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Abstract

Metabolism of microbiomes in a changing Arctic Ocean

Thomas Grevesse, Ph. D.
Concordia University, 2023.

The world’s oceans are of utmost importance for us humans: they are a source of food
and half of the oxygen we breathe, they act as climate regulators, trade routes, tourism at-
tractions, and harbor an incredible diversity of life. The Arctic Ocean represents a particular
ocean, with acute variations of temperatures, ice and solar radiation regimes throughout the
year, and a strong terrestrial signature imparted by its immense watershed. But the oceans
are now under threat of a changing climate. The polar oceans are especially susceptible to
these changes with already dramatic visible consequences. The most visible consequence in
the Arctic Ocean is a continuous loss of sea ice with impact on albedo, solar radiation regimes
on the water surface, phytoplankton growth and primary productivity. The Arctic is also re-
ceiving increasing amounts of freshwater, leading to a freshening, disturbing the water column
stratification, and increasing the load of organic matter from terrestrial origin. All these per-
turbations profoundly modify the sources and dynamics of organic and inorganic matter in the
Arctic Ocean, perturbing the Arctic Ocean biogeochemical cycles. Given that microbial life is
at the base of cycling this organic and inorganic matter, microbes play pivotal roles by con-
trolling biogeochemical cycles and forming the base of the food web. Specifically, the diversity
of metabolic processes carried out by microbes determines how they interact with and shape
their environment. Despite the importance of understanding microbial metabolism in a rapidly
changing Arctic Ocean, our knowledge of the microbial processes that distinguish the Arctic
Ocean from the rest of the global oceans and how they are linked to the changing Arctic Ocean

biogeochemical cycles is still very fragmented.

In this thesis, I undertook to address the lack of knowledge about the metabolism of the
Arctic Ocean microbiomes by tackling two fundamental questions: (i) What are the specificities
and phylogenetic diversity of microbial metabolism in the Arctic Ocean compared to the other
world oceans? (ii) What are the relationships between the Arctic Ocean microbial metabolic

specificities and their biogeochemical environment?

I first discovered that metabolic pathways for the degradation of aromatic compounds were
enriched and expressed in the Canada Basin of the Arctic Ocean compared to the rest of the
global ocean, in particular in the subsurface waters where organic matter of terrestrial origin
accumulates. The capacity to degrade aromatic compound from terrestrial origin was phylo-
genetically concentrated in Rhodspirillales. These Rhodospirillales were enriched in aromatic
compound degradation genes compared to close relatives from other oceans and their geographic
distribution was restricted to the Arctic Ocean. These results suggest that the capacity to de-
grade aromatic compounds of terrestrial origin may be an adaptive trait of some Arctic Ocean

microbial taxa. Furthermore, the aromatic-metabolizing bacteria may become more prominent



as organic matter inputs from land to ocean continue to rise with climate change, potentially
impact the Arctic Ocean biogeochemical cycles.

In the second part of this thesis, I focused on the metabolism of neutral lipids, used to accu-
mulate energy and carbon reserves. Within the global ocean, I discovered that the metabolism
of neutral lipids was enriched in the microbial communities of the Arctic Ocean. In the photic
zone, eukaryotic phototrophs dominated the synthesis of neutral lipids. I also discovered a
large diversity of bacterial taxa able to degrade but not produce neutral lipids, suggesting that
photosynthetic-based production of neutral lipids in eukaryotes may serve as an important car-
bon source for the heterotrophic bacterial community. Bacteria were the main producers in the
aphotic zone and were equipped with a different set of enzymes targeting different compounds
depending on their location within the water column. This study shows that the storage of
neutral lipids may be a selective advantage for prokaryotes and picoeukaryotes in a context of
extreme variations in energy and nutrients sources such as in the Arctic Ocean. In addition,
I propose that, similarly to lipids from eukaryotic phototrophs sustaining the food web during
the summer months, neutral lipids from prokaryotic origin may play an important role in sus-

taining the food web during the dark winter months.

Finally, I undertook a global ocean study to unravel the metabolic genes and pathways
favored by the microbiomes of the Arctic Ocean. I confirmed the importance of aromatic
compound degradation and neutral lipid metabolism. But I also uncovered a myriad of other
metabolic processes favored by the microbiomes of the Arctic Ocean compared to other oceanic
zones. In particular, in the photic zone of the Arctic Ocean, I discovered the prevalence of genes
and pathways involved in the metabolism of glycans that might be involved in cold adaptation
mechanisms. Importantly, I highlighted correspondences between the genes and pathways fa-
vored by the Arctic Ocean microbiomes and the composition and transformations of dissolved
organic matter. Specifically, I found an enrichment in transformations involving sugars moi-
eties in the photic zone and a strong aromaticity signature in the dissolved organic matter
of the fluorescent dissolved organic matter maximum. These results show that the distinct
metabolism of the Arctic Ocean microbiomes imprint the composition of the dissolved organic

matter, uniquely influencing the Arctic Ocean biogeochemical cycles.

This thesis represents the first work to explore the metabolism of the Arctic Ocean micro-
biomes in such a comprehensive fashion. Not only does this thesis systematically uncover a
multitude of metabolic processes of importance for the Arctic Ocean microbiomes, but it also
brings new discoveries on their biogeography, ecological context, and phylogenetic diversity
across prokaryotes and picoeukaryotes. Moreover, this thesis highlights the importance of these
processes by linking them to the composition and transformation of dissolved organic matter,
and hence biogeochemical cycles. As such, this thesis will serve as a base to guide experimental
and field work that will quantify the role of microbiomes in the biogeochemical cycles of the
Arctic Ocean. This will have important implications to understand and quantify how climate

change perturbs Arctic Ocean ecosystems.
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Chapter

Introduction

1.1 The marine microbiome

The ocean biome contains 95% of all the water on Earth and covers 70% of its surface.
Microorganisms are ubiquitous and abundant in the ocean, with an estimated 5 x 10° cells/mL
in the top 200 m and 5 x 10* cells/mL below 200 m[l. The microbiome, defined as “a char-
acteristic microbial community occupying a reasonable well-defined habitat which has distinct

"2 comprises 98% of the ocean biomass. The number of prokaryotes

physio-chemical properties
alone amounts to a total of 1.2 x 10 cells in the world’s oceans/"). Considering an average
of 20 fg of carbon per cell, the total carbon pool contained in the world’s marine prokaryotes
represents 2.2 x 10" gll. In order to survive, grow or proliferate, all this biomass made up by
marine prokaryotes and other microbial life (eukaryotes) create through primary productivity,
use and transform organic and inorganic matter®. They therefore play essential roles in ocean

biogeochemical cycles such as carbon, nitrogen, and oxygen cycles 4.

Microorganisms in the ocean are extremely diverse and have adapted to colonize every last
corner of the ocean®. The diversification of their metabolic capacity and activity plays an
important role in their ability to thrive in a wide range of physical, chemical and biological
settings!®. The diversity and interactions of metabolic processes in a microbiome will therefore
dictate how this microbiome responds to its environment but also how it shapes its biogeo-
chemical landscape!™. The study of microbial metabolism is therefore key for understanding
the biogeography, as well as the dynamics of microbiomes under changing environments®. As
such the microbial metabolism is an important part of the big questions in marine microbiology:
What is the composition of microbiomes and how do they vary in space and time? What are the
factors driving these variations? Do we find endemic microbial populations to specific environ-
ments? What adaptations drove these specializations? What are the metabolic processes used by
microbiomes in specific environments and how do these metabolic processes spread through the
microbiome? How do the metabolic processes of microbiomes impact the ocean biogeochemical

cycles?

From a wider perspective, answering these questions allows a better understanding of the

influence that the microbiome and its environment have on each other. This is critical as global
1



1.1 The marine microbiome

atmospheric temperatures increase, leading to profound perturbations in oceanic ecosystems ¥
Answers to these fundamental questions provide an understanding on the influence of a chang-
ing environmental landscape on the composition, dynamics and metabolism of microbiomes.
Consequentially, understanding the trajectories of microbiomes enables to predict how their
metabolism will shape the environment they inhabit, linking microbiome metabolism to bio-

geochemical cycles in a changing ocean.

1.1.1 How to study microbiomes and their metabolism

In this thesis, we are interested in the capacity of microbiomes to carry out particular
metabolic processes that have ecological importance in the Arctic Ocean. While studying
environmental microbiomes, three fundamental interrogations underly all specific questions a
microbiologist seeks to answer: who is there? (composition of the community), what is it do-
ing? (metabolic transformations of organic and inorganic matter, physicochemical interactions

with its environment, growth) and why is it there? (evolutionary history, adaptation).

Characteristics of macroorganisms used in traditional ecology to answer these questions,
such as morphology and behavior of species do not apply to the microbial world. Microbiologists
therefore have to use other ways to identify microbes and characterize their metabolic processes.
The isolation and cultivation of specific microbial strains, with the study of the metabolites
they transform was the original method to study environmental microbiomes. Isolation and
cultivation techniques have made great progress, allowing the study of many microbial species
and strains['” and these techniques are still widely used today. The ability to study a microbial
species cultured in isolation in the lab presents several advantages: (i) the phenotype (colony
formation, physiology and biochemistry) of the strain can be characterized in detail (ii) effect
of conditions (temperature, pH,etc.) on growth can be quantified as culture conditions can be
easily manipulated (iii), and we can obtain complete genomes sequences, enabling us to explore

the potential metabolism and evolution of the strain.

