Ocean Sampling
expedition: northwest Atlantic through eastern
tropical Pacific
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Indian Ocean - GS112

Key West, Florida, USA - GS015

Lake Gatun, Panama - GS020

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

Lake Mendota

1.8 m

1.7 m

2 m

Epilimnion

Epilimnion

Epilimnion

Epilimnion

Epilimnion

Epilimnion

Epilimnion
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Bridging text

The first chapter focused on being able to differentiate between distinct populations of

xoxF4 containing methylotrophs. We designed specific xoxF4 primers and detected OM43-related

and LD28-related methylotrophs in the ocean and freshwaters of North America and showed the

coexistence of these two lineages in a large estuarine system. Also, the phylogenetic relationships

between the marine and freshwater lineages show that this group of methylotrophs likely has

freshwater ancestry and that the OM43 clade arose due to colonization of the marine environment.

Due to the diversity and distribution of OM43/LD28 methylotrophs as well as their ability to cross

the freshwater-marine barrier, we are interested in using this group as a model to study mechanisms

of adaptation and evolution. By further studying the Methylophilaceae family in a region where

freshwater input is significantly increasing, we can determine the processes of salinity-driven

change. Adaptation to decreased salinity in marine environments is becoming more important,

especially in the Arctic Ocean, where freshening of the ocean is rapidly increasing with climate

change. Therefore, we chose to investigate the diversity, distribution, and metabolism of the

Methylophilaceae family in the Western Arctic Ocean.
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Chapter 3. A novel freshwater to marine evolutionary transition revealed within
Methylophilaceae bacteria from the Arctic Ocean

Ramachandran A, McLatchie S, Walsh DA. mBio 2021;12:e0130621.

3.1. Abstract

Bacteria inhabiting polar oceans, particularly the Arctic Ocean, are less studied than those

at lower latitudes. Discovering bacterial adaptations to Arctic Ocean conditions is essential for

understanding responses to the accelerated environmental changes occurring in the North. The

Methylophilaceae are emerging as a model for investigating the genomic basis of habitat

adaptation because related lineages are widely distributed across both freshwater and marine

ecosystems. Here we investigated Methylophilaceae diversity in the salinity-stratified surface

waters of the Canada Basin, Arctic Ocean. In addition to a diversity of marine OM43 lineages, we

report on the genomic characteristics and evolution of a previously undescribed Methylophilaceae

clade (BS01) common to polar surface waters, yet related to freshwater sediment Methylotenera

species. BS01 is restricted to the lower salinity surface waters, while OM43 is found throughout

the halocline. An acidic proteome supports a marine lifestyle for BS01, but gene content shows

increased metabolic versatility compared to OM43 and evidence for ongoing genome-

streamlining. Phylogenetic reconstruction shows that BS01 colonized the pelagic ocean

independently of OM43 via convergent evolution. Salinity adaptation and differences in one-

carbon and nitrogen metabolism may play a role in niche differentiation between BS01 and OM43.

In particular, urea utilization by BS01 is predicted to provide an ecological advantage over OM43

given the limited amount of inorganic nitrogen in the Canada Basin. These observations provide

further evidence that the Arctic Ocean is inhabited by distinct bacterial groups, and that at least

one group (BS01) evolved via a freshwater to marine environmental transition.
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3.2. Importance

Global warming is profoundly influencing the Arctic Ocean. Rapid ice melt and increased

freshwater input is increasing ocean stratification, driving shifts in nutrient availability and the

primary production that supports marine food webs. Determining bacterial responses to Arctic

Ocean change is challenging because of limited knowledge on the specific adaptations of Arctic

Ocean bacteria. In this study, we investigated the diversity and genomic adaptations of a global

distributed group of marine bacteria, the Methylophilaceae, in the surface waters of the Arctic

Ocean. We discovered a novel lineage of marine Methylophilaceae inhabiting the Arctic Ocean

whose evolutionary origin involved a freshwater to marine environmental transition. Crossing the

salinity barrier is thought to rarely occur in bacterial evolution. However, given the ongoing

freshening of the Arctic Ocean, our results suggest that these relative newcomers to the ocean

microbiome may increase in abundance and therefore ecological significance in a near-future

Arctic Ocean.

3.3. Introduction

Studies in low latitude oceans have provided numerous insights into the eco-evolutionary

processes that underlie patterns of marine bacterial biogeography (Biller et al. 2014; Sunagawa et

al. 2015; Delmont et al. 2019). However, bacterial communities inhabiting polar oceans,

particularly the Arctic Ocean, are far less studied. There are a number of characteristics of the

Arctic Ocean that make this region informative to include in studies on bacterial biogeography and

evolutionary diversification in the global ocean. The Arctic Ocean is uniquely surrounded by

Eurasian and North American land masses, which restrict water exchange with other oceans and

influences ocean hydrology through freshwater input via large river systems (Guéguen et al. 2012;

Krishfield et al. 2014; Carmack et al. 2016; Proshutinsky et al. 2019). A second motivation is that
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increasing global temperatures are having a profound influence on the Arctic. In addition to

warming (Jackson, Williams and Carmack 2012; Timmermans, Toole and Krishfield 2018), the

Arctic Ocean is freshening due to a dramatic loss of sea ice, increased precipitation, and river

discharge (Carmack et al. 2016; Proshutinsky et al. 2019). The assembly of distinct bacterial

communities in the Arctic Ocean in response to this unique and changing environmental setting is

evident (Ghiglione et al. 2012; Boeuf et al. 2013; Swan et al. 2013; Royo-llonch et al. 2020), as

is the existence of Arctic-adapted ecotypes within globally prevalent marine bacteria such as

SAR11 and SAR202 (Colatriano et al. 2018; Kraemer et al. 2019). Moreover, time-series studies

in the Canada Basin (Western Arctic) have shown the subsequent increase in stratification due to

surface freshening, which affects nutrient transport and primary production in the photic zone (Li

et al. 2009, 2013). There is evidence that the physicochemical changes are influencing microbial

community structure. For example, a study comparing microbial community structure in the

Beaufort Sea before and after the 2007 record sea ice minimum demonstrated significant

differences in all three domains of life (Comeau et al. 2011). In combination, such studies are

beginning to reveal the unique community composition and genomic adaptations within Arctic

marine microbiomes. Further studies that compare Arctic populations with their lower latitude

relatives should broaden our understanding of how bacterial taxa are adapted to life in the Arctic

Ocean, and provide insights into how these communities may respond to the rapid environmental

changes currently underway.

The Methylophilaceae are emerging as a model for investigating evolutionary

diversification and habitat adaptation in aquatic ecosystems as closely related lineages are

distributed across marine and freshwater ecosystems. Methylophilaceae are methylotrophs

specialized to use one-carbon (C1) compounds, particularly methanol (Giovannoni et al. 2008;
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Chistoserdova 2011b; Chistoserdova and Lidstrom 2013). Evolutionary studies based on

comparative genomics suggests that ancestral Methylophilaceae inhabited sediments and

subsequently colonized freshwater pelagic habitats (origin of LD28 and PRD01a001B clades)

before further diversifying into marine pelagic habitats (OM43 clade) (Walsh, Lafontaine and

Grossart 2013; Salcher et al. 2019a). The transition from a sediment to a pelagic lifestyle involved

extensive genome reduction, while the transition from freshwater to marine habitats involved

metabolic innovation via lateral gene transfer (LGT) (Salcher et al. 2019).

Within the Methylophilaceae, the marine OM43 lineage is among the most successful

bacterial groups in the ocean, inhabiting diverse environments from tropic to polar seas (Morris,

Longnecker and Giovannoni 2006; Giovannoni et al. 2008; Huggett, Hayakawa and Rappé 2012;

Jimenez-Infante et al. 2015; Ramachandran and Walsh 2015; Sosa et al. 2015; Taubert et al. 2015;

Salcher et al. 2019). OM43 is commonly found in coastal waters and brackish environments

(Giovannoni et al. 2008; Huggett, Hayakawa and Rappé 2012; Jimenez-Infante et al. 2015;

Ramachandran and Walsh 2015; Sosa et al. 2015) and is often associated with phytoplankton

blooms (Georges et al. 2014; Taubert et al. 2015). Phylogenetic analyses using 16S-23S internal

transcribed spacer (ITS) sequences shows that OM43 is broadly divided into two ecotypic clusters,

OM43-A (represented by strain HTCC2181) and OM43-B (also referred to as Hawaii-Red Sea [H-

RS] cluster) (Jimenez-Infante et al. 2015). OM43-B is associated with low-chlorophyll a and/or

warm oceans, whereas OM43-A is more prevalent in colder, higher productivity waters (Jimenez-

Infante et al. 2015). Additional OM43 microdiversity exists (e.g. OM43-A1 and OM43-A2) which

may reflect further niche specialization. Given the broad distribution of Methylophilaceae in

freshwater to marine habitats and their diversification linked to differences in salinity, temperature,
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and primary productivity, these methylotrophs may be an informative group for investigating

bacterial adaptation in the rapidly changing Arctic Ocean.

In this study, we characterized the phylogenetic and genomic diversity of

Methylophilaceae in the Canada Basin, Arctic Ocean. A major feature of the Canada Basin is the

Beaufort Gyre. As of 2018, the freshwater content of the Canada Basin has increased

approximately 40% relative to the 1970’s because of increased sea ice melt and river water

accumulation driven by an anticyclonic Beaufort Gyre (Proshutinsky et al. 2019). Stratification is

increasing, and nutrient availability and primary production are shifting as a result of this

freshening (Li et al. 2009, 2013; Lovejoy, Galand and Kirchman 2011; Jackson, Williams and

Carmack 2012; Peralta-ferriz and Woodgate 2014). Here we provide a snapshot of

Methylophilaceae diversity in vertically stratified metagenomes located along a latitudinal

gradient of the Canada Basin. In doing so, we report on the discovery, genomic characteristics,

and evolutionary origin of a previously undescribed lineage of marine Methylophilaceae that

appears to be common in polar oceans.

3.4. Results

3.4.1. Environmental context

Methylophilaceae diversity was investigated along a four station (CB2, CB4, CB8, CB11)

latitudinal transect (~73o-77o N) at 150 oW in the Canada Basin during late summer-autumn of

2015 (Table 3.1, Supplementary Figure 3.1). The summer mixed layer depth ranged between

10-30 m. Surface (5-7 m) salinity ranged from 25.7 to 27.3 PSU and nitrate concentrations were

below the detection limit. The deep chlorophyll maximum (DCM) was located between 25 to 79

m, where salinity ranged from 29.7 to 31.5 PSU. In the deeper Pacific winter waters (PWW;

defined as a salinity of 33.1 PSU) nitrate concentration was approximately 16 mmol/m3.
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Table 3.1 Location and environmental characteristics of samples collected for metagenomic
analyses

3.4.2. Methylophilaceae in the Canada Basin

Methylophilaceae 16S rRNA sequences were analysed in Canada Basin metagenome

assemblies from surface, DCM, and PWW samples. Within OM43, 16S rRNA sequences from

OM43-A1 and OM43-A2 were detected, while OM43-B was not. (Figure 3.1). We also identified

16S rRNA sequences distantly related to previously described marine (OM43) or freshwater

(LD28 and PRD001a001B) Methylophilaceae in all surface water metagenomes. These sequences

formed a clade (herein referred to as BS01) with sequences previously recovered from Arctic and

Antarctic surface seawater and bottom waters of the Gulf of Mexico (Figure 3.1).
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Figure 3.1 Phylogenetic analysis of 16S rRNA genes from Methylophilaceae from Canada Basin
metagenomes and a diversity of aquatic ecosystems. The tree was inferred using maximum
likelihood (500 bootstraps) and GTR + gamma distribution (four categories) with invariant site
model of evolution and the nearest-neighbor interchange heuristic search method. The tree was
rooted using Methylibium as an outgroup to the Methylophilaceae. Sequences from the current
study are highlighted in red. Only bootstrap values of >60 are included in the tree.
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We analyzed ITS diversity to provide finer phylogenetic resolution of Methylophilaceae.

Thirty-nine ITS variants formed six ITS subclades (we designated these clades as OM43-A1a to

OM43-A1d and OM43-A2a to OM43-A2b) (Figure 3.2a). Similar to 16S rRNA diversity, we

detected ITS sequences from OM43-A throughout the water column, as well as a distantly related

group that likely represent BS01. OM43-A2b was detected in all Canada Basin metagenomes,

irrespective of water layer, while OM43-A1 ITS clades (A1a, A1b, and A1d) were more restricted

to the surface and DCM layers (Figure 3.2b). A Principal Component Analysis showed that most

of the variation in OM43 diversity was in ITS subclades contribution to DCM assemblages,

although the pattern was not related to any clear differences in environmental conditions or nutrient

availability (Figure 3.2c). Overall, 16S rRNA and ITS diversity demonstrated a diverse

assemblage of OM43 bacteria in the upper layers of the Arctic Ocean and identified a previously

undescribed lineage of Methylophilaceae in the ocean.
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Figure 3.2 Diversity and biogeography of Methylophilaceae based on ITS variants recovered
from Canada Basin metagenomes. (A) Phylogenetic analysis of the Methylophilaceae group
across various aquatic regions and depths using the ITS region. The tree was inferred using
maximum likelihood (500 bootstraps) and a GTR + gamma distribution (four categories) with
invariants sites model of evolution and the nearest-neighbor interchange heuristic search method.
Sequences from the current study are highlighted in red. Only bootstrap values of >60 are included
in the tree. (B) Abundance of six ITS variants based on summed coverage in metagenome
assemblies. (C) Principal coordinate analysis ordination of Bray-Curtis dissimilarities of Arctic
samples based on summed coverage of six ITS variants.
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3.4.3. Genomic characteristics of BS01

To further characterize BS01, we reconstructed a representative MAG from a CB2 surface

water metagenome. The BS01 MAG (Met-BS01-1) was 1.48 Mb in length and 92% complete.