However, cultivation methods for marine microbiomes pose certain challenges. The biggest
challenge is that the majority of marine microbes remain elusive to cultivation™. In addi-
tion, even in co-culture, cultivation is limited to few taxa, failing to recapitulate the com-
plex metabolic interactions that are characteristic of environmental microbiomes. Finally, it
is currently not possible to design artificial media capturing the complex dissolved organic
matter (DOM) and trace elements composition of sea water'l. Considering the limitations of
cultivation-dependent techniques, meta-omics methods such as metagenomics, metatranscrip-
tomics and metabolomics can help understand the complex metabolism of in situ environmental

microbiomes.
16S ribosomal RNA gene analysis

When asking the who is there? question, the fundamental requirement is being able to

2



1.1 The marine microbiome

identify and differentiate taxonomic units from one another. It is impossible to differentiate
prokaryotes from environmental microbiomes based on their morphology. In addition, the sheer
number and complexity of chemical reactions carried on in environmental microbiomes prevent
the delineation of taxonomic unit based on their metabolic activity (phenotype). The sem-
inal work of Carl Woese using ribosomal RNA (rRNA) genes as a phylogenetic barcode for
prokaryotes!'? provided an elegant way to overcome this issue and marks the beginning of the
molecular methods era in the study of microbiomes. Using the sequencing of the 5S rRNA,
Woese added a new branch to the tree of life with the Archaea as distinct from Bacteria. The
16S rTRNA gene is a better and ideal candidate for phylogenetic reconstruction of prokaryotic
communities as it is present in all prokaryotes, is not prone to lateral gene transfer and contains
both highly conserved and highly variable regions. The sequencing of 16S rRNA genes is nowa-
days a widespread standard approach for the census of taxonomic diversity in environmental
prokaryotic communities, and has been used in various environments, including the ocean™3.
However, the sequencing and analysis of whole microbiomes’ ribosomal genes is limited to the
identity and abundance of their taxa and does not allow access to the metabolic capacity of the

microbiome.
Metagenomics

To answer the question: what are microbes doing? we need to access the functions of micro-
biomes, and hence, the ensemble of metabolic processes they are able to carry out. The ensemble
of metabolic reactions a microbe can perform is encoded in its genes. The necessity to predict
the metabolic potential of microbiomes to understand their role in various ecosystems led to

14 metagenomics

the development of metagenomics. First coined by Jo Handelsman in 1998
refers to the investigation of the collective genomes found within an environmental sample.
Metagenomics was first achieved in 1991, by cloning a library of total DNA obtained from sea
water in a A phage vector®. The same method of cloning DNA retrieved from environmen-
tal samples in plasmid vectors followed by Sanger sequencing became more widely used 1618,
The development of next generation sequencing (NGS) technologies allowed a substantial leap
forward in studying microbiomes by enabling unparalleled sequencing in far shorter times and
the scaling-up of the generation of nucleotide sequences by orders of magnitude at low cost .
In a typical metagenomics workflow, the total DNA of a microbiome is extracted, fragmented
in small reads and sequenced. The reads are then assembled in longer sequences (scaffolds).
The metagenomic assemblies obtained can be functionally annotated and provide a picture of

the whole gene (protein-coding as well as house-keeping genes) pool of the sampled microbiome.

The ensemble of genes obtained from a metagenomics workflow serves as the base to answer
fundamental questions in environmental microbiology related to the what are microbes doing?
question. Metagenomic-based gene-centric analyses aim at producing a comprehensive view of
the complete gene pool of a microbiome. Rather than representing a microbiome from the point
of view of its constituent organisms (genomes), gene-centric analyses consider microbiomes as
a collection of genes. This approach permits the evaluation of metabolic genes and pathways
that are relevant to an ecosystem, and also enables to compare and contrast the occurrence

3



1.1 The marine microbiome

and frequencies of genes and pathways between different systems. The gene-centric approach
has therefore been widely used and is still an approach of choice to facilitate the discovery of

metabolic characteristic in various environments (2%,

In addition, metagenome-assembled genomes (MAGs) can be reconstructed by grouping
sequences based on genomic characteristics such as GC content, tetranucleotide frequencies

21.22] M AGs therefore enable us to uncover

and/or abundance in metagenomes (i.e. coverage)
the taxonomic origin of genes of interest, establish the taxonomic composition of the commu-
nity, reveal the biogeography of its members and also perform phylogenetic analysis of MAGs
and their genes. MAGs have therefore been instrumental in answering questions about the

evolutionary origin of taxa in specific environments and gene flow between these taxa(?*24.

Despite the great advances enabled by metagenomics, these methods can not differentiate
active from inactive genes and genomes in a microbiome, but can only establish those that
are present in the microbiome. As a result, metagenomics cannot delineate which genes and
genomes are actively contributing to the ecosystem behavior (such as biogeochemical cycles)

from the pool of genes and genomes present in the microbiome.
Metatranscriptomics

Metatranscriptomics focuses on studying the in-situ expression of genes. Before being se-
quenced, the whole microbiome RNA goes through a few extra steps compared to DNA. After
the RNA fragmentation, the RNA fragments are used as a scaffold for the synthesis of a comple-
mentary DNA (cDNA) by a reverse transcriptase®. A second strand of cDNA, complementary
to the first cDNA strand, is then synthesized by a DNA polymerase. This is the double-stranded
cDNA that goes through the sequencing workflow. The nature of RNA poses additional chal-
lenges for sequencing. Contrary to DNA, RNA is notoriously unstable, which can compromise
the integrity of the sample before sequencing. Extreme care is therefore necessary when pro-
cessing RNA samples. In addition, microbiome environmental RNA samples are dominated by
rRNA, which can significantly reduce the depth of coverage of messenger RNA (mRNA). mRNA
can be enriched in samples either by separation using 16S and 23S probes and hybridization,

or by degradation of rRNA with 5-exonucleases 2.

Metatranscriptomics provides a valuable complement to metagenomics by identifying which
of the genes sequenced and annotated in the metagenome are transcribed and to what extent,
enabling the study of gene expression of complex microbiomes at a given point in time and
under a specific set of environmental conditions. Moreover, for certain genes, the abundance
of transcripts show linear and proportional relationships with the activity level of the reaction

%] As the average half-time of a mRNA is ~5 min, metatranscriptomics can

they catalyze!
reveal fast changes in microbiomes functional activities!?”). In that regard, metatranscriptomics
provides a representation of the real-time functional activities of a microbiome and has better
power to associate the microbiome metabolic processes to biogeochemical processes of their

ecosystem.
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(28,29] [y

Metatranscriptomics is most powerful if used in conjunction with metagenomics
deed, metatranscriptomics alone cannot delineate if differences in transcripts abundance be-
tween samples originate from differences in organism abundances or from differences in gene
expression. This is important information, specifically when studying metabolic changes in
microbial communities over environmental gradients. Changes in gene expression within the
studied gradient reflects the capacity of individual microbial taxa to withstand a change in en-
vironmental conditions through gene regulations mechanisms. In contrast, changes in microbial
taxa abundance reveal that modifications of environmental conditions cause a turnover in com-
munity structure rather than a physiological adaptation. In conjunction with metagenomics,
metatranscriptomics is a powerful method to provide information regarding what are the genes

and genomes most active at any given conditions and time points in environmental microbiomes.

Metaproteomics is a useful way to explore the active part of metagenomes. However, tran-
scripts need to be translated to proteins, and these proteins actively catalyzing enzymatic
reactions. The levels of transcripts may therefore not mirror exactly the actual metabolic ac-

tivity of a microbiome at any given condition and time point.

1.1.2 Composition and metabolism of the ocean microbiome

The global ocean biogeochemical cycles are modulated by microbiomes. Any changes in the
structure and function of the ocean microbiome can have consequences at a large scale. It is
therefore important to understand what mechanisms structure the composition and function
of the ocean microbiome. The advent of metagenomics and metatranscriptomics enabled a
great increase in knowledge of marine microbial systems. We have tremendously deepened our
understanding of the ecology, biogeographic patterns and temporality of marine microbiomes.
In addition, omics techniques revealed unsuspected metabolic capacities in marine microbes as

well as their taxonomic origin.
Microbiology in the sunlit ocean

Since microbial primary producers are at the base of the food web, their phylogenetic di-
versity, the quality and quantity of OM they produce and how their ecology is affected by
environmental gradients are of utmost importance for the ocean carbon cycle. Marine pri-
mary producers are responsible for approximately half of the global CO, fixation. Most of the
ocean primary productivity takes place in the sunlit ocean®”. The sunlit ocean (or euphotic
zone, or epipelagic ocean) generally extends until light intensity is attenuated to 1% of the sur-
face irradiance. The ocean primary producers are for the most part microbial and float freely
in the water. These microbial phytoplankton are oxygenic photosynthetic organisms, include
Cyanobacteria and single-celled eukaryotes, and are responsible for the bulk of ocean primary

31]

production! Omics techniques have shown that the phototrophic oxygenic Cyanobacteria,

including Prochloroccocus and Synechoccocus, are the most abundant primary producers in the
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ocean and contribute to 25% of the ocean primary productivity *?. Prochloroccocus, dominates
the oxygenic phototrophic microbes of the epipelagic ocean between 40°N and 40°S and up
to a depth of 150 m but its population size decreases beyond these latitudes??. Synechoc-
cocus is not found so deep, but has a wider geographic distribution and is even present in
polar regions®?. Other strategies used by photoheterotrophs to harvest solar radiation®* have
also been uncovered in the ocean. Aerobic anoxygenic photosynthetic bacteria (AAnBP) use
bacteriochlorophyll a to harvest energy from light and are found mostly in the Alpha- and
Gammaproteobacteria®. At first considered rare and living in particular environments, we
now know that they are widely distributed in the ocean®¥, and can account for up to 24% of
the communities?. The last strategy generates ATP using a light-driven proton-pump, prote-
orhodopsin®®. Proteorhodopsins have been characterized in numerous phyla and many forms

exist that can absorb different wavelengths 7.

Microbial heterotrophs strongly influence the carbon cycle of the ocean. Approximately half
of the carbon fixed by primary producers is directly processed by bacterial® and ultimately,
more than 70% of OM produced by phytoplankton is consumed by bacteria®®. The ocean phy-
toplankton communities are characterized by local and transient increases of abundance, called
blooms, when both nutrients (nitrogen and phosphorus), carbon (CO;) and energy (light) are
plentiful. For microbial heterotrophs, the epipelagic ocean is therefore generally oligotrophic
with bursts of growth resources in the form of OM from phytoplankton exudates or dead phy-
toplankton. Some heterotrophs have adapted to efficiently degrade labile, low-molecular weight
OM in nutrient-limited situations*®*! and are cosmopolitan in the global ocean. For example,
SAR11 possesses a streamlined genome with a high level of enzyme multifunctionality (capable
or catalyzing multiple reactions) and a large number of transporters to maximize its substrates
uptake while minimizing its resource use*?. SAR11 is the most successful and abundant het-
erotroph in the euphotic zone and is represented by many ecotypes adapted to specific niches!?.
Similarly, various bacterial and archaeal taxa, such as Rhodobacterales, Vibrio, Alteromonas,
SAR 86 and the MGII clade of Euryarcheaota are ubiquitous due to a range of ecotypes adapted
to particular niches®. Other bacterial taxa are adapted to grow rapidly by fastly consuming
OM during phytoplankton blooms3. Flavobacteria possess many membrane-attached and
extracellular hydrolytic enzymes to degrade high molecular weight compounds that cannot
pass through the membrane. In addition, they also produce adhesins to facilitate their adhe-
sion and gliding mobility on phytoplankton and proteases that may have algicidal properties*.
Flavobacteria, with Roseobacters and members of Gammaprotobacteria are generally associated

with phytoplankton blooms*?! and their abundance correlates with the bloom progression*4.
M:icrobiology in the dark ocean