Concatenated protein phylogeny showed Met-BS01-1 was more closely related to sediment-

derived Methylotenera species than pelagic marine (OM43) or freshwater (LD28 and

PRD01a001B) Methylophilaceae. (Figure 3.3a). In agreement with the phylogeny, Met-BS01-1

exhibited higher average amino acid identity (%) with genomes from freshwater Methylotenera

and Ca. “M. turicensis” (62-68 %) compared to marine OM43 genomes (53-55 %)

(Supplementary Table 3.1). The Met-BS01-01 genome was more similar in size to those of the

genome-streamlined pelagic OM43 and LD28 compared to Methylotenera strains

(Supplementary Table 3.1; Figure 3.3b). However, GC content of Met-BS01-01 (43% G+C)

showed the opposite trend, exhibiting higher similarity to Methylotenera than OM43/LD28

genomes (Figure 3.3b). Previous studies on genome-streamlining have reported on shifts in amino

acid usage as a response to nitrogen limitation, measured as increases in the lysine to arginine ratio

of the proteome (Giovannoni 2005; Giovannoni, Cameron Thrash and Temperton 2014; Salcher

et al. 2019). The lysine (6%) and arginine (4.5%) content of the Met-BS-01 proteome is more

similar to Methylotenera than OM43/LD28 genomes (Supplementary Table 3.1). In total, these

observations suggest that genome streamlining has occurred during the evolution of BS01, but that

the commonly associated shift towards lower GC content and reduced nitrogen amino acid usage

were not apparent.
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Figure 3.3 Phylogenomic comparison of BS01 with representative Methylophilaceae genomes.
(A) Maximum likelihood phylogenetic analysis of a concatenated alignment of 48 orthologs shared
between all Methylophilaceae genomes. Values at the nodes are bootstrap values (100
pseudoreplicates). (B) Scatterplot comparing G+C content and genome size. (C) Whole-proteome
pI values versus relative frequency in select Methylophilaceae genomes from freshwater and
marine habitats.

Proteome amino acid content is a valuable trait for predicting the preferred habitat of an

organism, since marine bacteria exhibit more acidic values of protein isoelectric points (pI) than
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freshwater bacteria (Cabello-Yeves and Rodriguez-Valera 2019). To elucidate habitat adaptation

in BS01, we compared global pI plots between Met-BS01-1 and related Methylophilaceae. Met-

BS01-1 exhibited the highest peak at an acidic pI (~4.5), which is similar to marine OM43 genomes

(HTCC2181 and MBRSH7) (Figure 3.3c). In contrast, freshwater Methylophilaceae exhibit a

peak at ~6.5. Interestingly, the Met-BS01-1 pI plot exhibits a frequency of highly acidic proteins

(~4.5) that was more similar to the OM43-B representative (MBRSH7) compared to OM43-A

(HTCC2181). Overall, the acidic skew of proteins in Met-BS01-1 provide strong support that

BS01 is a lineage of marine Methylophilaceae rather than a freshwater lineage introduced to the

Canada Basin by river discharge.

3.4.4. Gene content variation and marine adaptation in BS01

Gene content was compared between MetBS01-1 and a set of freshwater and marine

Methylophilaceae genomes (Supplementary Figure 3.2). In total, 503 Met-BS01-1 genes were

conserved among the analyzed Methylophilaceae genomes, while 349 genes were unique to Met-

BS01-1. In agreement with the phylogenetic affiliation of BS01 with sediment Methylotenera, an

additional 259 genes were shared between Met-BS01-1, M. versatilis and M. mobilis. Genes shared

exclusively between MetBS01-1 and one or more marine OM43 genomes were not detected.

We next interrogated Met-BS01-1 for genes that may be associated with a marine lifestyle,

such as osmoregulation and ion metabolism. A H+-translocating NADH dehydrogenase (NDH)

was present in Met-BS01-1 rather than the Na+-translocating NADH:quinone oxidoreductase

(NQR) that is often associated with marine bacteria (Supplementary Figure 3.3) (Walsh,

Lafontaine and Grossart 2013). We identified 196 genes that exhibit highest similarity with

homologs from outside the Methylophilaceae family. Of these, none recognizably originated from

typical marine bacteria. However, several were associated with sodium transport, including a
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Na+/melibiose symporter related to Alphaproteobacteria and a small-conductance

mechanosensitive channel and a calcium/sodium antiporter related to Gammaproteobacteria

(Supplementary Figure 3.3). An additional set of genes associated with Na+ metabolism were

shared between Met-BS01-01 and Methylotenera, including Na+/proline (putP), Na+/H+-

dicarboxylate (gltT), alanine/glycine:cation (agcS), and neurotransmitter/Na+ symporters, as well

as Na+/H+ (nhaA) and monovalent cation/H+ antiporters (Supplementary Figure 3.3).

3.4.5. BS01 energy and nutrient metabolism

Metabolic reconstruction of Met-BS01-1 indicated the ability to grow on methanol as a

sole source of carbon and energy (Figure 3.4a). Similar to other pelagic Methylophilaceae, a single

lanthanide-dependent methanol dehydrogenase (xoxF4) was present, while the calcium-dependent

methanol dehydrogenase (mxaF) was not detected. Methylotrophic activity of BS01 in Arctic

Ocean surface water was supported by an abundance of xoxF4 transcripts in Canada Basin

metatranscriptomes (Figure 3.4b; Supplementary Table 3.3). Quantitative PCR targeting either

BS01 or OM43 xoxF4 genes specifically verified that BS01 is restricted to the surface waters of

the Canada Basin, while OM43 is more broadly present in the water column (Figure 3.4c). Similar

to other pelagic methylotrophs, Met-BS01-1 encoded all genes for the tetrahydrofolate (H4F)

pathway for formaldehyde oxidation, the ribulose monophosphate (RuMP) cycle for formaldehyde

assimilation/oxidation, and formate oxidation via formate dehydrogenase (Figure 3.4a). In

addition, Met-BS01-1 possessed the tetrahydromethanopterin (H4MPT) pathways for

formaldehyde oxidation, which was thought to be restricted to sediment methylotrophs

(Chistoserdova 2011b) but recently identified in Ca. ‘M. turicensis’ (Salcher et al. 2019).

Interestingly, we only detected Met-BS01-1 transcripts from the H4MPT pathway, and not the H4F

pathway in Canada Basin metatranscriptomes (Figure 3.4b). Known genes involved in the
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processing of other C1 and C1-related compounds including DMSP, glycine betaine, methylated

amines were not present in Met-BS01-1.

Figure 3.4 Reconstruction of methylotrophic metabolism in BS01 and comparison to
other Methylophilaceae. (A) Distribution of central one-carbon metabolism genes. (B) Gene
expression pattern for central carbon metabolism pathways in Canada Basin surface waters
revealed through fragment recruitment of metatranscriptomics against Met-BS01-1 and
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HTCC2181 genomes. (C) Quantification of BS01 and OM43 abundances in the Canada Basin
using qPCR analysis of xoxF4 gene abundance. Error bars indicate standard deviation. DCM,
deep chlorophyll maximum; PWW, Pacific winter water.

With respect to nitrogen acquisition, Met-BS01-1 encoded an ammonium transporter

(amtB) and the glutamine synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT)

assimilation pathway similar to all known Methylophilaceae (Figure 3.5a). The complete set of

genes required for assimilatory nitrate reduction was not identified (missing nitrate and nitrite

transporters and nirB), and napA was truncated, encoding only the last 385 amino acids of the

typical 800+ amino acids, suggesting a non-functional pseudogene (Figure 3.5a). In contrast to

previously described pelagic methylotrophs, Met-BS01-1 shared the ability for urea utilization

with Methylotenera. A urea ABC-type transporter encoded by the urtABCDE operon and an

operon encoding the full urease enzyme and accessory proteins (ureABCDEFG) were present in

Met-BS01-1 and exhibited highest similarity to orthologs from the freshwater Methylotenera

sediment isolates (e.g. 80-93% for the UreA-UreC protein subunits). Urea use by BS01 was

evident as transcripts for urea transport and assimilation and the GS/GOGAT pathway were

detected Canada Basin metatranscriptomics. (Figure 3.5b; Supplementary Table 4). Met-BS01-

1 also shared an incomplete urea cycle with the sediment methylotrophs. Genes annotated as amino

acid transporters were not identified in Met-BS01-1. Interestingly, Met-BS01-1 encodes an ABC-

type phosphate transport system as well as polyphosphate kinase and exopolyphosphatase,

suggesting an ability to store phosphorus under nitrogen limited conditions, and mobilize the

stored phosphorus when enough nitrogen is available for growth.
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Figure 3.5 Reconstruction of nitrogen metabolism in BS01 and comparison to other
Methylophilaceae. (A) Distribution of central nitrogen metabolism genes. (B) Gene expression
pattern for central nitrogen metabolism pathways in Canada Basin surface waters revealed
through fragment recruitment of metatranscriptomics against Met-BS01-1 and HTCC2181
genomes.

3.4.6. BS01 biogeography across aquatic ecosystems

The presence of BS01 in ecosystems outside of the Arctic Ocean was investigated by

applying a combination of phylogenetic marker (xoxF4) and fragment recruitment analyses to

55



diverse aquatic metagenomes. We identified several BS01 xoxF4 genes in metagenomes from

Antarctic seawater and a broad xoxF4 diversity in eastern North American estuary (Chesapeake

and Delaware Bays) samples that ranged in salinity from 15 to 30 PSU (Figure 3.6a). Since

methanol dehydrogenase genes are prone to lateral gene transfer (Kolb and Stacheter 2013; Kang,

Dunfield and Semrau 2019), we verified the presence of BS01 in these samples using metagenomic

fragment recruitment. Fragment recruitment only detected Met-BS01-1 in polar surface waters,

including the Southern Ocean (Scotia Sea) and estuaries (Figure 3.6b). In contrast to the restricted

detection of Met-BS01-1, fragment recruitment against the HTCC2181 genome was observed for

all marine biomes (coastal, polar, trades, westerlies) analyzed as well as estuaries (Figure 3.6b).

Figure 3.6 Biogeography of BS01 across the global ocean and estuaries. (A) Phylogenetic analysis
of the Methylophilaceae family across multiple aquatic regions and depths using the XoxF4
methanol dehydrogenase protein recovered from metagenomes. The tree was inferred using
maximum likelihood (500 bootstraps) and JTT + gamma distributed with invariants (four
categories) sites model of evolution, with nearest-neighbor interchange heuristic search method.
Colored sequences are those from the Arctic Ocean (red), the Antarctic (green), or estuaries
(blue). Only bootstrap values of >60 are included in the tree. (B) Distribution of BS01 and OM43-A
revealed through fragment recruitment of aquatic metagenomes against Met-BS01-1 and
HTCC2181 genomes reported as reads per kilobase of the MAG per gigabase of metagenome
(RPKG). The diagonal lines are to signify no metagenome data for that water column feature.
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3.5. Discussion

3.5.1. Methylophilaceae diversity in the salinity-stratified Arctic Ocean

In this study, we discovered a diverse assemblage of Methylophilaceae in the salinity-

stratified waters of the Canada Basin. Arctic Methylophilaceae were comprised of an array of

marine OM43 subclades and a distantly related lineage herein termed BS01 (Figure 3.1). All

OM43 subclades identified in the Arctic Ocean were within OM43-A (Figure 3.2a), in agreement

with previous findings that OM43-A is generally more common in colder habitats compared to

OM43-B (Jimenez-Infante et al. 2015). At lower latitudes, OM43-A is strongly associated with

phytoplankton blooms (Morris, Longnecker and Giovannoni 2006; Giovannoni et al. 2008), which

is a likely source of methanol for growth (Mincer and Aicher 2016). In contrast, we find that OM43

was relatively rare in the chlorophyll maximum of the Canada Basin and was in fact more abundant

in the extremely oligotrophic surface waters. This vertical structuring of OM43 was observed

across all analyses including the metagenome ITS diversity (Figure 3.2b) and fragment

recruitment analyses (Figure 3.6b), as well as OM43 distribution assessed by quantitative PCR

(Figure 3.4c). One explanation for low abundance in the Canada Basin chlorophyll maximum is

that it is comprised mostly of eukaryotic picophytoplankton (Lovejoy, Galand and Kirchman

2011), which may not be as significant a source of methanol as larger bloom-forming

phytoplankton. But, what supports the methanol metabolism of the surface water

Methylophilaceae? In addition to in situ production, methanol in the surface waters may originate

from atmospheric deposition, which is elevated in the Arctic compared to lower latitude regions

due to the colder temperatures (Millet et al. 2008; Sjostedt et al. 2012). Another possibility is that

Arctic Methylophilaceae are associated with phytoplankton blooms that periodically occur in the

surface waters. In particular, under-ice blooms have been observed throughout the Arctic Ocean
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(Yager et al. 2001; Fortier et al. 2002; Arrigo et al. 2012; Mundy et al. 2014; Assmy et al. 2017)

including the Beaufort Sea (Hill et al. 2018; Ardyna et al. 2020). Betaproteobacteria are present

under the ice in the Beaufort Sea during the winter/spring (Galand et al. 2008; Pedrós-Alió, Potvin

and Lovejoy 2015) and (Collins, Rocap and Deming 2010) identified OM43 under, as well as

within sea ice. Overall, these results demonstrate that marine Methylophilaceae are common in the

stratified waters of the Canada Basin and investigation of their seasonal dynamics would provide

a deeper understanding of their ecological role in Arctic Ocean ecosystems.

3.5.2. Freshwater-marine transitions within the Methylophilaceae

Insights into the evolutionary adaptations associated with major habitat transitions, such as

between marine and freshwater environments, can be revealed through comparison of closely

related taxa from different habitats (Walsh, Lafontaine and Grossart 2013; Bižić-Ionescu and

Ionescu 2016; Paver et al. 2018). Here, we provided strong evidence that BS01 represents a second

lineage of marine Methylophilaceae that arose independently of marine OM43. The discovery of

multiple evolutionary origins of pelagic marine Methylophilaceae provides a rare opportunity to

compared the pathways of evolutionary adaptation to the ocean. OM43 is thought to have arisen

from a sediment to pelagic transition in a freshwater ecosystem, followed by a second transition

from fresh to marine waters (Salcher et al. 2015). BS01 is related to freshwater sediment

Methylotenera, as well as pelagic Ca. “M. turicensis” and may therefore have originated through

a similar sediment to pelagic, then freshwater to marine, series of transitions. However, we propose

that pelagic BS01 evolved along a different path, directly from a marine ancestor residing in

sediments. Compared to freshwater Methylotenera, the BS01 proteome has undergone extensive

changes in amino acid compositions (acidic shifts in pI) (Figure 3.3c), which requires long

evolutionary time (Cabello-Yeves and Rodriguez-Valera 2019). Yet, changes associated with
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oligotrophic conditions such as reduced GC content and a shift to less nitrogen-rich amino acids

are not as striking. And, although the Met-BS01-01 genome is approaching the small size of other

oligotrophs (Giovannoni, Cameron Thrash and Temperton 2014) including LD28 and OM43, it is

still considerably larger (Figure 3.3b). Moreover, ongoing genome reduction was evident by the

identification of partial deletion of the nitrate reductase, with only a napA pseudogene remaining.

Hence, BS01 appears to have an established set of proteome modifications associated with a

marine lifestyle but is at an intermediate stage with respect to pelagic adaptation. These findings

further the notion that Methylophilaceae serve as a valuable model for “evolution in action” studies

(Salcher et al. 2015). Additional comparative studies that include new isolates (Lanclos et al. 2016)

and MAGs from a broader diversity of environments including marine sediments should further

advance our understanding of microbial habit transitions in aquatic ecosystems.

Lateral gene transfer plays a significant role in bacterial diversification and the acquisition

of genes involved in osmoregulation has been implicated in marine transitions (Penn and Jensen

2012; Walsh, Lafontaine and Grossart 2013). Several sodium transporters were identified in the

Met-BS01-1 genomes that may have originated by lateral transfer from Gamma and

Alphaproteobacteria. But, overall there wasn’t a striking pattern of “marine gene” acquisition in

BS01. Given that marine adaptation requires extensive adaptation across the whole proteome

(Figure 3.3c), we hypothesized that orthologous gene replacement of freshwater-adapted core

proteins with more acidic marine homologs may have played a role in BS01 evolution.

Phylogenetically related proteins that only differ slightly in their acidic amino acid content would

have the most chance of successful incorporation in the recipient genome (Cabello-Yeves and

Rodriguez-Valera 2019). With this in mind, we looked for evidence of OM43 serving as a donor

of marine orthologs of core genes to BS01. We did not detect any genes exclusive to BS01/OM43.
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Moreover, BS01 genes shared with OM43 were consistently more similar to Methylotenera

homologs, which is evidence against orthologous replacement. These result show that although

BS01 and OM43 share the same habitat and are phylogenetically related, they apparently rarely

undergo genetic exchange. A similar observation was made for a newly discovered freshwater

lineage of SAR11 in ancient Lake Baikal, where Cabello-Yeves et al. (2018) wondered why the

lineage had not acquired genetic material from previously established freshwater SAR11 relatives

(Cabello-Yeves et al. 2018). Perhaps finer resolution studies will identify orthologous

replacements or even within-gene recombination events as evolving aquatic bacteria share the

same pool of marine or freshwater alleles.

3.5.3. Niche differentiation of BS01 and OM43

The coexistence of BS01 and OM43 in Canada Basin surface waters leads to questions on

how these related methylotrophs are ecologically differentiated and how BS01 successfully

competes with more established OM43 bacteria. Salinity may play a direct role in niche

differentiation of OM43 and BS01, but neither the biogeographic distributions or genome

characteristics provide immediate insights about how. Both groups were detected across a broad

salinity range in the Canada Basin and estuaries (Figure 3.6b) and possessed similarly acidic

proteomes (Figure 3.3c). Both groups also appear to be highly specialized for methanol oxidation,

but differences were apparent that may be ecologically relevant. Genome reduction in both groups

has converged on a similar methylotrophic metabolism comprised of the same core metabolic

modules identified by Salcher et al. (2019): methanol oxidation via XoxF, formaldehyde oxidation

via H4F and the RuMP cycle, and formate oxidation. However, one metabolic difference between

BS01 and OM43 may be related to formaldehyde oxidation rates because BS01 has retained the

H4MPT pathway for formaldehyde oxidation. Evidently, the H4MPT, but not the H4F pathway is
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expressed in the Canada Basin. Perhaps the H4MPT pathway can more rapidly remove toxic

formaldehyde. Under conditions where growth is limited by inorganic nutrient availability and the

reducing power of methanol is being funneled into maintenance energy generation rather than

carbon assimilation and growth, perhaps the H4MPT pathway provides an advantage over the H4F

pathway.

Another ecologically-relevant difference between OM43 and BS01 may be related to

nitrogen metabolism. Both groups have independently lost the genes for nitrate transport and

assimilatory reduction, while retaining ammonia transporters (Supplementary Figure 3.3).

However, although BS01 has undergone genome reduction compared to sediment dwellers, the

full complement of genes for urea transport and utilization as a nitrogen source has been retained.

Urea is present at relatively high, but variable concentrations in the Arctic Ocean (Gratton, Price

and Simpson 2008), and often exceeds that of ammonia. In fact, urea has been show to fuel Arctic

nitrification (Alonso-Saez et al. 2012). Sources of urea include riverine input, excretion and sloppy

feeding by zooplankton (Conover and Gustavson 1999) and inputs form the melting of seasonal

fast ice (Conover et al. 1999). Urea is hypothesized to replace ammonia as a waste product for

organisms residing in confided habitats like sea ice because it is less toxic. The input from melting

sea ice may be particularly relevant if these methylotrophs are associated with under-ice and ice-

associated phytoplankton. The unique ability of BS01 to use urea during these conditions would

provide an advantage over OM43 given the limited amounts of inorganic nitrogen in the Canada

Basin. In fact, a seasonal study in the Arctic using SIP showed no evidence of 15N urea uptake in

summer, whereas winter samples yielded estimates of 30 % isotopic labelling of bacterial

populations, including Betaproteobacteria (Connelly et al. 2014). Taken together, salinity,

differences in C1 metabolism, and nitrogen utilization may all play a role in niche differentiation.
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Although genomes can provide some insights into metabolic traits that differentiate ecology,

additional physiological traits that cannot be predicted from genomes such as temperature

optimum, substrate transport affinities and biological interactions with phage and predators may

be additionally relevant.

3.5.4. Bacterial evolution in a changing Arctic Ocean

The Arctic Ocean is a relatively enclosed ocean that is intensely influenced by riverine

input. As such, Arctic Ocean surface waters represent a mosaic marine-freshwater interface that

could be a global evolutionary hotspot for aquatic bacteria. Along with the introduction of vast

amounts of freshwater and terrestrial nutrients (Guéguen et al. 2012; Carmack et al. 2016;

Proshutinsky et al. 2019), Arctic rivers may also serve as a conduit for the flow of organisms and

genes from terrestrial to marine ecosystems. Indeed, a previous study showed that the ability of

Arctic marine bacteria to use aromatic compounds of terrestrial origin evolved, at least in part, by

lateral acquisition of genes from terrestrial bacteria (Colatriano et al. 2018). In the current study,

we have shown that Arctic surface waters may support the evolution of bacteria that relatively

recently colonized the oceans. Traditionally, these freshwater-marine transitions were considered

to be rare in bacterial evolution (Logares et al. 2009). Some years ago, it was suggested that cross

colonization may be more common than currently realized and that previously undescribed

invaders may be hiding in the “rare biosphere” (Walsh, Lafontaine and Grossart 2013). Indeed, a

number of studies have since supported this hypothesis (Bižić-Ionescu and Ionescu 2016; Paver et

al. 2018) and BS01 certainly fits the criteria for rarity. Hence the relatively fresh Arctic Ocean

surface waters that are strongly influenced by terrestrial inputs may support a wider diversity of

rare marine bacteria with relatively recent freshwater origins that are awaiting discovery. Finally,

given the ongoing freshening of the Arctic Ocean, our results suggest that these relative newcomers
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to the ocean microbiome may increase in abundance and therefore ecological significance in a

near-future Arctic Ocean.

3.6. Materials and Methods

3.6.1. Sampling and metagenomic data generation

Samples from 4 stations in the Canada Basin (CB2, CB4, CB8, and CB11) were collected

aboard the CCGS Louis S. St-Laurent during the Joint Ocean Ice Study (JOIS) research mission

in September 2015. Twelve samples were collected and the associated environmental variables

were measured for each sample (Table 3.1). Between 4-7 L of seawater was sequentially filtered

through a 50 μm pore mesh, followed by a 3 μm pore size polycarbonate filter and a 0.22 μm pore

size Sterivex filter (Durapore; Millipore, Billerica, MA, USA). Filters were preserved in RNAlater

and stored at −80 °C until processed in the laboratory. DNA was extracted from the Sterivex filters

using a SDS lysis protocol as described in Colatriano, et al. (2018). DNA sequencing was

performed at the Department of Energy Joint Genome Institute (Walnut Creek, CA, USA) on the

HiSeq 2500-1TB (Illumina) platform using 150 PE technology. The metagenomic data is deposited

in the IMG database under GOLD Project IDs: Gp0134345- Gp0134356.

3.6.2. 16S rRNA gene and ITS analysis

We used the complete 16S rRNA gene from OM43 strain HTCC2181 (Giovannoni et al.

2008) to extract the 16S rRNA gene from each of the twelve single sample metagenome assemblies

using BLASTn (Altschul et al. 1990). The sequences > 500 bp were included in a phylogenetic

analysis with reference sequences and 16S rRNA sequences from other biogeographic studies. A

multiple sequence alignment was generated using the MUSCLE algorithm as implemented in

MEGA v.7 (Kumar, Stecher and Tamura 2016). A maximum likelihood tree was constructed using
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the GTR + Gamma distribution (4 categories) model of nucleotide substitution in MEGA v.7 with

100 bootstraps (Kumar, Stecher and Tamura 2016).

We used the complete ITS region from a reference OM43 bacterium (HTCC2181) to

extract ITS regions from each metagenome assembly using BLASTn (Altschul et al. 1990). The

sequences were clustered using CD-hit (Fu et al. 2012) at an identity of 100%. To assign sequences

to specific clades, the Arctic ITS sequences were analyzed using reference sequences from

published genomes and ITS sequences used in a previous biogeographic study (Jimenez-Infante et

al. 2015). The sequences were aligned using the MUSCLE algorithm as implemented in MEGA

v.7 (Kumar, Stecher and Tamura 2016) with poorly aligned sequences removed after visual

inspection. A maximum likelihood tree was constructed using the GTR + Gamma distribution (4

categories) model of nucleotide substitution in MEGA v.7 with 100 bootstraps (Kumar, Stecher

and Tamura 2016). The distribution of subclades across the stations and depths was determined by

summing the average read depth of all ITS sequences within each subclade. A Principal

Coordinates Analysis (PCoA) ordination of Bray-Curtis dissimilarities of the Arctic samples was

performed based on the read depth of different ITS clades to determine the distribution across

samples. The envdist function as implemented in vegan (Oksanen et al. 2020) with 999

permutations was used for Post-Hoc tests of environmental variables.

3.6.3. MAG generation and analysis

Metagenomic binning was performed on scaffolds > 5 kb in length using MetaWatt (Strous

et al. 2012). Binning was performed using tetranucleotide frequency and the relative weight of

coverage was set to 0.75, with the optimize bins and polish bins options on. The taxonomic identity

of MAGs was assessed using a concatenated phylogenetic tree based on 138 single-copy conserved

genes as implemented in MetaWatt (Strous et al. 2012). Estimation of MAG completeness and
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contamination was performed using CheckM (Parks et al. 2015) and suspected contamination was

manually removed. A single putative BS01 MAG (Met-BS01-1) was identified from the CB2

surface metagenome for further analysis.

3.6.4. Concatenated protein phylogeny

The distribution of orthologous genes was analyzed using ProteinOrtho (Lechner et al.

2011). 48 single-copy orthologous genes present in all genomes were identified and selected for

concatenated phylogenetic analysis. Each orthologous protein family was aligned using MUSCLE

(implemented in MEGA6) and alignment positions were masked using the probabilistic masker

ZORRO (Wu, Chatterji and Eisen 2012), masking columns with weights <0.5. Phylogenetic

reconstructions were conducted by maximum likelihood using MEGA6-v.0.6 and the following

settings: JTT substitution model, gamma distribution with invariant sites model for the rate

variation with four discrete gamma categories, and the nearest-neighbor interchange (NNI)

heuristic search method with a bootstrap analysis using 100 replicates.

3.6.5. Comparative genomics

Inference of protein function and metabolic reconstruction were based on the IMG

annotations provided by the JGI and using the Pathologic software available through Pathway

Tools (Karp et al. 2010). The pangenomic visualization of Methylophilaceae was created using

the anvi’o tool (Eren et al. 2015; Delmont and Eren 2018). Rodriguez-R and Konstantinidis (2016)

toolbox was used to compute the average amino acid identity (AAI) (Rodriguez-R and

Konstantinidis 2016). The proteome isoelectric point, was calculated with the software Pepstats

from the EMBOSS package (Rice, Longden and Bleasby 2000).

3.6.6. Metatranscriptomic analysis

RNA samples were collected during a JOIS mission in September 2017. RNA was
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extracted from the Sterivex® filters (3 to 0.22 µm size fraction) with a modified protocol (Shi,

Tyson and DeLong 2009; Stewart, Ottesen and Delong 2010), which employs both the mirVana

miRNA isolation kit (Invitrogen) and the RNeasy RNA cleanup kit (Qiagen). cDNA library

preparation and sequencing was performed at the Department of Energy Joint Genome Institute

(JGI) (Walnut Creek, CA) on the HiSeq 2500-1TB (Illumina) platform using 150 PE technology.

To determine the activity and distribution of the Arctic Methylophilaceae MAG and reference

genome HTCC2181 in the Arctic Ocean, unassembled metatranscriptomic data was recruited

against the protein-coding gene sequences using BBMAP (https://jgi.doe.gov/data-and-

tools/bbtools/bb-tools-user-guide/bbmap-guide/), with a minimum identity of 95%. The reads per

kilobase of the MAG per gigabase of metatranscriptome (RPKG) was calculated to control for

differences in raw reads between samples. The metatranscriptome data is deposited in the IMG

database under GOLD Project IDs: Gp0323995, Gp0324000 and Gp0323990.