The dark ocean is found below 200 m and is composed of the mesopelagic (200-1000 m),
bathypelagic (1000-4000 m), abyssopelagic (4000-6000 m) and hadalpelagic (> 6000 m) zones.
In terms of volume, the dark ocean is the largest biome on Earth. As such, it harbors most of the
microbial biomass (75%) and half of the microbial production®. In terms of community com-
position, there is a strong shift from phototroph-dominated waters to heterotroph-dominated

6
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(31]

waters between the sunlit and dark ocean!®. The most remarkable feature is the vertical de-

crease in the bacteria to archaea ratio 48

. The relative abundance of archaea increases sharply
in the mesopelagic waters and they dominate the communities throughout the mesopelagic
and bathypelagic ocean. Archaea, particularly the Crenarchaeota Group I/Thaumarchaeota
and the Furyarchaeota Group II, can make up to 50% of the community. Within the bacte-
ria, Alphaproteobacteria and Gammaproteobacteria dominate most of the deep waters. How-
ever, various other taxa increase with depth: Acidobacteria, Actinobacteria, Bacteroidetes,
Firmicutes, Gemmatimonadetes, Lentisphaera, Nitrospirae, Planctomycetes, Verrucomicrobia,

471 Generally, the major groups of taxa found in the deep ocean are similar

31]

Deltaproteobacteria

across different ocean basins

The differences in community composition between the sunlit and the dark ocean is reflected
in different metabolic processes! . The vertical increase in archaea relative abundance was re-
flected in inorganic carbon (DIC) fixation: it was reported that, in bathypelagic waters, 20%
of archaeal cells fix inorganic carbon, while bacteria accounted for less than 2% of the C-fixing
cells®. In addition, it was estimated that ~83% of C in mesopelagic archaea is derived from
DIC fixation®. The paradigm of the energy source for fuelling this DIC fixation in absence
of light has been solved with the discovery of a marine archaeon able to oxidize ammonia®".
Sinking of particulate organic matter is the main source of OM for the dark ocean microbial
communities® and connects the epipelagic conditions to the dark ocean microbiomes!®®. The
concentration of OM in particles can be four orders of magnitude higher than the background

541 Individual cells in the dark ocean therefore live in a resource desert inter-

concentration
spersed by resource oases. Free-living and particle-attached microorganisms have therefore two
different lifestyle reflected in functional differences: ammonia and CO, oxidation are enriched
in the free-living fraction while dissimilatory nitrate reduction and H, oxidation are enriched in
the particle-attached fraction®. In addition, some members of the dark ocean’s microbiome,
such as SAR202 have the capacity to degrade recalcitrant organic matter, which makes up the
bulk of DOM in the dark ocean®!. The absence of light to fuel autotrophic C fixation, the
predominance of recalcitrant DOM as well as the necessity to travel between OM-rich particles
explain the shifts of energy metabolism, cell attachment, motility and host-viral interactions

between the sunlit and the dark ocean .
Spatial and temporal patterns of the ocean microbiome

The ocean is a highly heterogeneous ecosystem and its physiochemistry is characterized
by space and time gradients of biotic and abiotic factors but also by a multitude of different
niches®. It is important to determine how these physicochemical gradients shape microbiome
structure and function over spatial and temporal scales to understand how microbiomes impact
their ecosystem, but also to predict the trajectories of microbiome structure and function with

current and future changes in conditions and perturbations.

The heterogeneity of conditions in the ocean translates into a strong biogeography of mi-

(48]

crobial community structure and function'*®. Microbial communities are generally composed
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of few abundant taxa and a wide diversity of rare (low abundant) taxal®®. The most strik-
ing spatial pattern for microbial communities is the vertical segregation between the photic

n7%  However, the microbial consortia that

(epipelagic zone) and the aphotic (deep) ocea
colonize phytoplankton-derived sinking particles in the epipelagic zone inoculate deep ocean
communities, promoting the connectivity of the epipelagic and deep communities®62. The
composition of microbial communities also varies greatly within water masses across spatial
gradients. Communities are characterized by higher diversity towards the equator and mid-
latitudes!®3%4 similarly to what has been observed for macroorganisms. Interestingly, despite
their spatial separation, the microbial communities from the polar zones were more similar to
each other than to communities from the equatorial and temperate oceans®%7. This latitudi-
nal effect has been explained by temperature as the main predictor of the marine microbiome
structure and function[*!. In addition, phosphorus availability has been shown as a selective
pressure driving the divergence of some of the most abundant marine microbes in the epipelagic

ocean (Prochloroccocus, Pelagibacter) populations [68]

Microbial communities must withstand the temporal variations of environmental conditions
to survive and thrive in their ecosystem. It is essential to understand how microbial community
structure and function change over time to gather important information such as their diversity
patterns, what controls these patterns, their stability over changes in conditions, interactions
within microbial communities or the niche of single taxa®!. Time-series over decades revealed
that the seasonal patterns of microbial community structure were stable and predictable both
for the abundant 7, but also the rare taxa™. In addition, rare taxa can occasionally bloom

73,7  The seasonal recurrence of micro-

and dominate the population if conditions are favorable!
bial communities suggests that physical and chemical processes control the succession dynam-
ics. However, biological interactions between bacteria, archaea, viruses and eukaryotes such as
molecule exchanges, viral lysis or grazing have been shown to also contribute to observed abun-

70,75

dance patterns™™. The cohesion of clearly defined communities revealed by high resolution

time-series confirms the importance of biological interactions in shaping the temporal dynamics

of microbial communities (™.

We have acquired a lot of knowledge about the marine microbiome. From the biogeogra-
phy, ecology and important metabolic processes of dominant microbial taxa, to the structure of
microbiome in the global ocean or the temporal succession of microbial communities. However,
we are still looking at the tip of the iceberg. We do not have a full grasp of the many metabolic
processes used by microbial communities, nor of their ecology and phylogenetic diversity in a
wealth of marine environments, specifically remote and under-sampled regions. In addition, we
possess scarce information on the activity of important metabolic processes and how they are
linked to the transformation of inorganic and organic matter. There is therefore a tremendous
need to explore in detail the metabolic capacity and activity of microbial communities from
remote environments, as well as how they impact the geochemical cycles through the myriad

of biochemical transformations they carry out.
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1.2 Dissolved organic matter in the ocean

1.2.1 Nature and diversity of marine dissolved organic matter

On average, a liter of sea water contains less than 1 mg of dissolved organic matter (DOM),
but summed over the global ocean, the standing stock of DOM contains ~660 x 10'° g of
Cl". The pool of marine DOM therefore roughly contains the same amount of C as terrestrial
biomass (~610 x 10'® g of C) or atmospheric CO, (750 x 10*® g of C) and 200 times the C

8] DOM is also composed of large quantities

[79]

inventory in marine biomass (~3 x 10'® g of C)
of nitrogen, phosphorus, iron and other elements essential to lifel™. DOM therefore represents
a central component in marine biogeochemical cycles®. As a consequence, microbes, through

the transformation of DOM, operate an important fraction of marine geochemical cycles[®!.

The rates at which microbial communities process DOM is central to understand the role
of microbial processes in the budget of C and other essential elements. Microbes, through res-
piration, recycle up to 40 x 10" g of primary produced C every year®. Most of the DOM
released by phytoplankton is turned over by micro heterotrophs within hours to days!®. This
DOM therefore rapidly disappears from the water column and the bulk of detectable DOM
in the water column has an average age of 16,000 years®. This old DOM therefore resists
microbial degradation. Efforts trying to explain the long-term persistence of DOM in the ocean
led to the classification of DOM based on its turnover time: labile (hours to days), semi-labile
(weeks to months), semi-refractory (decades), refractory (millennia) and ultra-refractory (tens
of millennia)®l. The labile DOC (dissolved organic carbon) represents less than 1% of the
marine DOC standing stocks (<0.2 x 10 g) and refractory DOC makes up by far the largest
fraction (630 + 32 x 10" g of C) while the rest of DOC is divided between semi-labile (6 4 2
x 10" g), semi-refractory (14 & 2 x 10" g) and ultra-refractory DOC (> 12 x 10" g)[84,

Labile DOM supports most of heterotrophic microbial production in the euphotic zone and
has the largest flux of all the DOM fractions®. Most of labile DOM in the euphotic zone

85, In the mesopelagic

is primary-produced, coming from phytoplankton exudates and lysates
and bathypelagic, labile DOM can also come from the release of molecules from heterotrophs
lysates™ solubilization of sinking particles®¥ or chemoautotrophy®”. Labile DOM is therefore
mostly composed of molecules from known building blocks such as polysaccharides, proteins,
lipids and DNA or RNA 2. Semi-labile DOM, due to its longer residence time, can accumulate
in the euphotic zone and therefore be transported horizontally with surface currents to further
support heterotrophic C demand but also vertically, being the most important source of C
export to deeper waters®¥. Refractory DOM is the dominant form of DOM in deep waters (<
1000 m), where the depth DOC concentration stays constant. It is composed of a wide diversity
of molecules at very low concentrations, among which carboxyl-rich alicyclic molecules are the

most recognizable component®.

The long-term persistence of recalcitrant DOM in the ocean could play an important role in
long-term carbon storage by the ocean. However, the reasons behind the long-term residence
9
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time of recalcitrant DOM are still not understood. Two theories have been proposed. For
the intrinsic recalcitrance concept, a variety of compounds resist microbial degradation due to
their chemical nature™. In this concept, the production of refractory DOM is due to micro-
heterotrophs transforming labile molecules from primary producers into refractory molecules®.
Other processes can also participate to the formation of recalcitrant DOM such as heat[®! or

92l In the intrinsic recalcitrance concept, re-

light-induced transformation of labile fractions!
fractory DOM cannot be removed by heterotrophs and its removal happens through abiotic
processes such as adsorption to sinking particles®® photodegradation® or entrainement in

9] In the framework of the emergent recalci-

the hydrothermal circulation within Earth’s crust
trance concept, all DOM molecules are continuously being transformed %!, DOM constituents
form complex ecological networks with biota from all trophic levels (phytoplankton, bacteria,
viruses, grazers, etc.). The production, transformation and consumption of DOM constituents
take place in these networks. The recalcitrance therefore emerges as a property at an ecosystem
level. In the emergent recalcitrance framework, the lability of a single molecule is contingent
with many factors, such as its concentration and chemical nature, but also the presence and
concentration of other molecules, the composition of the microbial networks or the environ-
mental conditions (presence/absence of light, temperature, salinity, etc). All compounds are
therefore continuously produced and consumed and their concentration depends on the complex

dynamic equilibrium of the ecological networks they are in®7.