3.6.7. Methanol dehydrogenase (XoxF4) phylogeny

The full length XoxF4 amino acid sequences from the reference isolate HTCC2181 and

from the Met-BS01-1 MAG were used to assess the presence of BS01 in 1,362 metagenome

assemblies from aquatic communities available at IMG/M using BLASTp (Altschul et al. 1990).

The sequences > 300 bp were included in a phylogenetic analysis with reference sequences and

sequences from other biogeographic studies. A multiple sequence alignment was generated using

the MUSCLE algorithm as implemented in MEGA v.7 (Kumar, Stecher and Tamura 2016). A

maximum likelihood tree was constructed using the JTT substitution model, gamma distribution

(4 categories) and the nearest-neighbor interchange (NNI) heuristic search method in MEGA v.7

with 100 bootstraps (Kumar, Stecher and Tamura 2016).
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3.6.7. Fragment recruitment

The distribution of the Arctic Methylophilaceae MAG and HTCC2181 in the multiple

aquatic biomes was determined using the best-hit reciprocal blast approach reported in Colatriano

et al. (2018). Unassembled metagenomics data from 45 samples at 20 sites (Table S2) were

recruited to the Arctic Methylophilaceae MAG and HTCC2181. All hits from the initial blast were

then reciprocally queried against the Arctic Methylophilaceae MAG and HTCC2181. The best-hit

was reported and hits with an alignment length ≥ 100 bp and a percent identity ≥ 95% were

counted. To compare the results among the different datasets, the number of recruited reads was

normalized to the total number of reads in each sample. The final coverage results were expressed

as the number of reads per kilobase of the MAG per gigabase of metagenome (RPKG).

3.6.8. xoxF4 primer design and qPCR

Primer sets were designed to amplify a ~200 bp fragment of the xoxF4 gene f from BS01

or OM43 specifically. The primer set specific to BS01 was F1024_BS01 (5’- ATT GCT AAA

TGG GGC TAC - 3’) and R1161_BS01 (5’- GTT GAA TGT ATA TGC GAA ACC - 3’). The

primer set specific to OM43 was F1015_OM43 (5’- GAY TTA GAY ACA GGT ATG GCR - 3’)

and R1161_OM43 (5’- CCA TGT GTA WGC AAA ACC GTT TCT - 3’). Specificity of primer

sets was validated through cloning and sequencing of the DNA inserts (Supplementary Figure

3.4). Cloning, cDNA synthesis, PCR and qPCR were performed as described in Ramachandran

and Walsh (2015), with the annealing temperature of 52.3°C for both primer sets.
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3.8. Supplementary Figures and Tables

Supplementary Figure 3.1 Map of the study location in the Canada Basin, Arctic Ocean
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Supplementary Figure 3.2 Comparative genomics of shared gene content
among Methylophilaceae strains visualized using Anvi’o.
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Supplementary Figure 3.3 Summary of the distribution of metabolism modules
across Methylophilaceae genomes.

Supplementary Table 3.1 Characteristics of Methylophilaceae genomes.
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Supplementary Table 3.2 List of aquatic metagenomes used in the fragment recruitment analysis.

Supplementary Table 3.3 Gene expression pattern for central carbon metabolism genes in Canada
Basin surface waters revealed through fragment recruitment of metatranscriptomics against Met-
BS01-1 and HTCC2181 genomes.
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Supplementary Table 3.4 Gene expression pattern for central nitrogen metabolism genes in
Canada Basin surface waters revealed through fragment recruitment of metatranscriptomics
against Met-BS01-1 and HTCC2181 genomes.

Pathway Genes Met-BS01-1 RPKG HTCC2181 RPKG
CB4 CB9 CB21 CB4 CB9 CB21

Urea cycle argininosuccinate lyase 143.983946 364.271966 163.400154 19223.445      41190.21        14078.715
acetylornithine aminotransferase 173.219295 0 216.235675 40155.975      47471.715      20386.155
Ornithine carbamoyltransferase
argininosuccinate synthase

223.765252 495.350114 558.667765 30871.755
125.764842 477.267869 323.508259 27284.505

36622.335
35765.415

18005.835
31971.855

Ammonium to carbamoyl phosphate     carbamoyl-phosphate synthase small subunit 0 631.700835 302.250447 18898.635      25623.645      17034.87
carbamoyl-phosphate synthase large subunit 319.514966 525.431548 449.625803 23337.45 49839.06 12933.195

Nitrate assimilation

Urea transporters

assimilatory nitrate reductiase catalytic subunit      0 0
response regulator NasT 0 0
urea transport system substrate-binding protein     0 0
urea transport system permease protein 0 0
urea transport system ATP-binding protein 0 0

0 N/A N/A N/A
0 N/A N/A N/A
0 N/A N/A N/A
0 N/A N/A N/A
0 N/A N/A N/A

Urease urease subunit beta 0 403.422654 0 N/A N/A N/A
urease subunit alpha 60.0777935 227.990618 54.5434455 N/A N/A N/A
urease accessory protein (UREF) 0 0 0 N/A N/A N/A
urease accessory protein (UREG) 0 0 101.910054 N/A N/A N/A
urease accessory protein (UREJ) 157.254353 198.922714 392.61216      N/A N/A N/A
urease accessory protein (URED)
urease accessory protein

180.551316 342.589067 163.918846 N/A                  N/A                  N/A
56.6847286 71.7046903 128.657233 N/A                  N/A                  N/A

urease subunit gamma 0 213.694208 153.36966      N/A N/A N/A
urea transport system ATP-binding protein                0
urea transport system substrate-binding protein     0

187.679224 67.3492606 N/A                  N/A                  N/A
104.014986 37.3261102 N/A                  N/A                  N/A

Ammonium transporter ammonium transporter, Amt family 72.2970213 685.903946 65.6370488 51146.16 152201.295 55472.535
GS/GOGAT glutamine synthetase 71.2901216 390.780605 291.252775 0 0 0

glutamate synthase (NADPH/NADH) small chain     286.757975 317.398689 488.140788 57016.59 36372.3 77265.315
glutamate synthase (NADPH/NADH) large chain      381.275966 241.152075 908.65095      33807.99 49321.26 32527.08

72



Bridging text

The third chapter focused on investigating the Methylophilaceae family in the continuously

freshening surface waters of the Arctic Ocean. In addition to studying the diversity of OM43

lineages, we discovered a previously undescribed clade, BS01, that has also crossed the

freshwater-marine barrier through a different evolutionary history when compared to OM43. BS01

is common to lower-salinity polar surface waters yet most closely related to freshwater sediment

Methylotenera species. Given the ongoing freshening of the Arctic Ocean, the results of this

chapter showed that the Arctic Ocean is inhabited by distinct bacterial groups and that at least one

group, BS01, evolved via a freshwater to marine environmental transition. This led us to also

investigate the changes in microbial community composition and the Methylophilaceae family in

response to shifts in environmental conditions over time in the Arctic Ocean.
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Chapter 4. A 2004-2012 time series of bacterial and archaeal community dynamics in a

changing Arctic Ocean

4.1. Abstract

Climate change is profoundly impacting the Arctic, leading to a loss of multi-year sea ice

and a warmer, fresher upper Arctic Ocean. The response of microbial communities to these

climate-mediated changes is largely unknown. Here, we document the interannual variation in

bacterial and archaeal communities across a 9-year time series of the Canada Basin that includes

two historic sea ice minima (2007 and 2012). We report an overall loss of bacterial and archaeal

community richness and significant shifts in community composition. The magnitude and period

of most rapid change differed between the stratified water layers. The most pronounced changes

in the upper water layers (surface mixed layer and upper Arctic water) occurred earlier in the time

series, while changes in the lower layer (Pacific-origin water) occurred later. Shifts in taxonomic

composition across time were subtle, but a decrease in Bacteroidota taxa and increase in

Thaumarchaeota and Euryarchaeota taxa were the clearest signatures of change. This time series

provides a rare glimpse into the potential influence of climate change on Arctic microbial

communities; extension to the present day should contribute to deeper insights into the trajectory

of Arctic marine ecosystems in response to warming and freshening.

4.2. Main Text

The Arctic Ocean is rapidly changing. Surface waters are warming due to climate change

and sea ice retreat (Stroeve and Notz 2018), and freshening due to melting sea ice and river runoff

(Proshutinsky et al. 2019; Brown, Holding and Carmack 2020). Warming and freshening are

having profound effects on Arctic marine ecosystems (Frainer et al. 2017), including reduced

nutrients (Zhuang et al. 2018) and shifts in primary production (Ardyna and Arrigo 2020).
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Although changes in phytoplankton communities have been documented through time-series

observations (Li et al. 2009; Oziel et al. 2020; Freyria, Joli and Lovejoy 2021), and a single study

has reported on temporal dynamics of microbial diversity over the 2007 sea ice minimum (Comeau

et al. 2011), there is a conspicuous lack of information on the change in bacterial and archaeal

diversity over interannual time frames relevant to climate change.

In this study, we documented the variation in bacterial and archaeal communities in the

Arctic Ocean (Canada Basin) across a 9-year time-series of summer waters that includes two

historic sea ice minima (2007 and 2012) (Figure 4.1a-b). The dataset encompassed four stations

(CB29, CB21, CB15, and CB9) along a latitudinal transect of the Canada Basin (72o N to 78o N)

(Supplementary Table 4.1). Samples were analyzed from three water layers comprising the

relatively fresh summer mixed layer (SML; 3-9 m), the Upper Arctic Waters (UAW; 16-78 m)

underlying the SML, and the deeper Pacific-origin water (PW; 49-154 m) bounded by 31-33 PSU.

The dataset captured the temporal variation in environmental conditions previously reported from

a spatially more extensive time-series of the Canada Basin (Li et al. 2013). In particular, surface

water freshening and increased stratification associated with sea ice melt was apparent (Figure

4.1c-d). Similarly, the previously observed shift towards smaller phytoplankton cell size and a

later increase in bacterioplankton abundance was also captured in the dataset (Figure 4.1e-f).
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Figure 4.1 The change in environmental conditions in the Canada Basin over the 2004-2012 time-
series: (a) Map of the Arctic Ocean showing station locations (circles) included in this study; (b)
Variability in summer sea ice extent in the Arctic Ocean, data is from the National Snow and Ice
Data Center; (c) the latitudinal gradient in sea surface salinity over the time series; (d)
stratification index, error bars indicate among station standard deviation; (e) ratio of
picophytoplankton to nanophytoplankton; (f) bacterioplankton. In panels e-f, values are the
average of all measurements >15 m in depth and salinity < 31 PSU, and error bars indicate among
depth and among-station standard error.

Bacterial and archaeal diversity was assessed using a universal filter-PCR approach

(Kirchman et al. 2001; El-Swais et al. 2015) targeting the V4 region of the 16S rRNA gene. From

179 samples, we generated 2,985 amplicon sequence variants (ASVs). Chao-1 estimates of ASV

richness were significantly correlated with sampling year, latitude, and depth for the UAW and

PW layers, but not for the SML layer (Supplementary Table 4.2). We modelled the nonlinear

influence of oceanographic variables, including sampling year, on ASV richness using a random

forest approach. Random forest models explained 39-54% of the variation in ASV richness

(Supplementary Table 4.3). Of all variables, year best explained changes in ASV richness in the
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UAW (27.7%) and was also significant for the SML (13.3 %) and PW (4.3 %). Visualizing the

relationship between year and modelled ASV richness revealed a temporal decline in richness

across all water layers (Figure 4.2a). Remarkably, the period of most sudden decline varied

between water layers. Single declines in ASV richness were observed in 2005-2007 for the SML

and in 2010-12 for the UAW, while a two-step decline was observed in the PW.

Figure 4.2 The change in bacterial and archaeal communities in the Canada Basin over the 2004-
2012 time series: (a) Partial dependency plots of changes in Chao1 richness predicted across the
time series by the random forest approach; (b) The magnitude and rate of change in community
composition (taxonomic turnover) across the time series as predicted by generalized dissimilarity
modelling; (c) the number and taxonomic composition of bacterial and archaeal ASVs that
significantly increased or decreased across the time series. SML, surface mixed layer; UAW, upper
Arctic water; PW, Pacific water.

We next investigated changes in community composition (i.e., turnover) using generalized

dissimilarity models (GDMs). GDMs allowed us to model both the rate and magnitude of change

in turnover across the time-series and in response to oceanographic variables. Sampling depth and
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year were the two most important variables in a GDM constructed from the full dataset

(Supplementary Table 4.4). When GDMs were constructed for each of the three water layers

separately, sampling depth and year were still defined by sampling year was the top predictor of

community turnover in the UAW (Supplementary Table 4.4). The period of most rapid turnover

in the UAW was 2010-2012 (Figure 4.2b), coinciding with the previously observed decline in

richness (Figure 4.2a). A similar overlap was observed for the PW, where community turnover

mirrored the decline in richness over the time series, but was not significant.

The combined observation of an overall decrease in diversity and corresponding shift in

community composition suggested a pattern of taxon loss across the time series. So, we next used

Threshold Indicator Taxa Analysis to identify ASVs that significantly changed in each of the three

water layers. As expected, we consistently identified more ASVs that decreased over time

compared to ASVs that increased (Supplementary Table 4.5, Figure 4.2c). Generally, decreasing

ASVs represented a higher taxonomic diversity compared to increasing ASVs, and the majority of

decreasing ASVs belonged to Proteobacteria and Bacteroidetes. A significant number of

increasing ASVs were from Archaea; Euryarchaeota ASVs increased in the UAW, while

Crenarchaeota ASVs increased in the deeper PW.

An earlier study in the Arctic Ocean documented microbial community composition before

and after the 2007 sea ice minimum (Comeau et al. 2011). Our study, which covers a larger

oceanographic region and an extended time series, builds on this seminal study. We observed

patterns that were consistent and some that were in contrast to the previous work. For example, we

observed a loss in Bacteroidetes diversity as previously reported. Bacteroidetes are involved in the

degradation of complex organic matter produced by phytoplankton (Fernández-Gómez et al. 2013;

Krüger et al. 2019) and changes may indicate a response to shifting phytoplankton communities.
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In contrast to the previous report of a decrease in ammonia-oxidizing Archaea (AOAs) within the

Thaumarchaeota, we detected a signal for an increase in AOA diversity. Given the importance of

AOAs in the nitrogen cycle (Santoro, Richter and Dupont 2019) further in-depth investigations on

their temporal dynamics are warranted.

Further, we selected the Methylophilaceae family for a targeted analysis of change over

time (Supplementary Figure 4.1) due to their unique evolutionary history and distribution. These

Betaproteobacterial methylotrophs are comprised of a more broadly distributed clade, OM43, and

more specialized groups, such as the recently discovered BS01, across marine habitats (Salcher et

al. 2019; Ramachandran, McLatchie and Walsh 2021). The Methylophilaceae family is heavily

implicated in carbon cycling, with methanol being a key carbon and energy source (Halsey, Carter

and Giovannoni 2012; Ramachandran and Walsh 2015; Sargeant et al. 2016; Ramachandran,

McLatchie and Walsh 2021). In this time-series, 15 Methylophilaceae ASVs were identified in all

three biomes (Supplementary Figure 4.2). 3 ASVs were present throughout the time series and

the relative abundance was not significantly different between the years. On the other hand, six

ASVs increased in relative abundance and one decreased after 2007, which could be attributed to

the extreme change in environmental conditions after the sea-ice minima. This occurred mainly in

the SML where rapid change is most visible (Supplementary Figure 4.3). Due to the diversity of

ASVs, which stayed constant or increased or decreased, within the Methylophilaceae family, they

could be viewed as sentinels of change. Continued monitoring could lead to a deeper understanding

of adaptation and evolution in rapidly changing environmental conditions over time. In fact, higher

methanol concentrations in the surface waters of the Arctic Ocean have been reported potentially

due to air to sea deposition of methanol in ice-free conditions, which could increase as the sea ice

extent decreases (Sjostedt et al. 2012; Wohl et al. 2022). Additionally, methanol production is
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linked to phytoplankton growth/decay, therefore this group can also be changing due to shifts in

phytoplankton community composition (Mincer and Aicher 2016; Davie-Martin et al. 2020). More

studies looking at diversity and the metabolic capabilities of the Methylophilaceae family will be

needed to understand differences in abundance and distribution over time linked to changing

environmental conditions.

Our study provides evidence that significant shifts in bacterial and archaeal community

composition occurred between 2004-2012, a period that coincided with two historic sea-ice

minima. Although changes in community diversity and composition were associated with nutrient

concentrations and phytoplankton composition (Supplementary Table 4.3, Supplementary

Table 4.4), the links should be interpreted cautiously; significant vertical gradients in these

variables were present in single water masses, challenging our ability to disentangle depth versus

temporal structure driving these relationships. Instead, we conservatively documented the overall

interannual changes in the community, rather than the specific environmental drivers of change.

Overall, this relatively short time series provides a rare glimpse into the influence of climate

change on Arctic Ocean microbial communities. Given the inherent interannual variability in

oceanographic conditions, extension of the time series to the present day and into the future will

provide deeper insights into the trajectory of Arctic ecosystems and the consequences of a warmer,

fresher Arctic Ocean (Vincent 2010; Lannuzel et al. 2020).

4.3. Materials and Methods

4.3.1. Environmental data and sample collection

Samples were collected between 2004 and 2012 during the Joint Ocean Ice Study (JOIS)

in the Canada Basin on the CCGS Louis S. St-Laurent. Sampling was conducted between July and

August, except for 2009 and 2010 when sampling was conducted through September to October.
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The collection and processing of all environmental and oceanographic data used in this study are

described in detail in McLaughlin et al. (2012) (McLaughlin et al. 2012) and Li et al., (2013) (Li

et al. 2013). Seawater samples (2 mL) were collected from 5-7 depths across the upper 200 m of

the Canada Basin, fixed in 1% paraformaldehyde for 15 minutes at room temperature, flash frozen

in liquid nitrogen, and then stored at -80°C for later analysis.

4.3.2. Filter PCR of 16S rRNA gene amplicons

For each sample, 500 µl of fixed seawater was filtered through a 25 mm polycarbonate

filter with a 0.2 μm pore size (GE) using vacuum filtration (100 kPa). 5 ml of sterilized MilliQ

ultra-pure water was passed through the filters three times to remove the residual

paraformaldehyde preservative. Filters were sectioned and a sixteenth of each filter was transferred

to a 200 ml PCR tube. Direct amplification of the V4 region on the 16S rRNA gene was conducted

on filters similar to the approach used in El-Swais et al. (2015) (El-Swais et al. 2015). We used

the 515F primer (5’-GTG YCA GCM GCC GCG GTA A-3’) from Parada et al. (2016) (Parada,

Needham and Fuhrman 2016) and the 806R primer (5’-GGA CTA CNV GGG TWT CTA AT-3’)

from Apprill et al. (2015) (Apprill et al. 2015). In combination this primer set enhances the

detection of SAR11 and Crenarachaeota/Thaumarchaeota. PCR reactions (50 μL) contained 0.5

μM each primer, 1 X Phire Reaction Buffer, 0.2 mM deoxynucleotide triphosphates and 1 μL (1

unit) of Phire Hot Start II DNA Polymerase (Thermo Scientific). Cycling conditions were as

follows: initial 3-minute denaturing step, 30 cycles of 5 seconds at 98°C, 5 seconds at 50°C and

10 seconds at 72°C, and a final elongation step of 1 minute at 72°C. The PCR amplicons, with the

CS1 (5’-ACACTGACGACATGGTTCTACA-3’) and CS2 (5’-

TACGGTAGCAGAGACTTGGTCT-3’) adapters attached, were purified at Genome Quebec
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(McGill University) and subsequently sequenced using the Illumina MiSeq 250bp paired-end

platform.

4.3.3. Amplicon data processing

Raw reads were processed using the DADA2 package in R [6]. Quality profiles were

created for all reads. Reads were then trimmed, merged and dereplicated, followed by ASV

identification and chimera removal. Before further analysis we removed ASVs found in less than

three samples, which likely result from amplification errors. Taxonomy of ASVs was using the

GreenGenes 16S rRNA gene database (DeSantis et al. 2006). Further analysis of the ASV table

was performed using the phyloseq (McMurdie and Holmes 2013) package in R version 4.2.2.

Graphics were created using the ggplot2 package (Wickham 2016).

4.3.4. Statistical analyses

Chao1 richness was calculated on a rarefied dataset (18,992 sequences; the size of the

smallest sample) using phyloseq (McMurdie and Holmes 2013). Analysis of variance (anova) of

alpha diversity for each water mass was performed using the explanatory variables latitude, year,

and depth using R. We used a RF technique from the R party package (Hothorn, Hornik and Zeileis

2006) based on conditional inference regression trees developed by Ryo and Rillig (2017) (Ryo

and Rillig 2017) to model the response of Chao1 richness to environmental variables. 5000

regression trees were used to obtain a stable prediction. A measure of importance was calculated

for each predictor variable by cross validating each tree with data not used when the tree was

constructed, referred to as the out-of-bag (OOB) data. We generated partial dependency plots

(PDPs) illustrating the relationships between Chao1 richness and predictor variable from the RF

using the R pdp package (Greenwell, Brandon 2017).
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We modeled nonlinear relationships between community turnover (Bray Curtis

dissimilarity based on rarified count data) and environmental variables using GDMs as

implemented in the gdm R package (Fitzpatrick et al. 2021). Explanatory environmental

parameters considered in each model were sampling year, longitude, latitude, bacterial counts per

mL, phytoplankton counts per mL, nanophytoplankton counts per mL, picophytoplankton counts

per mL, temperature, salinity, nitrate, silicate, and phosphate concentrations, as well as the ration

of pico- to nanophytoplankton. GDMs were constructed for the full dataset, as well as for subsets

corresponding to each water mass. Significant variables were backwards selected with 100

permutations per step. We conducted taxon indicator threshold analysis for each water mass as

implemented in the TITAN2 R package (Baker, King and Kahle 2019) to determine thresholds of

turnover over a temporal based on relative ASV abundances. For each water mass, highly prevalent

(present in all samples of the water mass) ASVs were removed before analysis.

All samples were clustered using hierarchical clustering (hclust function in stats package

for R with a Bray-Curtis dissimilarity metric). The relative abundance of taxa that were 3.5% or

more of the community composition were plotted next to the clustered samples. Phylogenetic

analysis of the Methylophilaceae group across various aquatic regions and depths using the 16S

rRNA sequence. The tree was inferred using the Kimura 2-parameter model (500 bootstraps) and

a GTR gamma distribution (four categories) with invariants sites model of evolution and the

nearest-neighbor interchange heuristic search method. Sequences from the current study are

highlighted in blue and Arctic Ocean sequences from a previous study conducted by the lab

(Ramachandran, McLatchie and Walsh 2021) are highlighted in red. Only bootstrap values of

60% were included in the tree. A distance-based redundancy analysis (dbRDA) of Bray-Curtis

dissimilarities of the Arctic samples was performed based on the relative abundance of
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Methylophilaceae ASVs to determine the distribution of samples. The available predictor variables

were used to determine which environmental variables are driving the distribution of samples. The

relative abundance of Methylophilaeae ASVs across the three biomes, nine years, and four sites

was graphed to determine patterns of change linked to year.
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Supplementary Figure 4.1 A hierarchical clustering analysis of samples based on the ASV
distributions using the hclust function in stats package for R with a Bray-Curtis dissimilarity
metric. The relative abundance of taxa that were 3.5% or more of the community composition were
plotted next to the clustered samples.
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Supplementary Figure 4.2 (A) Phylogenetic analysis of 16S rRNA genes from Methylophilaceae
from Canada Basin time series, metagenomes and a diversity of aquatic ecosystems. (B) A
distance-based redundancy analysis (dbRDA) of Bray-Curtis dissimilarities of the Arctic samples
based on the relative abundance of Methylophilaceae ASVs.
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Supplementary Figure 4.3 The relative abundance of Methylophilaceae ASVs across the three
biomes (SML, UAW, PW), nine years (2004-2012), and four sites (CB9, CB15, CB21, CB29).
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Supplementary Table 4.1 Sample information and environmental data. Values in red were missing
from the original dataset and were interpolated as average values from the same depths or water
masses.

Sample Site
CB15-04-006-CB15
CB15-04-027-CB15
CB15-04-045-CB15
CB15-04-064-CB15
CB15-04-096-CB15
CB15-05-007-CB15
CB15-05-026-CB15
CB15-05-057-CB15
CB15-05-080-CB15
CB15-05-117-CB15
CB15-06-007-CB15
CB15-06-023-CB15
CB15-06-055-CB15
CB15-06-097-CB15
CB15-07-007-CB15
CB15-07-022-CB15
CB15-07-046-CB15
CB15-07-064-CB15
CB15-07-106-CB15
CB15-08-006-CB15
CB15-08-022-CB15
CB15-08-053-CB15
CB15-08-084-CB15
CB15-08-113-CB15
CB15-09-007-CB15
CB15-09-026-CB15
CB15-09-036-CB15
CB15-09-051-CB15
CB15-09-071-CB15
CB15-09-089-CB15
CB15-10-007-CB15
CB15-10-028-CB15
CB15-10-048-CB15
CB15-10-086-CB15
CB15-10-104-CB15
CB15-11-007-CB15
CB15-11-027-CB15
CB15-11-060-CB15
CB15-11-084-CB15
CB15-11-111-CB15

Year Depth
2004
2004
2004
2004
2004
2005
2005
2005
2005
2005
2006
2006
2006
2006
2007
2007
2007
2007
2007
2008
2008
2008
2008
2008
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011

Sample_ID Longitude Latitude
6                   532            -139.92               76.98

27                   531            -139.92               76.98
45                   530            -139.92               76.98
64                   529            -139.92               76.98
96                   527            -139.92               76.98

7                   651            -139.99               76.98
26                   650            -139.99               76.98
57                   649            -139.99               76.98
80                   647            -139.99               76.98

117                   645            -139.99               76.98
7                1025            -139.88               77.01

23                1024            -139.88               77.01
55                1023            -139.88               77.01
97                1022            -139.88               77.01

7                1411            -140.25               77.04
22                1410            -140.25               77.04
46                1409            -140.25               77.04
64                1408            -140.25               77.04

106                1407            -140.25               77.04
6                1196            -140.01               76.99

22                1195            -140.01               76.99
53                1194            -140.01               76.99
84                1193            -140.01               76.99

113                1192            -140.01               76.99
7                   906            -139.88               77.02

26                   905            -139.88               77.02
36                   904            -139.88               77.02
51                   903            -139.88               77.02
71                   902            -139.88               77.02
89                   901            -139.88               77.02

7                1141            -139.73               76.99
28                1140            -139.73               76.99
48                1139            -139.73               76.99
86                1138            -139.73               76.99

104                1137            -139.73               76.99
7                   613            -139.98               77.08

27                   612            -139.98               77.08
60                   611            -139.98               77.08
84                   608            -139.98               77.08

111                   607            -139.98               77.08

Supplementary Table 4.2 Sum of squares based on anova of Chao1 richness as a function of
sampling year, latitude, and depth for each water mass. Bold values indicate significate covariates.

Year
SML 5665
UAW                                   46653
PW 49398

Latitude Depth
6067                                    966
32967                                 77900
38160                                 64372
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Supplementary Table 4.3 RF results indicating relative importance (as % of explained variation)
of the explanatory variables on bacterioplankton diversity.