Marine DOM represents an extremely complex mixture of molecules. A quick calculation
estimated the diversity of marine DOM to be > 600,000 different compounds!™, but the di-
versity of DOM compounds could reach millions®. Since it is extremely hard to characterize
and quantify the huge diversity of marine DOM molecules, simple questions such as what are
the diversity and distributions of DOM molecules in various marine environment are questions
that remain largely unanswered. As such, the exact composition of marine DOM and its trans-

formations by microbes remain an active research topic!®.

1.2.2 Terrestrial organic matter in the ocean

If primary production (~50 x 10 g of C/year) is the main source of DOM in the ocean
(3-20 x 10'® g of C/year)® terrestrial DOM (tDOM) also contributes significantly to the bud-
get of marine DOM (0.5 x 10'® g of C/year)'® and therefore represents an important source
of nutrients and energy for marine microbiomes. The major pathway of tDOM input to the
ocean is through riverine delivery (0.40 x 10" g of C/year)!"®! but ground water (0.23 x 10
g of C/year)192103] and coastal erosion ¥ are important sources of tDOM too. Most of tDOM

105]

comes from the decay of terrestrial plants! As lignin, an aromatic polymer, can only be

synthesized by vascular plants, lignin and its aromatic degradation products have been used to

[106] " The ocean shelves and margins have

follow the fate of tDOM in the marine environment
been considered hotspots of tDOM degradation as open ocean waters are characterized by low
or undetectable levels of traditional lignin markers such as lignin phenols 7. However, results

from recent methods have demonstrated the presence of tDOM-derived compounds far into the
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open ocean [108].

The transformation of tDOM in the marine environment could contribute to long-term stor-
age of recalcitrant DOM in the ocean. This could be explained by estimation showing that 90%
of the reactive aromatic fraction of tDOM is photo-transformed into a more stable non-aromatic
fraction in the shelf'®. In addition, it has been proposed that microbial alteration of less labile
fractions of tDOM by marine microheterotrophs may be facilitated by the consumption of labile

109] ' In this scenario, the shelves, with

primary-produced DOM, a process called priming effect!
their high primary production rates and tDOM inputs are prime environments for the priming

effect and transformation of tDOM to refractory DOM.

1.2.3 Colored organic matter in the ocean

It is extremely challenging to describe marine DOM at the molecular level. However, bulk
properties of DOM can be used to obtain valuable information on the origin and fates of DOM
in the marine environment. Between 20% and 70% of marine DOM interacts with the UV and
visible spectra and is coined colored DOM (CDOM)MY. As the chemical nature of molecules
dictates their optical properties, optical measurements of DOM have been widely used in the
ocean to identify and follow different DOM fractions™ .
fied by their capacity to absorb light in the UV-visible range™?. CDOM in the ocean can

be produced by primary producers or heterotrophs as well as results from the biological or

CDOM properties can be quanti-

photochemical alteration of other DOM[!3], CDOM presence and light absorption depends on
its sources and sinks. It has been shown that CDOM can be produced both in the surface[4!
by primary production and in deep ocean as a by-product of microbial degradation of sinking
particulate organic matter'*®. In the global ocean, CDOM distribution is characterized by
minima in the surface, in particular in the tropics, due to solar bleaching, but higher CDOM
absorption in mid to high latitudes in the northern hemisphere ™. Local surface maxima can
also occur in regions of high primary production, upwelling, or major river inputs'®. CDOM
absorption values generally increase with depth to reach maxima in the Indian and Pacific but
not the Atlantic oceans thermocline!''?. The global ocean relationships between DOC and
CDOM suggest that the observable marine CDOM is a refractory component of DOM in the

deep ocean''?!,

A fraction of CDOM fluoresces and the capacity of excitation/emission spectra to discrim-
inate between different fluorescent DOM (FDOM) fractions provides a convenient way to elu-
cidate the patterns of sources and sinks of DOM™MY, FDOM is made up of two major types:
amino acid-like compounds (FDOM 4) and humic-like compounds (FDOM ) M7, FDOM, dis-
plays narrow emission peaks typically below 400 nm and its fluorescence spectra are almost
similar to those of pure tyrosine and tryptophan™8. FDOM, is therefore thought to repre-
sent freshly produced proteins by phytoplankton and bacteria™®l. FDOMp is characterized by
broad emission peaks generally above 400 nm. The chemical composition of various FDOM g

fraction is more enigmatic but it has been linked to the oxidation and degradation of organic
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9] The FDOM, fractions are usually higher in

material from terrestrial and marine sources!
the surface (0-200 m), and decrease in the mesopelagic zone (200-1000 m) to reach constant low
level in deep waters (>1000 m) 8. In contrast the levels of FDOMy are low in the surface and
increase with depth, a trend that has been attributed to high sensitivity to light but also the

[120] ' Fluorescence

microbial transformation of DOM in the mesopelagic and bathypelagic waters
emission/excitation matrices (EEM) of marine DOM, combined with statistical analysis (Par-
allel Factor Analysis, PARAFAC) enables the identification of different FDOM fractions?1:122,
As an example, the terrestrial origin of FDOM fractions in contrast to the marine origin could
be obtained using these methods!'?*/. EEM and PARAFAC enabled to discriminate different
fractions and elucidate general trends in the origin and transformations of marine DOM 124125
However, the key challenge now remains to better understand the diversity of chemical com-

pounds responsible for the optical properties of FDOM fractions.

1.2.4 How to elucidate the chemical composition of marine dissolved organic

matter

In this thesis, we are interested in the metabolic processes of microbiomes and how they
shape the geochemical cycles of the Arctic Ocean. Microbiomes control geochemical cycles
through the chemical transformations of organic and inorganic matter from their environment.
We therefore sought to characterize and quantify the molecular composition of organic matter
in the water column and link it to the microbiome metabolic capacity. Metabolite profiling of
microbial cultures’ media cultures originally attempted to measure the diversity of biochemical
compounds in microbes environment but quickly became used to differentiate the phenotype
of closely related microbial strains or species as way for microbial identification 26127l These
studies used various analytical methods to detect and quantify various metabolites. However,
this is the pioneering work on mass-spectrometry based metabolomics for plants[28129 that re-
ally allowed the non-targeted and systematic characterization of organic matter in microbiomes

environment to take off.

Nowadays, nuclear magnetic resonance (NMR) and mass spectrometry (MS) coupled with
separation techniques are widely used to study the chemical composition of organic matter in

130 NMR is highly reproducible and can quantify the identified

microbiomes environments!
chemical compounds. However, NMR has a poor sensitivity and separation capacity. Due to
high sensitivity, quantitative and accurate mass determination in a high-throughput fashion, M'S
has become the method of choice for measuring and characterizing complex mixtures of organic

matter 31,

MS detects and discriminates compounds by measuring their mass-to-charge ratios
(m/z). MS techniques are usually separated into two stages: (i) the ionization of compounds,
and (ii) measurement of their mass. To analyze complex samples such as marine organic matter
samples, high throughput separation techniques (chromatograpy, capillary electrophoresis) are

connected in series with MS to reduce the complexity of a given mass spectra '3

. Especially,
liquid chromatography coupled to Fourier transform ion cyclotron resonance MS (FT ICR MS)
fostered unique insights in the transformation of marine organic matter (OM) by microbiomes.

12
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Mass spectrometry techniques, despite some ongoing developments, are very promising tech-
niques to elucidate the molecular composition of marine organic matter. Dues to the immense
complexity and diversity of compounds found in marine DOM, the grand challenge is to elu-
cidate the links between DOM molecular composition and the metabolic capacity and activity

of microbiomes.

1.2.5 Dissolved organic matter — microbe interactions

The diversity, quantities and molecular composition of marine DOM is important in shaping
the microbiome structure and function. It was shown that OM from different phytoplankton

132 This could be explained

species recruits and is degraded by different microbial consortia
by the fact that the interactions between DOM and microbiomes take place at a very high
resolution, between species and individual molecules, but could not be detected at lower reso-
lution (e.g. genus level and group of compounds level), revealing intricate interaction networks

[133]

between DOM and microbiomes!™>?!. In addition, the progressive degradation of OM derived

from a single phytoplankton species is associated with a succession in the microbial community
composition, showing specific lineages involved in the transformation of specific compounds!'34,
further supporting close associations between the structure of DOM molecular composition and

bacterial communities.

The microbial processing paths of OM dictates the fate of OM in the environment. The
OM processed by microbes can either (i) be mineralized through respiration, (ii) used to build
biomass that is grazed upon or (iii) released in the environment by viral lysis or other pro-
cesses to feed the microbial loop and (iv) be transformed to metabolites that escape further
processing and stays in the ocean for a long time, becoming refractory DOM1. Experimen-
tal work using metagenomics and molecular characterization of DOM demonstrated that only
~0.4% of phytoplankton-derived OM is funneled to a DOM fraction that resembles refractory
DOM from the deep ocean!'®. Despite its slow production rate, the long-term persistence
of refractory DOM in the ocean allows an accumulation over time. The modes of production
of RDOM is still an ongoing research area. Early studies demonstrated overall differences in
OM composition between oceanic and estuarine waters or at different water depths 36137 un-
derlying different sources and microbial degradation processes. But FT ICR MS also showed
that a large pool of marine DOM is indistinguishable in various and diverse samples38l. This
points to various modes of degradation and metabolic pathways leading to the formation of
a universal marine DOM background, regardless of the OM source %138 Studies proposed
that the diversification of bacterial exometabolomes from single carbon sources and the resem-

blance to marine DOM they observed could be at the source of refractory DOM in the ocean %,

Overall, marine DOM and microbial communities influence each other, and it is crucial
to highlight these relationships to understand and predict the roles of marine microbiomes in

shaping current and future biogeochemical cycles.
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1.3 Microbiomes of the Arctic Ocean

1.3.1 Setting the stage: the Arctic Ocean under change

The role of the physicochemical environment is central in shaping microbiome composi-
tion and function. The ecological set-up of a microbiome is therefore of utmost importance
to contextualize findings about its composition and function. Consequently, it is necessary
to gain knowledge of factors shaping the physicochemical and ecological environment of the
microbiomes we study. As this thesis focuses on microbiomes of the Arctic Ocean and what
ecologically important metabolic processes differentiate them from other oceans, we will briefly

introduce features that make the Arctic Ocean such a unique ocean.