Chao 1 richness
Full SML UAW PW

R2 fit1                                                  0.77
OOB2                                                  0.66
Year                                  1.3
Depth                               21.5
Salinity                             11.3
Temperature                     1.1
Nitrate                              14.7
Phosphate                       27.2
Silicate                             12.1
Latitude                             0.7
Longitude                          0.1
Phytoplankton                   3.3
Nanophytoplankton          1.9
Picophytoplankton            3.8
Bacterioplankton 1.1

0.34           0.54      0.42
0.01           0.20      0.19
13.8           27.7        4.3
0.0             9.8        0.0

20.3             3.8        7.6
0.0           0.18        8.6
0.0           14.8      14.3

54.0             6.7      22.4
0.0             7.2      19.4

10.6             2.4        3.0
1.2             1.7           0
0.0             2.2        9.9
0.0           22.8        1.2
0.0             0.3        8.4
0.0 0.3 0.8

1total amount of variation explained
2model error rate in out of bag test

Supplementary Table 4.4 GDM results including the model deviance, deviance explained, and
predictor importance. Bold values indicate significant predictors.

Model deviance

Percent deviance
explained
Year
Depth
Salinity
Temperature
Nitrate
Phosphate
Silicate
Latitude
Phytoplankton
Nanophytoplankton
Picophytoplankton
Ratio of pico to nano
Bacterioplankton

Full SML

607.917     10.014

70.413 56.475

1.83         4.46
3.59       14.49

0.022       0.072
0.052         2.41
0.21         4.13
0.21         4.95

0.0045         1.33
0.57         0.67

0.017               0
0.022       0.066

0.000002         0.27
1.17         0.16
1.57 4.67

UAW PW

55.62     113.954

55.32        33.053

23.35            3.83
12.35              4.4

0.07            0.13
1.75                 0
0.38                 0
0.67                 0
1.86            0.45
1.48            3.42

0                 0
1.01         0.0.82
0.4            0.28

0.48            1.76
1.07 2.91
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Supplementary Table 4.5 Summary of threshold indicator analysis with year as the environmental
gradient variable.

Water No. of significantly
mass changing taxa
SML 39
UAW              163
PW                 314

No. of
increasing taxa
18
33
71

No. of
decreasing taxa
21
130
176
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Chapter 5. Conclusions, discussions, and future directions

5.1. Methylophilaceae: Sentinels of Change?

The Methylophilaceae family has a unique evolutionary history and distribution, with at

least two lineages crossing the freshwater-marine barrier independently through congruent

evolution, which makes it an ideal candidate to study change spatially and temporally. This group

is ubiquitous in marine, freshwater, and soil environments and is involved in global carbon cycling.

That’s why it is important to understand their ecological functions, genetic diversity, and genome

evolution in response to changing environmental conditions. Furthermore, investigating the

Methylophilaceae group can provide insights into microbial adaptation and evolutionary

mechanisms that are relevant to global ecosystem functioning.

We first studied the diversity and distribution of the Methylophilaceae family spatially

across a salinity gradient in the Saint-Lawrence Estuary. We were able to detect methylotrophs

from the OM43/LD28 clade across the salinity gradient, from freshwater to brackish-marine

waters. These distinct populations were related to specific salinity concentrations, which suggests

different ecological roles in response to environmental gradients. This led us to also investigate

the adaptation and evolution of Methylophilaceae in response to changing environmental

conditions over time. We conducted our study in an ecosystem that is undergoing rapid and

extreme change, the Arctic Ocean. Increased sea ice melt and almost complete loss of multi-year

sea ice in the past decades has led to the unprecedented freshening of surface waters over time.

We found evidence for endemic Arctic Ocean taxa as well as a novel clade, BS01. Analysis of the

Met-BS01-1 MAG showed that it was adapted to the unique surface waters of the Arctic Ocean

(i.e. decreased salinity and nitrate, increased urea). We provided strong evidence that BS01

represents a second lineage of marine Methylophilaceae that arose independently of marine OM43.
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We also found that there was an increase in specific Methylophilaceae taxa in 2007 and 2012,

which corresponds to years experiencing the highest amount of freshening in our time series.

Ultimately, we can attribute the wide distribution and success of the Methylophilaceae

family in different habitats to the fact this group is comprised of multiple evolutionarily distinct

populations adapted to distinct environmental conditions. The work in this thesis demonstrate that

the Methylophilaceae are an ideal candidate to study change spatially and temporally.

Future studies to better understand the adaptive capabilities of the Methylophilaceae family

include isolation of pure cultures using dilution-to-extinction techniques followed by experimental

evolution studies using a gradient of environmental variables (i.e. salinity, nutrients, temperature).

Co-occurrence studies using LD28/OM43 and BS01 cultures will also be necessary to understand

the dynamics and niche differentiation of these clades.

5.2. Importance of Ecotypes in Understanding Change

Bacterial taxa are comprised of multiple evolutionarily distinct populations that are

adapted to distinct environmental conditions, called ecotypes. In this thesis, we endeavoured to

further understand how a changing environment affects ecotype diversity and distribution. This

added another piece of the puzzle in understanding the larger implications rapid environmental

change has on biodiversity and ecosystem functioning. By better understanding the ecotypic

diversity of bacterial communities, we gained insight into how these populations may respond to

change.

The studies in this thesis expanded our understanding of the various groups in the

Methylophilaceae family that are adapted to specific environmental conditions and how they can

be used as a model to study adaptation to new habitats. The discovery of BS01 in the same habitat
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as OM43 revealed that ecotypes can co-exist in the same environment while occupying specialized

niches.

We highlight the importance of studying ecotypes in understanding how bacterial

populations adapt to changing environmental conditions. By studying ecotypes, we can gain a

better understanding of the mechanisms that allow bacterial populations to adapt and persist in

changing environments. Overall, studying bacterial evolution and adaptation in the Arctic Ocean

is crucial for understanding the impacts of climate change on this vital and unique ecosystem. This

understanding can then be applied to predicting how bacterial communities may respond to future

environmental changes, and how these changes may affect ecosystem functioning.

Future experiments could include culturing OM43 and BS01 from the Arctic Ocean and

testing their co-occurrence patterns and specific ecosystem services. Cultures could also be used

for experimental evolution studies to gain a better understanding of how each environmental

variable (i.e. salinity, nutrient concentration, temperature) contributes to specific adaptations on

the genomic level.

5.3. Microbial Evolution Associated to a Changing Arctic Ocean and the Potential Global
Implications

The rapidly changing environmental conditions in the Arctic Ocean have led to many

questions about whether there will be an increase in adaptation, evolution, and/or migration of

microbial organisms. One outcome could be that bacterial species endemic to the Arctic will adapt

and subsequently evolve to the changing environment. Another possible outcome could be that

marine bacteria from lower latitudes migrate to the Arctic Ocean in response to, for example,

higher temperatures. Alternatively, freshwater bacteria could colonize the fresher Arctic Ocean

waters, moving with the influx of freshwater from the rivers emptying into the Arctic Ocean and/or

increased sea ice melt and glacier runoff. The research conducted in this thesis suggests that the
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movement of lower latitude microbes to the Arctic Ocean is not the pathway driving change in

community composition. Using the Methylophilaceae family as a model, we provided evidence of

endemic species adapting to rapidly changing environments through processes such as genome

streamlining, which agrees with previous studies. Further research should be conducted to fully

understand the mechanisms and drivers of bacterial evolution and adaptation in the Arctic Ocean,

as well as the potential implications for ecosystem functioning and biogeochemical cycling in this

rapidly changing environment. This understanding could be critical for predicting and mitigating

the impacts of ongoing climate change on the Arctic marine ecosystem.

Changes in the Arctic Ocean are unique. With the Arctic Ocean warming and freshening

faster than temperate and tropical oceans, do we observe similar changes reflected in lower latitude

oceans? Studies from the Bermuda Atlantic Time Series (BATS), San Pedro Ocean Time Series

(SPOTS), Hawaii Ocean Time Series (HOT), and Western Channel that take place over a similar

time frame provided interesting comparisons. Unlike our time-series study where community

diversity and richness decreased over time, studies conducted at the lower latitude stations showed

that the average prokaryotic community was steady over the same time period, showing higher

resilience than Arctic Ocean communities (Gilbert et al. 2012; Giovannoni and Vergin 2012; Yeh

and Fuhrman 2022). This could be attributed to the fact that the Arctic Ocean is experiencing rapid

environmental change three to four-fold faster that the global rate. In fact, the Arctic Ocean could

even be considered as a potential example of what may occur in these lower latitude oceans as

surface temperatures and disruptions to nutrient cycling increases due to climate change.

The study of bacterial evolution and adaptation in the Arctic Ocean is not only relevant for

understanding local ecosystem dynamics, but also for gaining insight into the broader impacts of

environmental change on global biogeochemical cycling and oceanic processes. We should keep
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exploring the complexities of microbial community dynamics in response to changing

environmental conditions through continued monitoring. In addition, studies should also

investigate the potential for microbial adaptations to affect higher trophic levels in the Arctic food

web and the consequences for Arctic biodiversity. Overall, continued research into bacterial

evolution and adaptation in the Arctic Ocean will lead to a more comprehensive picture on how to

mitigate the impacts of rapid change on this fragile ecosystem.

5.4. Future Directions: Linking Microbial Research in Whole Ecosystem Studies

As environmental change continues to occur at an unprecedented and rapid rate, future

studies that have a more holistic view of Arctic ecosystems are needed. Including microbes in

multidisciplinary ecosystem studies will allow us to understand whether changes to microbial

community composition could have a cascading effect on higher trophic level organisms. After

all, we know that in terms of total biomass, most life in the Arctic Ocean is microbial, and that

microbes are essential to the health and stability of the ecosystem. Furthermore, considering the

interconnectedness and interdependencies within ecosystems, studying microbial communities in

isolation may provide an incomplete understanding of their role and function. Integrating the study

of microbial communities into ecosystem-focused research will help us better predict and manage

future impacts on the Arctic ecosystem.

In conclusion, the Arctic Ocean’s microbial communities can be seen as both sentinels of

global change. Their responses to climate warming can provide important insights into the overall

health and functioning of Arctic marine ecosystems as well as the potential of these systems to

influence global biogeochemical cycles. By examining the interactions and dynamics between

microbial communities and other biotic and abiotic components of the ecosystem, we can gain a

95



more comprehensive understanding of the complex processes and feedback mechanisms that drive

Arctic ecosystem dynamics in the face of climate change.
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Appendix A: Quality Control and Assessment of the filter-PCR method, and Additional

Analyses of the Community Composition

In Chapter 4, we used archival samples to document the interannual variation in bacterial and

archaeal communities across a 9-year time series of the Canada Basin that includes two historic

sea ice minima (2007 and 2012). Here we outline the filter-PCR process as well as additional

analyses of the overall community composition and the Methylophilaceae family.

A.1. Quality Control and Assessment of the Methodology

A.1.1. Assessment of the filter PCR approach

The use of archival samples allowed us to process over 100 archival samples over a 9-year

period. However, there were challenges and caveats that we needed to address prior to analysing

the data. We used 500l samples of seawater that was fixed with 1% paraformaldehyde, which

were originally collected for flow-cytometric based analysis. The samples were also freeze-thawed

twice leading us to question whether DNA degradation/modification has occurred and how that

might decrease our yield and overall diversity. We also needed to determine whether the small

volume skewed the diversity of microbes in the water-column, given that bacterioplankton

communities can vary remarkably over very small spatial scales.

To address these challenges, we sequenced control samples. We tested the following: (1)

Filter PCR versus genomic DNA (gDNA) PCR from the same sampling point, (2) Filter variation

between filter pieces from the same sample, and (3) Sequencing run variability by running the

same sample on different plates, (4) PCR variation by using the gDNA from the same sample in

triplicate PCR reactions.
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A.1.2. Community structure of filter vs gDNA replicates at Stations CB9 and CB15 in 2017

We first needed to determine whether we could detect any anomalies in diversity that

would be attributed to the filter samples being: (1) fixed in paraformaldehyde, (2) freeze thawed

twice, (3) small volume, and (4) not size fractioned (up to 3.7m). We sequenced filter and gDNA,

which was size fractioned at 0.22m, samples from 2017. To match filter and gDNA samples, we

chose three depths at Stations CB9 and CB21, two in the UAW and one in the PW. The samples

clustered by depth regardless of the station (Figure A.1). For each depth, the filter PCR samples

were more closely related to each other and the gDNA samples were more closely related to each

other. Taking a closer look at the family-level taxonomy, we saw that the filters had a higher

diversity compared to the gDNA samples and there was a clear distinction in bacterial community

composition between the three depths. The first UAW samples at ~20m had a high relative

abundance of ASVs identified as part of the Pelagibacteraceae, Halamonadaceae,

Oceanospirillaceae, Methylophilaceae, Flavobacteriaceae, Alteromonadaceae, and

Rhodobacteraceae families. The deeper UAW samples at the DCM (~60-80m) were enriched in

archaeal ASVs belonging to Crenarchaeaceae and Marine group II as well as in the bacterial groups

Pelagibacteraceae, Halamonadaceae, and SUP05. The PW samples at 207m has a higher relative

abundance of Crenarchaeaceae and Marine group II ASVs as well as Pelagibacteraceae, A714017,

and SAR324 ASVs. The first UAW samples were more distinct, likely due to their proximity to

the surface, while the PW and the second UAW samples exhibit more similar community structure

at the family-level in comparison.
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Figure A.1 A hierarchical clustering analysis of filter-PCR vs gDNA PCR for 3 sampling depths,
based on the ASV distributions using the hclust function in stats package for R with a Bray-Curtis
dissimilarity metric. The relative abundance of taxa was plotted next to the clustered samples.

A.1.3. Community structure of filter replicates at Stations CB9 and CB15 in 2004 and 2012

Next, we wanted to determine whether there were any discrepancies between filter pieces

from the same sample and/or any variability by running the same sample on different plates. To

do so, six replicate filter PCR samples were sequenced and analyzed for CB9 and CB15 SML from

2004 and 2012. The beta diversity analysis showed that the variation between the samples was

much higher than within the samples (Figure A.2a). The hierarchical clustering analysis showed

the same pattern, with the filter PCR samples that were derived from filter pieces from the sample

clustering together (i.e. all CB15−04−006−F samples were clustered together), showing that the

results are reproducible (Figure A.2b). Samples were also clustering by year, with 2004 samples

altogether and 2012 samples altogether. Therefore, it was determined that any discrepancy that

may have occurred due to sample variability was negligible.
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Figure A.2 (A) A beta diversity analysis showing the variation between the samples and within the
samples (B) A hierarchical clustering analysis of surface replicate filter-PCRs for 2 sampling
years, based on the ASV distributions using the hclust function in stats package for R with a Bray-
Curtis dissimilarity metric. The relative abundance of taxa greater than or equal to 0.01% was
plotted next to the clustered samples.