Geography of the Arctic Ocean
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Figure 1.1: Geography of the Arctic Ocean
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The Arctic Ocean is an enclosed ocean with small openings connecting to other oceans
(Figure 1.1): the Bering Strait connects to the Pacific Ocean while channels of the Canadian
archipelago and Fram Strait connect to the North Atlantic Ocean. The Arctic Ocean is con-
stituted of large continental shelves surrounding four basins: the Canada Basin, the Makarov
Basin, the Amundsen Basin and the Nansen basin. Together the continental shelves represent
half of the total Arctic Ocean surface area and amount to a quarter of the World Ocean shelves
while the Arctic Ocean only represents 1% of the total World Ocean volume[¥. In addition,
with 11% of the world’s river discharge, the Arctic Ocean collects the highest load of fresh water

and associated terrestrial organic matter of any other oceans on a per volume basis!™!.
Oceanography of the Arctic Ocean and the Canada Basin

The Canada Basin is the largest of the Arctic basins and is bordered by broad and shallow
continental shelves (East Siberian and Chuckchi Sea shelves, Figure 1.1) to the west, narrow
continental shelf to the south (Beaufort Shelf) and by the Canadian archipelago to the east.
The Canada Basin is a highly stratified, oligotrophic ocean (Figure 1.2). The surface mixed
layer water (0-~50 m depth) is the freshest due to the influence of river runoff and ice melt

[142] The stratification arises from a strong halocline (gradient of salinity where

and thaw cycles
fresh water overlies more saline water, ~50-250 m). The Canada Basin halocline is formed by
an inflow of relatively fresh, nutrient-rich water from the Pacific through the Bering Strait that
sinks under the fresher surface mixed layer. The salinity allows us to distinguish water from
Pacific summer origin (32.3 PSU) and Pacific winter origin (33.1 PSU). Pacific waters mixing
with underlying Atlantic water forms the bottom of the halocline (34-34.4 PSU). Below the
halocline, we find the warmer and saline water of Atlantic origin, reaching the Canada Basin
via two pathways. Atlantic water transported through Fram Strait (first pathway) creates a
temperature maximum around 400 m and sits atop Atlantic water transported across and be-

[143

ing modified in the Barents Sea shelf (second pathway)M3l. Saltier deep Arctic water extends

below the Atlantic water up until the bottom.
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Figure 1.2: Vertical startification of the Arctic Ocean. From MacDonald et al.[144],

Seasonality in the Arctic Ocean

The Arctic Ocean is characterized by an intense seasonal forcing. In winter (September-
March), it is cold and dark due to an ice cover blocking most of the very short period of daylight
Figure 1.3. During spring and summer (March-September), the daylight period extends to cover
most of the day. In parallel, the whole Arctic region warms up and a portion of the ocean ice
cap melts away. This seasonal cycle has a profound effect on the life and carbon cycles in
the Arctic Ocean. In the Canada Basin, the very low availability of light in winter prevents
photosynthesis and hence primary production by phytoplankton . During the winter period,
the nutrients of the surface mixed layer is replenished through mixing with the deeper water

45 However, the stronger stratification of the Canada Basin strongly limits this nutri-

[146]

masses |
ent resupply "**. Ice melt in the spring coupled with light availability trigger big phytoplankton
blooms in the shelf areas™”. In the Canada Basin, these blooms are very limited due to the
scarcity of nutrients. The phytoplankton primary productivity in the Canada Basin is therefore
more restricted to the subsurface water layer (subsurface chlorophyll maximum), where an op-
timum of light and nutrients is found 8. The long winter period devoid of primary-produced
organic matter imposes a big strain on the survival of microbiomes. However, the effect of the

Arctic seasonality on the Arctic Ocean microbiomes is still poorly understood.
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Figure 1.3: Seasonal changes of environmental conditions in the Arctic Ocean. From Brown et al. [149]

The seasonal cycle also dictates the timing of terrestrial organic matter input to the Arctic
Ocean. As the drainage basin of the Arctic Ocean is twice its area, the spring freshet delivers
substantial amount of terrestrial organic matter and nutrients to the surface waters of the conti-

150] The labile fractions of this organic matter are modified in the surface during

nental shelves
the spring and summer, leaving more recalcitrant fractions. In the fall, brine derived from ice
formation, sinks and carry with it the recalcitrant fractions of terrestrial organic matter. Brine
flows off the shelf, also carrying sinking primary produced particulate matter and exchanging
organic matter with the shelf sediments and ends up in the halocline of the Arctic basins!®,
The halocline is therefore enriched with nutrients and more recalcitrant fractions of terrestri-
ally, sediment and primary-produced organic matter"*®51  Some studies have highlighted the
capacity to use tDOM in taxa from the Arctic Halocline®3. However, we still do notunderstand
the extent of this capacity in the Arctic Ocean microbiomes, and how it compares with other

regions with a weaker tDOM signature.
The Arctic Ocean under change

The Arctic is the region with the most prominent anthropogenic-fueled warming in the
world[52. In the Arctic Ocean, the most visible consequence is the loss of sea ice extent and
thickness. During the last half century, the September sea ice extent has decreased by 0.8
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153 with the largest sea ice minimum recorded in 2012.

million square kilometer per decadel
The loss of sea ice is the tip of the iceberg, as warming in the Arctic region has more profound
consequences. Globally, the extended light period associated with the decline of sea ice extent
has favored longer growth period for phytoplankton resulting in an increase of 30% in the pri-

154 However, the change in primary productivity

mary productivity between 1998 and 2012!
is highly heterogeneous throughout the Arctic due to large differences in the local availability
of nutrients. The highest increases were observed in the interior shelves (70-112% increase)
as nutrients are replenished by deep water upwelling™® and increasing freshwater inputs. In
contrast, the Canada Basin has seen a 79% and 29% decrease in nitrates and phosphates re-

146]  The increasing fresh water addition from sea-ice melt

spectively in the last three decades!
and riverine input, resulting in increased stratification, has led to the oligotrophication of the
Canada Basin by preventing nutrient resupply from deep waters. As stratification is expected to
increase in the Canada Basin['®!, but not in other regions of the Arctic Ocean!®® the Canada
Basin may be the only region of the Arctic Ocean showing a decreasing primary productivity
with the ongoing climate change. Warming of the Arctic region also has a profound impact on
the input of terrestrial organic matter to the Arctic Ocean. As temperatures rise, the volume of
freshwater input to the Arctic Ocean is increasing, carrying larger amounts of terrestrial organic

matter 150

The thawing of permafrost further enhances the mobilization of long-stored organic
matter that ends-up in the Arctic Ocean™!. The yearly discharge of organic matter from
terrestrial sources is therefore expected to increase significantly as the Arctic Ocean continues
to warm up ™. It is important to understand how these changes may affect the microbiomes

structure and function to predict the evolution of their impact on Arctic geochemical cycles.
Dissolved organic matter in the Arctic Ocean

The transformation of tDOM to refractory DOM could be strongly enhanced in the Arc-
tic Ocean due to its unique situation: the Arctic receives 11% of the total tDOM input but
represents only 1% of the total world ocean volume. In addition, half of the Arctic Ocean

[157) The concentrations of lignin phenols were estimated

is constituted of continental shelves
to be 10 times higher in the surface waters of the Arctic Ocean (360 ng/L) compared to the
Atlantic (36 ng/L) and Pacific oceans (25 ng/L) but similar in deep waters (60 ng/L in the
Arctic and Atlantic, 28 ng/L in the Pacific)® suggesting an important transformation of
lignin phenols in the Arctic Ocean. In addition, it has recently been shown that nutrients from

159 The resulting

riverine input and erosion sustain a third of the Arctic primary productivity!
synchronizing of tDOM input and primary productivity may therefore enhance the priming
effect to transform tDOM into refractory DOM in the Arctic Ocean. In the Canada Basin,
the use of EEM and PARAFAC demonstrated a disproportionately large FDOM maximum in
the halocline compared to other oceans, associated with organic matter from terrestrial ori-
gin[122160] " Tp addition, the importance of terrestrial FDOM fractions increased from 2007 to
2017, concurrently with sea-ice loss in the Canada Basin'®l. However, the details of tDOM
transformation by microbes in the Arctic Ocean remain vastly unexplored. It would be valuable
to determine if the Arctic Ocean microbiomes remineralize tDOM or transform it into refrac-
tory DOM.
18
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Figure 1.4: Schematics of the sources and sinks of carbon in the Arctic Ocean. From Anderson et al.[1%9]

1.3.2 The Arctic Ocean microbiome

Microbial communities seem to be adapted to Arctic conditions and show significant dif-
ferences in assemblage compared to lower latitudes oceans. Several studies have highlighted
marked differences in the composition of microbial communities between the Arctic Ocean and
other oceanic zones[6%7. Pedrés-Alié et al.['! explored the International Census of Marine
Microbes (ICoMM). On average, in temperate waters, for the most abundant groups they
found 50% of Alphaproteobacteria, 30% of Gammapreotebacteria, 10% of Bacteroidetes and
4% of Cyanobacteria. In the Arctic Ocean, Alphaproteobacteria were considerably less present
with 20%, on average, the same percentage as Gammaproteobacteria. These proportions were
however highly variable depending on the sampling site. This could be attributed to the fact
that Alphaproteobacteria are in general better adapted to the open ocean with more stable
conditions throughout the year while Gammaproteobacteria do better in seasonally ice-covered
ocean with strong variation in conditions. Betaproteobacteria were significantly more abundant
in the Arctic Ocean, reaching 8% for the inshore communities?. Betaproteobacteria are one
of the most prevalent group in freshwater system. The high amount of fresh water input to
the Arctic and the persistence of a surface layer with low salinity are probably responsible for

the persistence of Betaproteobacteria in the Arctic Ocean %%
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pearance of Betaproteobacteria with salinity increase from deltas to open ocean in temperate

1163 Bacteroidetes are also more prevalent in the Arctic Ocean (12 to 50%) compared

systems
with global average in temperate waters (4%). Higher percentage of Bacteroidetes in Southern
oceans (Antarctica) suggests this observation stems from adaptation to cold conditions but the

driving force behind it is still unknown.

Adaptations to conditions of the Arctic have also been shown in individual taxa. A study
identified taxa found only in the Arctic Ocean®!. Our lab showed the existence of SAR11
ecotypes whose global distribution was restricted to the Arctic Ocean™%. Another study at-
tributed the adaptation of some Chloroflexi taxa restricted to the Arctic Ocean to their capacity
to degrade terrestrial OM thanks to their unusually large number of aromatic compound degra-
dation genes'®l. The relatively fresh surface waters of the Arctic Ocean also explained the
presence of a previously undescribed Methylophilaceae clade that has undergone a freshwater
to marine transition®. Rapid adaptation mechanisms to stressor in the microbiomes of the
Arctic Ocean may also be different than in other oceans. Using metagenomes and metatran-
scriptomes, one study of the global ocean microbiome showed that the relative contribution
of gene expression changes to the metatranscriptome differences along environmental gradients
was lower in polar water than non-polar waters?”. This suggests that in polar zones, changes
in the community activity will be driven mainly by changes in community composition rather
than by gene regulation mechanisms. However, experiments also showed that Arctic Ocean
microbiomes prioritize functional restructuring over taxonomy following a rapid perturbations

in the composition of OM simulating a phytoplankton bloom 1.

1.3.3 Seasonality of the Arctic Ocean microbiome

Despite strong seasonal changes, microbial communities must somehow maintain their com-
position and function over the years to maintain the biogeochemical cycles in the Arctic. It is
therefore important to understand how microbial communities change through the seasons in
the Arctic. Practically, the complexity of sampling the Arctic Ocean water in winter (harsh con-
ditions, ice-covered water, etc.) has prevented extended investigations. However, a few studies
have attempted to highlight seasonal changes in the Arctic Ocean microbiomes structure and

1167 surprisingly did not notice significant differences of community

function. Kirchman et a
structure between the sites sampled in winter and those in summer (Beaufort sea, Chucki sea
and Franklin bay) using 16S rRNA sequencing. On the phylum levels, winter and summer com-
munities were highly similar, with the exception of higher abundance of non-Flavobacteria Bac-
teroidetes in winter. At lower phylogenetic levels, they observed some differences between sum-
mer and winter. Such as for the SAR11 clade for which only 25% of the ribotypes were common
to winter and summer samples, but ribotypes unique to each season were not abundant. Using
fluorescence in situ hybridization (FISH), Alonso-Saez et al. 1% showed significant differences in
composition during summer and winter. Archaea, in particularly Crenarchaea, were more abun-
dant in winter (up to 12% compared to 1-2% in high summer), while bacteria overly dominated

the communities in summer with all major phyla (Alphaproteobacteria, Gammaproteobacteria,
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Bacteroidetes) increasing in abundance. Similarly, autonomous sampling throughout the year

169 Interestingly

revealed a marked annual cycle in the microbial communities composition
a single ribotype of Betaproteobacteria (Janthinobacterium) was reported to bloom in winter
to reach 20% of the total community in the Admunsen gulfl™. This is even more surprising
considering the fact that Betaproteobacteria usually show low abundances in Arctic waters.
Han et al.'™ elucidated microbial community composition (using 16S tag sequencing) during
the ice melt in the Western Arctic. This allowed them to collect the surface water communities
along a gradient of ice coverage (or the equivalent of different stages of ice melting), and con-
sequently a gradient of salinity. They showed that Alphaproteobacteria abundances correlated
negatively while Flavobacteria correlated positively with salinity. They associated the change
of salinity with ice melt (salinity decreasing with decreasing ice cover/increasing ice melt), and
therefore ice melt as the driver of community composition change. Similarly, the presence of sea
ice dictates the composition of phytoplankton communities as well as free-living and particle-
attached microbial communities'™. The unique community composition of the Arctic Ocean
microbiomes suggests differences in the repertoire of functional genes and metabolic processes
of the Arctic Ocean microbiome compared to temperate oceans. However, despite the impor-
tance of the microbiome metabolism in Arctic geochemical cycles, we only possess very scarce
information on the metabolism of the Arctic Ocean microbiome, its phylogenetic diversity and

how it compares to the rest of the global ocean.

1.4 Objectives and structure of the thesis

This thesis work revolves around understanding the suite of metabolic processes that dis-
tinguish the Arctic Ocean microbiome from the microbiomes of the rest of the global ocean
and how they are linked to the composition of organic matter and the unique biogeochemical
situation of the Arctic Ocean. The few studies touching on the metabolism of the Arctic Ocean
microbiome have so far been limited to very particular processes and the eco-evolutionary his-
tory of the few taxa carrying them on. There is a lack of knowledge regarding the variety and
importance of the Arctic Ocean microbial metabolic processes. In addition, we poorly under-
stand how the metabolism of the Arctic Ocean microbiome distinguishes itself from the global
ocean and the potential consequences on the transformation and composition of the organic

matter in biogeochemical cycles.

This thesis aims at filling this knowledge gap by systematically exploring the metabolism
of the Arctic Ocean microbiomes and contrasting it with the global ocean to highlight what
distinguishes the Arctic Ocean within the global ocean. This work also seeks to link the dis-
tinguishable metabolic features of the Arctic Ocean microbiomes to the transformation and
composition of the dissolved organic matter. Finally, this thesis aims to uncover the ecologi-
cal importance of the microbial actors undertaking the metabolic processes distinguishing the

Arctic Ocean within the global ocean.
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In chapter 2, we demonstrated that metabolic pathways involved in the degradation of aro-
matic compounds are enriched in a subsurface layer characterized by the maximum of fluorescent
dissolved organic matter (FDOMmax). This FDOMmax corresponds to the accumulation of
terrestrial organic matter that has washed off to the Arctic Ocean. We confirmed that the ca-
pacity to degrade aromatic compounds in the Arctic Ocean microbiomes reveals their capacity
to process terrestrial organic matter by showing that the most abundant aromatic compound
degradation pathways targeted a variety of aromatic compounds typical of the local riverine
discharge. Finally, by reconstructing a set of 664 metagenome-assembled genomes (MAGs), we
discovered that the capacity to process aromatic compounds and terrestrial organic matter was
phylogenetically concentrated in Rhodospirillales, an Alphaproteobacteria group. We showed
that the distribution of most of these MAGs was restricted to the Arctic Ocean, and that they
were enriched in aromatic compound degradation genes compared to their most closely related
sisters from other oceans. These findings suggest a role for aromatic compound degradation for

the adaptation of Rhodospirillales in the Arctic Ocean.

In chapter 3, we investigated the metabolism of neutral lipids (NLs) in the Arctic Ocean
microbiomes. The accumulation of NLs is a ubiquitous way to store carbon in living organisms.
We demonstrated that the Arctic Ocean microbiomes invest a higher fraction of their gene pool
in the synthesis of NLs compared to other oceans. We highlighted the important contribution
of eukaryotic phytoplankton in the synthesis of NLs within the photic zone, but also uncov-
ered an unexpected diversity of bacterial taxa with the genomic capacity to synthesize NLs
throughout the water column. Within these taxa, the capacity to synthesize different NLs was
phylogenetically segregated and co-occurred with the metabolism of different carbon sources.
In addition, we showed that a significant part of the microbiomes can use NLs as a growth
substrate. These findings highlighted the importance of NLs in the Arctic Ocean and led us
to postulate that NLs of bacterial origin may support the food web during the winter polar night.

In chapter 4, we extended our study to the global ocean to systematically highlight all
the metabolic processes that distinguished the Arctic from other oceans. We confirmed and
strengthened findings of chapter 2 and 3. However, the chief discovery was the prevalence of
a suite of metabolic processes involved in cold adaptations mechanisms in the polar oceans’
photic zone, among which the biosynthesis of glycans (polysaccharides) was dominant. Eluci-
dation of the chemical composition of organic matter in the Arctic Ocean revealed a signature
of sugars and their transformations in the photic zone, as well as aromatic compounds in the
FDOMmax. Altogether, these results highlight the importance of terrestrial organic matter as
a growth resource for the microbiomes and geochemical cycles of the Arctic Ocean, and reveal

an unsuspected importance of glycans for the cold adaption of Arctic microbiomes.
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Chapter

Degradation pathways for aromatic compounds of terrestrial
origin are widespread and expressed in Arctic Ocean

microbiomes

2.1 Abstract

Background: The Arctic Ocean receives massive freshwater input and a correspondingly
large amount of humic-rich organic matter of terrestrial origin. Global warming, permafrost
melt, and a changing hydrological cycle will contribute to an intensification of terrestrial or-
ganic matter release to the Arctic Ocean. Although considered recalcitrant to degradation due
to complex aromatic structures, humic substances can serve as substrate for microbial growth in
terrestrial environments. However, the capacity of marine microbiomes to process aromatic-rich
humic substances, and how this processing may contribute to carbon and nutrient cycling in a
changing Arctic Ocean, is relatively unexplored. Here, we used a combination of metagenomics
and metatranscriptomics to assess the prevalence and diversity of metabolic pathways and bac-
terial taxa involved in aromatic compound degradation in the salinity-stratified summer waters

of the Canada Basin in the western Arctic Ocean.

Results: Community-scale meta-omics profiling revealed that 22 complete pathways for
processing aromatic compounds were present and expressed in the Canada Basin, including
those for aromatic ring fission and upstream funnelling pathways to access diverse aromatic
compounds of terrestrial origin. A phylogenetically diverse set of functional marker genes and
transcripts were associated with fluorescent dissolved organic matter, a component of which is
of terrestrial origin. Pathways were common throughout global ocean microbiomes, but were
more abundant in the Canada Basin. Genome-resolved analyses identified 12 clades of Al-
phaproteobacteria, including Rhodospirillales, as central contributors to aromatic compound
processing. These genomes were mostly restricted in their biogeographical distribution to the
Arctic Ocean, and were enriched in aromatic compound processing genes compared to their

closest relatives from other oceans.

Conclusion: Overall, the detection of a phylogenetically diverse set of genes and transcripts

implicated in aromatic compound processing supports the view that Arctic Ocean microbiomes
32



2.2 Introduction

have the capacity to metabolize humic substances of terrestrial origin. In addition, the demon-
stration that bacterial genomes replete with aromatic compound degradation genes exhibit a
limited distribution outside of the Arctic Ocean suggests that processing humic substances is
an adaptive trait of the Arctic Ocean microbiome. Future increases in terrestrial organic mat-
ter input to the Arctic Ocean may increase the prominence of aromatic compound processing

bacteria and their contribution to Arctic carbon and nutrient cycles.