A.1.4. PCR variation using genomic DNA from 2017 samples

To test whether there is variation between PCRs, we use the gDNA from the same sample

in triplicate PCRs. We performed a hierarchical clustering analysis where the heatmap depicts the

relative abundance on the family level and the dendrogram shows the relationship on the ASV

level (Figure A.3). The relative abundance of taxa is almost identical between each of the six PCR

replicates, thereby showing that there is little to no variation introduced by any PCR-related bias.
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Figure A.3 A hierarchical clustering analysis of gDNA PCR replicates based on the ASV
distributions using the hclust function in stats package for R with a Bray-Curtis dissimilarity
metric. The relative abundance of taxa was plotted next to the clustered samples.

A.2. Additional Analyses of the Community Composition

A.2.1. Overall Community Composition

To further explore the distribution of all samples in relation to environmental conditions of

the biomes, we performed dbRDA ordination of the Bray–Curtis distance matrix of the relative

abundance values. The samples clustered according to their biome, however, the SML and UAW

clusters had some overlap, while PW samples were more distinct in their compositions (Figure

A.4a). Along the first dbRDA axis, which accounted for 31.3% of the total variation, samples

separated according to a salinity, phosphate, nitrate, and silicate gradient, and depth. The fresher,

nutrient poor surface samples were distinguished from saltier, nutrient richer PW samples. Along

the second dbRDA axis, which accounted for 5.1% of the variation, samples were separated

according to the year. In the SML, silicate, phosphate, temperature and year were the significant
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environmental factors that separated samples (Figure A.4b). In the UAW, the explanatory

variables were salinity, bacterial count, depth, silicate, longitude and year (Figure A.4c). In the

PW, the significant factors were salinity, nitrate, longitude, bacterial count, and year (Figure

A.4d). It seemed that year was not an important explanatory variable in the dbRDA of all samples,

however, when we break it down to each biome, we found that year drove more of the variation.

Figure A.4 (A) A distance-based redundancy analysis (dbRDA) of Bray-Curtis dissimilarities of
the Arctic samples based on the relative abundance of ASVs (B) A distance-based redundancy
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analysis (dbRDA) of Bray-Curtis dissimilarities of the Arctic SML samples based on the relative
abundance of ASVs (C) A distance-based redundancy analysis (dbRDA) of Bray-Curtis
dissimilarities of the Arctic UAW samples based on the relative abundance of ASVs (D) A distance-
based redundancy analysis (dbRDA) of Bray-Curtis dissimilarities of the Arctic PW samples based
on the relative abundance of ASVs

A hierarchical clustering analysis of samples based on the ASV distributions revealed a

strong vertical structuring of the bacterioplankton assemblages that largely reflected the three

water masses we defined (Figure A.5). In general, PW assemblages were distinct compared to

SML and UAW, while the SML and UAW showed some degree of overlap. When taking a closer

look at the highly abundant taxa for each water mass, we see that in general, Flavobacteriaceae,

Oceanospirillaceae, Halomonadaceae, and Rhodobacteraceae are more abundant in the SML and

UAW. The highest abundance of SUP05 is seen in the UAW. The PW is enriched in A714017,

Cenarchaeaceae, SAR324, SAR202, and Pseudoalteromonadaceae.
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Figure A.5 A hierarchical clustering analysis of samples based on the ASV distributions using the
hclust function in stats package for R with a Bray-Curtis dissimilarity metric. The relative
abundance of taxa that were 3.5% or more of the community composition were plotted next to the
clustered samples.

A.2.2. Niche Breadth Analysis of the Whole Community Composition

A.2.2.1. Methodology

Specialist-generalist classification of ASVs was based on Levin’s Index (B) (LEVINS

1968; Colwell and Futuyma 1971). The function spec.gen from R package EcolUtils

(https://github.com/GuillemSalazar/EcolUtils) was used to calculate B for random permutations

of the ASV table (100 for the community composition and 1000 for the Methylophilaceae groups)
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ᵃ� − 1

and categorize ASVs into generalists if the original B index was larger than its confidence interval

(CI 95) or specialists if the original B index was smaller than its confidence interval (CI 95). To

standardize this measure of niche breadth on a scale of 0 to 1, Levin’s measure of standardized

niche breadth was calculated: ᵃ�ᵃ� = 
ᵅ�−1 

where B is Levin’s Index and n is the number of samples

(Ecological Methodology, 3rd ed.). The niche breadth analysis was conducted for each biome and

for the Methylophilaceae family.

A.2.2.2. Niche breadth analysis and classification as specialists or generalists

In a rapidly changing environment, like the Arctic Ocean, it is important to understand the

potential capabilities and niche adaptations of the microbial community to identify different levels

of habitat specialization. This can help with understanding where and why select species are more

abundant compared to others. We conducted a niche breadth analysis, using Levin’s Index (B), to

classify the taxa into specialists and generalists (Figure A.6). The species that were most evenly

distributed across all samples were classified as generalists, while the unevenly distributed species

that usually peak in abundance in fewer samples were specialists (Royo-Llonch et al. 2021). We

calculated the niche breadth for each water mass. The SML had 336 ASVs assigned (Figure A.6a),

the UAW consisted of 480 ASVs (Figure A.6b), and the PW had 913 ASVs (Figure A.6c). There

were many ASVs that could not be classified into generalists or specialists: 31% (n=105) in the

SML, 28% (n=134) in the UAW, and 31% (n=284) in the PW. In the SML, we classified 60%

(n=202) specialists and 9% (n=29) generalists. In the UAW, 62% (n=297) were specialists and

10% (n=47) were generalists. In the PW, 65% (n=597) were specialists and 4% (n=32) were

generalists.
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Figure A.6 Specialist-generalist classification of ASVs was based on Levin’s Index (B). The
function spec.gen from R package EcolUtils was used to calculate B for random 100 permutations
of the ASV table and categorized ASVs into generalists or specialists. (A) Niche-breadth analysis
of the SML (B) Niche-breadth analysis of the UAW (C) Niche-breadth analysis of the PW.

Across all water masses, the highly abundant ASVs that were classified as generalists

belonged to Pelagibacteraceae followed by Methylophilaceae and Flavobacteriales. The

generalists unique to the UAW were assigned to ASVs belonging to the following groups: SUP05,

Oceanospirillaceae, and Actinomycetales. In the PWW, the unique generalists were ASVs that

were assigned to SAR202, A714017, AEGEAN_185, Acidobacteria, Chloroflexi,

Pseudoalteromonadaceae, and SAR324. Interestingly, there were 17 generalists that were found in

both the SML and the UAW, which were dominated mostly by ASVs from Pelagibacteraceae,

followed by Methylophilaceae, Flavobacteraceae, Rhodobacteraceae, Halomonadaceae,

Microbacteriaceae. We found only 1 shared generalist between the UAW and the PW, which

belonged to and ASV from the Arctic97B-4 family. We identified 3 generalists that were found in
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all 3 biomes, two Pelagibacteraceae (SAR11) ASVs and one Methylophilaceae (OM43) ASV. On

the other hand, there was a high prevalence of habitat specialists with a much larger diversity

across all 3 biomes. In the SML, the ASVs with the highest mean relative abundance were from

the Pelagibacteraceae, Oceanospirillaceae, Rhodobacteraceae, Flavobacteraceae,

Alteromonadaceae, Pseudoalteromonadaceae, and SUP05 families. The remaining specialists had

a mean relative abundance of  1. Some of the families, such as the Methylophilaceae, had ASVs

that were generalists and specialists. In the UAW, archaeal specialists emerge, such as

Cenarchaeaceae and Marine Group II. In the PW, additional archaeal groups are identified, like

Marine Group III, and new bacterial groups, such as A714017 and Propionibacteriaceae.

Methylophilaceae were one of the three families that were found across all biomes and had

both specialist and generalist categories; therefore we further investigated the ASVs to understand

their unique distribution and diversity. 15 ASVs were assigned to the Methylophilaceae group, of

which 3 were generalists and 11 were specialists (Figure A.7). ASV89 belongs to a generalist

found in all three biomes and belonged to the OM43 clade. NCBI Blast results showed that this

ASV is 100% identical to samples collected in the Arctic and Southern oceans. Interestingly,

ASV192, belonging to the BS01 clade, has the most specialized niche and distribution restricted

to the SML.
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Figure A.7 Specialist-generalist classification of ASVs was based on Levin’s Index (B). The
function spec.gen from R package EcolUtils was used to calculate B for random 1000 permutations
of the ASV table and categorized ASVs into generalists or specialists.

A.2.3. Diversity and distribution of the Methylophilaceae family

To assess the diversity and distribution of ASVs within the known phylogeny of the

Methylophilaceae family, a phylogenetic analysis of the ASVs was conducted. In total, 15 ASVs

were assigned to the Methylophilaceae family (Figure A.8a). Within OM43, 12 ASVs were

assigned to the OM43-A clade and none to OM43-B. We also identified 1 ASV belonging to the

recently described BS01 clade. Interestingly, we also detected 2 ASVs fell outside of these

previously defined clades.
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To further explore Methylophilaceae distribution in relation to environmental conditions

of Arctic Ocean biomes we defined, we performed dbRDA ordination of the Bray–Curtis distance

matrix of the relative abundance values (Figure A.8b). Overall, the samples clustered according

to their biome, however, the SML and UAW clusters overlapped, while PW samples were more

distinct in their compositions. Along the first dbRDA axis, which accounted for 20% of the total

variation, samples separated according to a salinity, depth, and phosphate gradient, with fresher,

more oligotrophic surface samples distinguished from saltier, less oligotrophic PW samples. Along

the second dbRDA axis, which accounted for 3.9% of the variation, samples were separated

according to longitude and year. ASV_00192, which belongs to the BS01 clade, had a different

distribution compared to the OM43 clade. It was only found in the SML, while OM43 ASVs were

associated with SML, UAW, and PW samples.
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Figure A.8 (A) Phylogenetic analysis of 16S rRNA genes from Methylophilaceae from Canada
Basin time series, metagenomes and a diversity of aquatic ecosystems. (B) A distance-based
redundancy analysis (dbRDA) of Bray-Curtis dissimilarities of the Arctic samples based on the
relative abundance of Methylophilaceae ASVs.

We took a closer look at the relative abundance of Methylophilaceae ASVs over the 9 year

time series to decipher any patterns associated with time (Figure A.9). The dataset was split into

the 3 biomes and the average was taken when multiple samples were present in each biome. The

three ASVs (ASV_00039, ASV_00075, ASV_00089) classified as generalists were present

throughout the time series and the relative abundance was not significantly different between the

years. For six specialist ASVs (ASV_00162, ASV_00192, ASV_00223, ASV_00236,

ASV_00514, ASV_00576), we observed an increase in relative abundance after 2007, which could

be attributed to the extreme change in environmental conditions after the sea-ice minima. In

contrast, we see a decrease in relative abundance for ASV_00724 after the 2007 sea-ice minima.
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Figure A.9 The relative abundance of Methylophilaeae ASVs across the three biomes (SML, UAW,
PW), nine years (2004-2012), and four sites (CB9, CB15, CB21, CB29).

A.3. Discussion

Quality assessment of Filter-PCR methodology reveals it can be used for future

studies, with the appropriate caveats addressed. One of the main goals of this study was to

determine the quality and quantity of the 16S rRNA sequence data, and the resulting biases from

using small volume samples (500 l) that have been fixed using 1% paraformaldehyde. We

determined that this method can be used to assess community diversity if the caveats are properly

addressed and discussed. The ability to use archival samples that describe the community
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composition has larger implications for research because of the ability (1) to store more multi-use

samples for a longer period of time, and (2) to have multi-use samples (i.e. cell counts, DNA

sequencing). There is potential for long-term and large-scale studies to be undertaken. In this study,

we were able to sequence the V4 region of the 16S rRNA using a filter PCR approach on samples

that have been freeze-thawed multiple times. Paraformaldehyde is known to contribute to DNA

degradation and modification, thereby potentially having the ability to decrease PCR yield and

increase the failure to amplify, causing error-prone PCRs. Looking at the control reactions, we do

not believe that DNA degradation/modification occurred. The controls of this study also revealed

that samples were not likely biased due to the multiple freeze-thaws or the small volume. We also

addressed bias associated to whether a small volume of seawater is representative of the water-

column, given the observation that bacterioplankton communities can vary remarkably over very

small spatial scales, using sequenced genomic DNA samples extracted and the corresponding filter

samples. Overall, we believe that we have provided evidence that filter PCR on fixed archival

samples, although not the most optimal method, is possible as long as biases and caveats are

considered and addressed.

Specialists represent most of the diversity in the Arctic Ocean. The Arctic Ocean is

undergoing rapid change and our study has been able to capture moments in time for nine years to

determine how these changes are affecting the bacterial community composition. We explored the

time series data by splitting it up into two groups: generalists and specialists. This was done to

understand the potential capabilities of the microbial community and the associated niche

adaptations to identify different levels of habitat specialization. Generalists are thought to be less

reactive to changes in environmental conditions due to their ability to inhabit a wide range of

habitats. On the other hand, specialists tend to respond to change more quickly and have a more
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limited distribution. We found that the majority of the ASVs were categorized as specialists using

Levin’s niche breadth index. A previous metagenomic study in polar regions showed high

abundance of specialists as well (Royo-Llonch et al. 2021), which could be attributed to rapidly

changing environmental variables creating more niche conditions that may support a wider

diversity of rare marine bacteria. This could also be driving bacterial evolution in such a way that

being a generalist is less favourable than being a specialist. One reason could be the increased

energy supply needed to maintain a larger genome size with a variety of metabolic capabilities.

Another could be that as nutrients become limited, specialists occupying specific niches can reduce

competition for those limiting nutrients, creating interesting interdependencies for nutrient cycling.