2.2 Introduction

Humic substances (HS) are a heterogeneous mixture of organic compounds resulting from
biochemical transformations of dead plants and microbes. HS are ubiquitous in both terrestrial
and aquatic systems and constitute the largest fraction of organic matter (OM) in terrestrial
ecosystems | reaching 60-80% in soils!® and 50-80% in freshwaters!. The fraction of HS is
relatively high (20-60%) in shelves, coastal zones and estuaries® due to the input of terres-
trial OM (tOM) with freshwater runoff and exchange with sediments. HS constitute a smaller
fraction of dissolved OM (DOM) in the open ocean (0.7-2.4%). The lesser amount of HS in
the DOM of open oceans indicates that HS is removed by ocean microbiomes and additional

non-biological processes (™%,

The Arctic Ocean receives a disproportionately high input of freshwater (10% of total global
freshwater input for 1.3% of total ocean volume), and a correspondingly high tOM input (10%
of ocean total tOM input)®. Rivers annually discharge 25-36 Tg of dissolved organic carbon
and 12 Tg of particulate organic carbon to the Arctic Ocean'®!. Climate change is strongly
influencing the Arctic region, which in turn is influencing Arctic hydrology and organic mat-

s1213] - More specifically, permafrost thawing'¥, combined with intensifying river

ter dynamic
runoff !, coastal erosion*® and groundwater input"”, is driving an increase in the amount of
humic-rich DOM input into the Arctic Ocean. The humic-rich DOM consequently contributes

18] and

significantly to the carbon pool of the Arctic Ocean DOM compared to other oceans
potentially represents a significant and increasing growth resource for the Arctic Ocean micro-

biome.

The origins and distributions of tOM in the Canada Basin in the western Arctic Ocean
has been extensively studied, making it a useful system for investigating interactions between
tOM and ocean microbiomes. In spring and summer, humic-rich OM is transported by riverine
inputs to the surface mixed layer of the Arctic Ocean shelves®2% In shelf waters, tOM is
partially photodegraded?", while some flocculates upon mixing with salt water and sinks to
the sediments along with particulate OM™). In fall and winter, the tOM remaining in the
surface layer sinks with the dense brine expelled during ice-formation. This brine flows along
Chukchi Sea and Beaufort Sea shelves, exchanging organic matter with bottom sediments, ul-
timately accumulating in the deeper and more saline water of Pacific Ocean origin[1%22. The

interactions with shelf sediments and pore waters constitute a substantial source of tOM which
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may have been reprocessed by sediment microbiomes!?*!. It has been estimated that 11-44% of

24 As a consequence of the OM dynamics,

Arctic Ocean sediment OM is of terrestrial origin
the Canada Basin is characterized by a strong and distinctive signal of humic-rich DOM that

extends from the subsurface water to a depth of 300 m![2>26].

HS are heterogeneous supramolecular assemblies formed by microbial and physico-chemical
transformations?” of organic matter. In terrestrial systems, HS originate from vascular plant

28]

residues (lignin and other biopolymers) and other organic detritus'®®!, giving rise to HS rich in

aromatic moieties. In contrast, HS produced in marine environments have a strong aliphatic

2]

and branched structure In the Arctic Ocean however, HS are aromatic-rich due to their

terrestrial and sediment origin®”. HS usually show a high degree of recalcitrance that is de-

31, In soils, sorption of

pendent on their physicochemical interactions with the environment
HS to mineral particles drives a physical separation of HS from microbes and their enzymes,
preventing fast degradation of HSB%%!  Numerous studies have therefore demonstrated that

HS freed from their soil environment can be used to support microbial growth (7343,

The capacity of microbiomes to couple HS transformation to growth relies on the ability
to degrade aromatic compounds from HS. The degradation of aromatic compounds follows
two main steps. Funneling pathways transform (e.g. via oxidation, decarboxylation, and/or
demethylation) larger and more substituted aromatic compounds to a small set of key aromatic
compounds (e.g. gentisate, catechol, protocatechuate), which then undergo an aromatic ring-
fission step followed by further processing to generate central carbon metabolism intermediates.
In humic-rich environments such as soils, microbiomes use a wide variety of funneling pathways
to access the diverse set of lignin-derived aromatic compounds (e.g. vanillate, syringate, ben-

zoate and their derivatives) that have been incorporated in HS (6,

In soils, fungi degrade most of the humic substances®”. In the ocean, bacteria are considered

38]

the main actors in OM degradation®®, even if recent studies have highlighted an important role

for fungil®*4% for example in processing OM in marine snow ! or by parasitizing phytoplank-

ja2]

ton Certain bacteria inhabiting humic-rich environments can grow on HS as sole carbon

and energy sources, and are therefore are able to access aromatic compounds within HS 5834
Transcriptomic analysis from the humic acid-degrading bacterium Pseudomonas sp. isolated
from sub-arctic tundra soils showed that genes involved in the funneling and ring-opening steps
of aromatic compound degradation pathways were up-regulated when fed with humic acids

431 Recently it was shown that Chlorofleri genomes from the Canada

compared to glucose
Basin encoded a diverse set of genes associated with aromatic compound degradation*¥. The
Chlorofiexi populations appeared to be endemic to the Arctic Ocean and were associated with
the humic-rich fluorescence DOM maximum (FDOMmax). These observations suggest the
disproportionately high fraction and diversity of aromatic-rich HS in the Arctic Ocean DOM

compared to other oceans may select for a diverse HS-degrading microbiome.

The genomic diversity and metabolic pathways in the Arctic Ocean microbiomes can pro-
vide important insights regarding the fate of HS and its impact on Arctic Ocean biogeochemical
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cycles. However, outside of perhaps the Chloroflexi, we know very little about how phyloge-
netically widespread HS degradation is in the Arctic Ocean microbiomes, nor the diversity of
metabolic pathways employed by the Arctic Ocean microbiomes to process HS. We hypothesized
that the capacity for aromatic compound degradation was linked to the distribution of humic-
rich tOM and enhanced in the Arctic Ocean compared to other oceans with a lesser amount
of HS. Finally, we hypothesized that the vast amount of HS in the Arctic Ocean may have
played a role as an ecological pressure for the adaptive evolution of the taxa most implicated

in aromatic compound degradation.

2.3 Results

2.3.1 Environmental context

We surveyed the microbiomes along a latitudinal transect (73-81°N) of salinity-stratified
waters of the Canada Basin using a combination of metagenomics and metatranscriptomics
(Figure 2.1a-b). The sampling design targeted distinct water column features, including the
relatively fresh surface mixed layer (surface; 5 m and 20 m), the subsurface chlorophyll max-
imum (SCM; 55-95 m), the FDOMmax associated with colder Pacific-origin water (32.3 and
33.1 PSU; 90-250 m), the warmer Atlantic-origin water (Tmax and AW; 360-1000 m depth),
and Arctic bottom water (~3800 m). The warmer Atlantic-origin water and Arctic bottom

water are herein collectively referred to as deep waters.

We sought to determine the distribution and composition of OM in the Canada Basin,
with a focus on the distribution of tOM. Optical properties of the OM, such as fluorescence,
have previously been used to assess the composition of OM in the ocean, and differentiate
between terrestrial and marine OM sources >4, We used excitation emission matrix (EEC)
fluorescence spectroscopy combined with parallel factor analysis (PARAFAC) to determine the
distribution of fluorescent DOM components. In the Canada Basin, seven components (C1-C7)
were identified, as previously defined in DeFrancesco et al.?®). These components corresponded
to terrestrially derived humic-like DOM (C1 and C4), amino acid or protein material (C3 and
C6), or microbially-derived humic-like DOM (C2, C5 and C7) (Figure 2.1c). The aromatic-
rich C1 was the most abundant component within the FDOMmax samples (25-27 %), but also
in the whole water column below the surface (20-22% in the SCM and 21-23% in the deep),
verifying that a significant fraction of OM is of terrestrial origin. Of the terrestrial components,
C4 was the dominant component in the surface (19-30 %). The reduced contribution of C1 in
the surface is because C1 is more red-shifted than C4 indicating a stronger aromatic character
and thus enhanced photosensitivity. Overall, these results indicate a strong contribution of a
photostable fraction from terrestrial origin in the FDOM of the surface and an aromatic-rich

fraction from terrestrial origin in the FDOM of the whole water column below the surface.
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Figure 2.1: Spatial biogeochemistry of the Canada Basin. a) Map of the 8 stations sampled in this study.
b) depth profile of Salinity (PSU), temperature (°C), fluorescent dissolved organic matter (FDOM, mg/m?),
and chlorophyll fluorescence (mg/m?3) at the 8 stations sampled in this study. c) Percentage of the 7 FDOM
fractions identified using excitation emission matriz fluorescence spectroscopy combined with parallel factor
analysis. Samples are grouped in 4 samples water features: Surface, subsurface chlorophyll maximum (SCM)
fluorescent dissolved organic matter mazimum (FDOMmax) and deep waters.

2.3.2 Vertical-partitioning of metabolic features in metagenomes and meta-

transcriptomes

We investigated the abundance and distribution of aromatic compound degradation path-
ways in the Canada Basin microbiomes in relation to tOM availability. To investigate how the
metabolic system of microbiomes was distributed across the Canada Basin, we first performed
nonmetric multidimensional scaling (NMDS) analysis on the abundance of enzyme-encoding
genes (genes assigned to enzyme commission (EC) numbers) annotated from metagenome or
metatranscriptome assemblies. NMDS ordination showed that metagenomes (stress=0.11) were
partitioned into four clusters consisting of samples collected from either the surface, the SCM,
FDOMmax, or deep water (Figure 2.2a). A similar pattern was observed in the NMDS ordi-
nation of metatranscriptomes (stress=0.0503), although the variation between samples from
within the same water column feature was higher than observed in metagenomes (Figure
2.2b). In addition, there was less separation between the samples from the FDOMmax and
from deeper Atlantic-origin waters in the ordination based on metatranscriptomes compared to
metagenomes.
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Figure 2.2: Identification of the microbial enzymatic reactions associated with the J water column features.
Non metric multidimensional scaling of the matrices of enzymatic reactions abundances from a) metagenomes
and b) metatranscriptomes. c¢,d) Distribution of gene indices calculated for the enzymatic reactions from c)
metagenomes and d) metatranscriptomes in the 4 water features. Blue/green: distribution for enzymatic re-
actions tnvolved in the degradation of aromatic compounds from metagenomes (blue) and metatranscriptomes
(green); grey: distribution for all enzymatic reactions not involved in the degradation of aromatic compounds.