Further research looking at the co-occurrence patterns and how that affects biogeochemical cycles

in rapidly changing environments could provide more insight into why specialists are more

abundant. While we were able to taxonomically describe the diversity of bacteria in this time-

series, we are still missing the links at the functional and metabolic level. Future studies using

whole genome sequencing of the dataset will allow us to decipher whether changes are occurring

metabolically and functionally, and if that has caused cascading effects on the environment.
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Appendix B: Characterization of novel methylotrophs isolated from the Western Arctic
Ocean

In this thesis, I investigated evolution of methylotrophs using metagenomics and

discovered that there is a novel clade, BS01, which is potentially adapted to the Arctic Ocean

conditions. Given changes in salinity and the fact that there seem to be Arctic Ocean genotypes,

we plan on investigating physiology, phenotypic plasticity, and evolutionary change using

methylotrophs cultured from the Arctic Ocean as model organisms.

B.1. Introduction

The identification of freshwater relatives of OM43 has led to research questions on the

evolutionary diversification of this group. Endemic freshwater bacterial clades have been

identified with molecular techniques and significant gene content differences have been described

for these populations relative to their marine counterparts (Villaescusa et al. 2010; Newton et al.

2011; Oh et al. 2011; Yau et al. 2013). To further explore the relationship between freshwater

bacterial clades and their marine counterparts, we will be looking into transitions between a

freshwater and marine lifestyle. Transitions like this have occurred rarely over the course of

bacterial evolution (Penn and Jensen 2012; Walsh, Lafontaine and Grossart 2013; Takemura,

Chien and Polz 2014). While freshwater-marine transitions may be rare, there are a few well-

characterized aquatic bacterial groups that have both marine and freshwater lineages (Walsh,

Lafontaine and Grossart 2013). A model example of such a transition is the OM43/LD28 clade of

methylotrophs. The phylogenetic relationships between the marine and freshwater lineages show

that this group of methylotrophs likely has a freshwater ancestry and that the OM43 arose due to

colonization of the marine environment. This is supported by the observation that the marine

OM43 HTCC2181 genome has acquired ‘marine genes’ such as Na+-pumping respiratory proteins

by lateral gene transfer from marine Alphaproteobacteria (Walsh, Lafontaine and Grossart 2013)
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during its evolution. Hence the OM43/LD28 methylotrophs may serve as a useful evolutionary

model to investigate habitat transitions, ecological specialization and speciation in the microbial

world.

The Arctic Ocean is a transition zone between freshwater and marine habitats owing to its

increasingly high input of freshwater and unique stratification (Brown, Nilsson and Pemberton

2019; Proshutinsky et al. 2019; Solomon et al. 2021). Climate change is affecting the Arctic Ocean

at a much faster rate than other ecosystems and provides the opportunity to study the impact of

freshening surface waters on microbial communities. As such, it is an ideal study system to

investigate the evolutionary history of aquatic methylotrophs that have crossed the freshwater-

marine barrier. Identifying the genomic traits that differentiate marine and freshwater lineages will

reveal the mechanisms allowing for diversification across habitats.

Beta-proteobacterial methylotrophs are known to use methanol as their sole carbon and

energy source. Bacteria from the Methylophilaceae family have been isolated using dilution-to-

extinction techniques. The media was enriched with methanol and maximum cell concentration

was achieved at methanol concentrations between 10 M to 100 M (Giovannoni et al. 2008;

Halsey, Carter and Giovannoni 2012; Salcher et al. 2015; Sosa et al. 2015). Enriching the media

with methanol will increase the probability of isolating methylotrophic bacteria due to the selective

pressure.

A study conducted in the Arctic Ocean off the coast of Barrow, Alaska used isotopically

labeled [15N]urea to reveal that there are Beta-proteobacterial lineages that have the ability to

uptake urea (Connelly et al. 2014). In fact, the percentage incorporation of isotopes labeled with

[15N]urea was highest in Beta-proteobacteria. In the previous study, the ability of BS01 to

potentially use urea as a nitrogen source was discovered. However, OM43/LD28 bacteria do not
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possess the genes to transport urea across their cell membranes nor the ability to breakdown urea.

The polar surface waters have relatively high concentrations of urea and the metagenomic data

from Chapter 1 revealed that the only marine pelagic group potentially capable of using urea as a

nitrogen source is BS01. We can therefore use urea as a selective pressure in the enrichment

cultures.

Lanthanides are Rare Earth Elements (REEs) that were thought to be biologically inert but

have now emerged as essential metals for activity and expression of XoxF (Chistoserdova 2016).

XoxF are equipped to use REEs as their cofactor and are currently the only known lanthanide-

dependent enzyme (Keltjens et al. 2014; Chistoserdova 2016). In fact, the methylotrophic bacteria

from soil and sediments have grown on medium enriched with lanthanides (Skovran and Martinez-

Gomez 2015; Chistoserdova 2016; Chu, Beck and Lidstrom 2016; Krause et al. 2016; Vu et al.

2016). Studies have shown that growth on medium enriched with Lanthanides, specifically

Lanthanum and Cerium, increases the abundance of bacteria harbouring the xoxF gene as well as

increasing the expression levels (Chu and Lidstrom 2016; Vu et al. 2016). The methylotrophic

Beta-proteobacteria in the Arctic Ocean harbour the xoxF4 methanol dehydrogenase gene and

should therefore be enriched when grown in media amended with Lanthanides.

Bacterial communities have high potential to evolve in response to global change. One way

to measure and observe the rate of evolution in real time in response to variation in environmental

variables is through experimental evolution. Experimental evolution is a method that uses replicate

populations, in controlled environments, to measure evolution in real time (Scheinin et al. 2015).

One advantage to this method is that it produces generalizable results that can further our

understanding of how natural selection and evolution work (Scheinin et al. 2015). This type of

experiment allows manipulation of the environmental factors in replicate populations, allowing
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the environmental changes to be linked causally to evolutionary response (Scheinin et al. 2015).

One limitation of experimental evolution is that control and tractability can usually only be

achieved under laboratory conditions, leading to a trade-off between uncovering general

evolutionary mechanisms and understanding how they apply in complex natural environments,

which in turn limits our understanding of how natural populations evolve in response to

environmental drivers (Scheinin et al. 2015). This will however give us a knowledgebase to then

test, using mesocosm experiments for example, in the natural environment.

The objective is to isolate pure cultures of methylotrophic bacteria. This will be achieved

using dilution-to-extinction techniques and enrichments using methanol, urea, and lanthanides.

B.2. Enrichment and Cultivation

Our cultivation protocol was a combination of approaches from Sosa et al. (2015), Salcher

et al. (2015), and Vu et al. (2016). The media prep, incubation details, and the dilution and

screening of the cultures are taken from all three studies. We employed a dilution-to-extinction

approach that has proven to be useful for obtaining abundant but difficult to cultivate bacteria

(Figure B.1). It allowed for separation of slower growing cells from faster, more easily cultured

microorganisms (Sosa et al. 2015). Rapid changes are occurring in the surface waters and the

subsurface chlorophyll maximum waters (Figure B.2a-b). The Arctic Ocean surface and

subsurface chlorophyll maximum waters were diluted 10-3, 10-4, and, 10-5 using six treatments: 1)

Seawater amended with 100 M MeOH, 2) Seawater amended with 100 M MeOH and 100 M

Urea, 3) Seawater amended 100 M MeOH and 30 M Lanthanum, 4) Seawater amended 100 M

MeOH and 30 M Cerium, 5) Seawater amended with 100 M MeOH, 100 M Urea, and 30 M

Lanthanum, and 6) Seawater amended with 100 M MeOH, 100 M Urea, and 30 M Cerium

(Figure B.2c). All filtered seawater media also contained a cocktail of vitamins. The liquid
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(or other

cultures were incubated at 4°C. In order to screen for growth (cell abundance), flow cytometry

was used (Figure B.2d). Samples that had a concentration of 105 cells/mL or greater were scored

as positive for cell growth (Sosa et al. 2015). The samples that scored positively for cell growth

were processed for whole-genome sequencing. These genomes were used in the comparative

genomics study to determine the phylogenetic identity and diversity of methylotrophs in the Arctic

Ocean.

MeOH + urea 
M

i
crob

ia
l F

il
te

r
edial

substrate) community seawater

Initial culture with substrate of choice in 15 mL falcon tubes and incubated for ≤ 1 month at 4°C

substrate of choice

Prepare for
sequencing

Figure B.1 General workflow for isolating and sequencing methylotroph strains.

Figure B.2 General workflow: (A) Sampling sites (B) Incubation of seawater from the surface
waters and the subsurface chlorophyll maximum (SCM), supplemented with methanol or methanol
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and urea. (C) 1mL of supplemented seawater with the addition of a rare earth metal plated on 48-
well plates and incubated at 4C. (D) Growth of cultures is measured using flow cytometry.

B.3. Sequencing and Exploring the Metagenome Assembled Genomes (MAGs)

16S rRNA gene analysis of the culture after growth was performed and revealed that the

cultures contain organisms that are most closely related to the Rhodobacterales (Sulfitobacter) and

Rhodospirillales (Thalassospira) families (Figure B.3 and Figure B.4).

Figure B.3 Phylogenetic analysis of 16S rRNA genes from the Sulfitobacter MAG from Canada
Basin and a diversity of aquatic ecosystems. The tree was inferred using maximum likelihood (500
bootstraps) and GTR 1 gamma distribution (four categories) with invariant site model of evolution
and the nearest-neighbor interchange heuristic search method. Sequences from the current study
are highlighted in red. Only bootstrap values of .60 are included in the tree.
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Figure B.4 Phylogenetic analysis of 16S rRNA genes from the Thalassospira MAG from Canada
Basin and a diversity of aquatic ecosystems. The tree was inferred using maximum likelihood (500
bootstraps) and GTR 1 gamma distribution (four categories) with invariant site model of evolution
and the nearest-neighbor interchange heuristic search method. Sequences from the current study
are highlighted in red. Only bootstrap values of .60 are included in the tree.

Metagenomic sequencing led to the reconstruction of two Metagenome-Assembled

Genomes (MAGs) (Table B.1). We were able to recover the complete genomes of two organisms,

Sulfitobacter sp. and Thalossospira sp. A comprehensive review of these Sulfitobacter and

Thalassospira revealed that neither of these organisms are known to use methanol as a carbon or

energy source and have not been shown to possess methanol dehydrogenase genes. Therefore, it

was very interesting that these organisms were enriched in the presence of methanol. A

comprehensive analysis of the MAGs revealed that they do not have the xoxF4 methanol
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dehydrogenase gene not any other PQQ-dependent methanol dehydrogenases. This opened the

door to investigate other types of methanol oxidation pathways.

Table B.1 Assembled and binned metagenome assembled genomes (MAGs) from Arctic Ocean
cultures

MAGs

Sulfitobacter sp.

Thalossospira sp.

Genome size (Mbp)

3.66

4.62

GC content (%)

62

53.5

Completeness (%)

100

100

B.3.1. NAD-dependent alcohol dehydrogenase: Potential for methanol oxidation?

Alcohol dehydrogenases (ADHs) can be grouped into three different categories: (1)

nicotinamide adenine dinucleotide- (NAD-) or nicotinamide adenine dinucleotide phosphate-

(NADP-) dependent ADHs, (2) pyrroloquinolinequinone-, haem-group and F420-dependent

enzymes and (3) flavin adenine dinucleotide-dependent isozymes. The two sequenced MAGs,

Sulfitobacter and Thalassospira, both contain NAD-dependent alcohol dehydrogenases. Within

this NAD-dependent ADH, there are three families, and the one I will be focusing on is the iron-

containing one. Bacteria members of this family includes Bacillus methanolicus, which contains

an NAD-dependent methanol dehydrogenase (EC 1.1.1.244).

In order to determine whether these two MAGs have the genes capable of metabolizing

methanol, I used BLAST to pull out all sequences closely related to the methanol dehydrogenase

gene in Bacillus methanolicus along with all the sequences that were annotated as “NAD-

dependent alcohol dehydrogenase”. we also pulled out several “iron-containing alcohol

dehydrogenase” sequences from both Sulfitobacter strains and Thalassospira strains to ensure that

we correctly identify the gene. After trimming, we found that it is likely that some of “NAD-

dependent alcohol dehydrogenase” were actually “NAD-dependent methanol dehydrogenase”

specifically (Figure B.5).
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After a thorough literature search, we were unable to find any evidence for Thalassospira

species using methanol or containing a methanol dehydrogenase gene. However, we were able to

find one Sulfitobacter strain that contains the methanol dehydrogenase gene, however, no studies

describing the use of this gene were found. Therefore, we would be showing that there are novel

marine bacteria capable of using methanol as a carbon/energy source and specifically have the

NAD-dependent methanol dehydrogenase gene rather than the more abundant PQQ-dependent

methanol dehydrogenase genes.

Figure B.5 Phylogenetic analysis of the NAD-dependent methanol dehydrogenase protein
recovered from the MAGs. The tree was inferred using maximum likelihood (500 bootstraps) and
JTT 1 gamma distributed with invariants (four categories) sites model of evolution, with nearest-
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neighbor interchange heuristic search method. Colored sequences are those from this study. Only
bootstrap values of .60 are included in the tree.

B.4. Conclusion and Future Studies

In this study, we endeavoured to enrich and culture methylotrophs from the

Methylophilaceae family using media supplemented with methanol, urea, and rare-earth elements.

While we were unable to isolate pure cultures of organisms from the OM34 and BS01 clades, we

were still able to expand our understanding of marine methylotrophs. Interestingly, we enriched

and characterized novel Alphaproteobacterial methylotrophs, which have not previously been

implicated in methanol oxidation. Future studies should include a more comprehensive analysis of

the MAGs to further understand the metabolic potential of these novel Alphaproteobacteria. We

should also further explore and decipher the physiology of these cultured organisms by observing

growth patterns on methylotrophic substrates, and organic and inorganic nitrogen sources. As we

know, the surface waters of the Arctic Ocean are rapidly freshening leading to questions about

how bacteria will adapt and evolve to this decrease in salinity. By conducting experimental

evolution studies using a gradient of salinity, we can try to understand how these changes are

affecting the physiology and genomic content of these organisms.
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