We next determined which enzymatic reactions differentiated the metagenomes across the
stratified water column using non-negative matrix factorization (NMF), which is a tool for ex-
tracting meaningful features from high dimensional datal*”. In our analyses, NMF decomposes
the matrix of EC number abundances into two matrices. Matrix 1 presents a reduced num-
ber of elements that describe the overall similarities of the metagenomes based on EC number
composition, while matrix 2 presents the weighted contribution of individual EC numbers on
each of the elements in matrix 1. We determined that a decomposition with four elements best
represented the overall enzyme composition of metagenomes (Figure 2.3). The four elements,
herein referred to as sub-metagenomes (Figure 2.4), represented the same patterns as observed
in the NMDS ordination, corresponding to the surface, SCM, FDOMmax, and deep waters
(Figure 2.2a).
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Figure 2.3: Estimation of the rank for the NMF analysis of the EC abundance matrices annotated from
metagenomes (top panels) and metatranscriptomes (bottom panels). Left panels: evolution of various parameters
as a function of the rank used in the NMF analysis. Cophenetic correlation represents the correlation between
the sample distances from the consensus matriz and the cophenetic distance between these samples when they are
clustered. The rss is the residual sum of squares between the original EC abundance matrix and its estimate using
the NMF algorithm. The dispersion is defined as 1-rss/%; j(Vi;)? (Vi,j are the entries of the EC abundance
matriz) and estimates the fraction of variance of the EC abundance matriz explained by the NMF results.
Residuals is the sum of residuals between the original EC abundance matriz and the matriz estimated using the
NMF. Right panels: consensus matrices based on clustering the coefficient matrices at each of the 100 runs of
the NMF analysis. The heatmap represents the fraction of times 2 samples fall in the same clusters out of 100
TUNS.

We then assessed which EC numbers were strongly associated with each of the four sub-
metagenomes by calculating an EC index value. This EC index value quantifies the tendency
of an EC number to be specific to a single sub-metagenome (EC index values range between
-1 and 1). The distribution of EC indices was plotted for each of the four sub-metagenomes.
Overall, the means of the EC indices associated with aromatic compound degradation and
other metabolic pathways in the four water column features were significantly different (PER-
MANOVA, F=89.8, p<0.0001). Each sub-metagenome has a collection of EC numbers with
relatively high indices (>0.5) (Figure 2.2¢). However, the most striking observation was that EC
numbers involved in aromatic compound degradation were predominantly associated with the
FDOMmax sub-metagenome, as demonstrated by the higher index values for EC numbers from

aromatic compound degradation pathways than from other metabolic pathways in the FDOM-
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max (Student t-test, t=13.26, p<0.0001). The EC indices for aromatic compound degradation
genes were smaller than the EC indices associated with other metabolic processes in the surface
(Student t-test, t=8.89, p<0.0001) and not significantly different for the SCM (Student t-test,
t=0.369, p=0.414) and the deep (Student t-test, t=0.56, p=0.545) sub-metagenomes.
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Figure 2.4: Heatmaps of the basis matriz (left) and coefficient matriz (right) obtained
after running an NMF analysis on the EC abundance matriz annotated from metagenomes
and using a rank value of 4.

We performed a similar NMF analysis on EC numbers in the metatranscriptomes (Figure
2.3). Similar with the NMF analysis of metagenomes, decomposition resulted in four elements,
herein referred to as sub-metatranscriptomes (Figure 2.3), corresponding to the surface, SCM,
FDOMmax, and deep waters (Figure 2.5). For the sub-metatranscriptomes, the means of the
EC indices from aromatic compound degradation and from other metabolic pathways in the
four water column features were significantly different (PERMANOVA, F=121, p<0.0001).
For the sub-metatranscriptomes, however, we observed higher indices for the EC numbers
from aromatic compound degradation than for EC numbers from other metabolic processes
in the SCM (Student t-test, t=0.0218, p<0.0001), the FDOMmax (Student t-test, t=0.0444,
p<0.0001) and the deep waters (Student t-test, t=0.0611, p<0.0001) (Figure 2.2d).
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Figure 2.5: Heatmaps of the basis matriz (left) and coefficient matriz (right) obtained
after running an NMF analysis on the EC abundance matrix annotated from metatran-
scriptomes and using a rank value of 4.

2.3.3 Aromatic compound degradation genes in global ocean metagenomes

As the humic-rich OM input to the Arctic Ocean is disproportionately high compared to
other oceans, we investigated if genes associated with aromatic compound degradation were
more abundant in the Canada Basin metagenomes compared to other oceanic metagenomes.
As terrestrial OM is a significant contributor of HS to the Arctic Ocean, we restricted our
analysis to genes involved in processing aromatic compounds of terrestrial origin. We focused
the analysis on a set of 46 pathways previously implicated in degrading aromatic compounds
from lignin (Figure 2.6a). We compared the relative abundance of aromatic compound degra-
dation genes between metagenomes of the Canada Basin water features (surface, SCM, FDOM-
max, deep) and metagenomes from both the surface and subsurface waters (SCM, mesopelagic,
bathypelagic ) of the Atlantic, Pacific, Indian and Southern Oceans as well as the Mediter-
ranean Sea and Red Sea (Figure 2.6b). The Canada Basin FDOMmax metagenomes contained
the highest fraction of aromatic compound degradation genes (3.4%). Aromatic compound
degradation genes were identified in other oceanic metagenomes (1.5-2.5 % of total protein-
coding genes) and the relative abundance of aromatic compound degradation genes increased
with water depth. Overall, the mean percentage of aromatic compound degradation genes
in the water column features of the Canada Basin were significantly different than in other
oceans (PERMANOVA, F=27.8, p<0.0001). Specifically, the relative abundance was consis-
tently higher (1.3-1.7 fold) in the microbiomes of the Canada Basin upper water column features

compared to microbiomes from other oceanic zones (Student t-test: surface/surface, t=0.58,
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p=0.0013; SCM/SCM, t=0.92, p=0.0001; FDOMmax/mesopelagic, t=0.81, p=0.0001) (Figure
2.6¢). However, we did not observe significant differences between the percentage of aromatic
compound degradation genes of Arctic deep-water microbiomes and the microbiomes of other
oceans deep waters (Student t-test, t=0.20, p=0.490) (Figure 2.6¢).
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Figure 2.6: a) Diagram of the 46 funneling and ring-opening pathways involved in the degradation of lignin-
derived aromatic compounds. b) Map of the metagenomic samples used to compare the capacity to degrade
aromatic compounds in the Arctic Ocean (blue) compared to other seas and oceans (orange). c¢) Fraction of
metabolic genes involved in the degradation of aromatic compounds in the Arctic Ocean (blue) and other seas
and oceans (orange). The line in the box represents the median. The left and right hinges of the box represent
the 25" and 75" percentiles. Whiskers extend to the smallest and largest values (no further than 1.5 the
inter-quartile range).

2.3.4 Distribution of aromatic compound degradation genes and pathways

in metagenomes and metatranscriptomes

To elucidate the diversity of aromatic compounds that the Arctic Ocean microbiomes can ac-
cess as growth substrates, we assessed the diversity and the completeness of aromatic compound
degradation pathways in Canada Basin metagenomes. We found evidence for the presence of

44 of the 46 aromatic compound degradation pathways in the metagenomes (Figure 2.7). A
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complete set of genes were identified for over half of these pathways in the metagenomes, ir-
respective of the water column feature (Figure 2.7). Evidence for the 44 pathways was also
identified in the metatranscriptomes, including expression of the full complement of genes for
22 pathways (Figure 2.7).
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Figure 2.7: Lignin-derived aromatic compound degradation pathways completeness in the 4 water features
(surface, SCM, FDOMmaz, deep) for metagenomes (left) and metatranscriptomes (right).
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To measure the distribution of the aromatic compound degradation pathways through
the water column, we used a selection of 39 unique marker genes for the 46 aromatic com-
pound degradation pathways. To provide a measure of pathway abundance and expression, we
summed the depth of coverage of each marker gene or transcript and corrected for differences
in metagenome sequencing effort (Figure 2.8). Out of the 39 unique marker genes, 32 were
detected in the Canada Basin metagenomes (Figure 2.8a, Figure 2.9). Generally, the most
abundant genes were also most abundant in the metatranscriptomes (Figure 2.8a-b, Figure 2.9,
Figure 2.10). Most of the marker genes were most abundant in the FDOMmax, yet were most

highly expressed in deep waters. (Figure 2.8a-b).

Vanillate monooxygenase (K03862) was the most abundant marker gene within all wa-
ter column features (20 copies/10° reads in the FDOMmax) for pathways degrading aro-
matic compounds from terrestrial sources, while 3-O-methylgallate 3,4-dioxygenase (K15065)
showed a lower abundance (8 copies/10° reads in the FDOMmax). While vanillate monooxy-

genase was more abundant in the metatranscriptomes of the FDOMmax, 3-O-methylgallate
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Figure 2.8: Distribution and taxonomy of marker genes involved in the degradation of aromatic compounds in
the Arctic Ocean. a) normalized abundance of genes annotated with KEGG orthology numbers (KOs) marker
of aromatic degradation pathways in the 4 different water features. b) normalized abundance of transcripts
annotated with KEGG orthology numbers marker of aromatic degradation pathways in the 4 different water
features. c¢) estimated fraction of the microbiomes harboring genes annotated with KOs marker of aromatic
degradation pathways in the 4 different water features. The line in boxes represents the medians. The bottom
and upper hinges of the box represent the 25" and 75" percentiles. Whiskers extend to the smallest and largest
values (no further than 1.5 x the inter-quartile range). d) tazonomy of genes annotated with KOs marker of
aromatic degradation pathways in the 4 different water features. Numbers within pie charts represent the number
of gene clusters (clustered at 95% identity) identified in each water feature. Red: surface samples; yellow: SCM
samples; blue: FDOMmax samples; black: deep samples.
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3,4-dioxygenase was more abundant in the metatranscriptomes of the deep layers. Both ring
fission protocatechuate dioxygenases (K00449 and K04101) were abundant in metagenomes (8
and 6 copies/10° reads in the FDOMmax) and metatranscriptomes (2.5 and 7.5 copies/10°
reads in the FDOMmax). Overall, these results show that the Canada Basin microbiomes can
fully transform aromatic compounds from terrestrial sources into central carbon metabolism

intermediates, with an enhanced capacity in the FDOMmax.

20

é {l rH £ Surtace
scM

[ FDOMmax

B B3 Deep

KO abundance ( copies/10° reads )

Figure 2.9: Normalized abundance per water column feature of KO numbers markers
of aromatic compounds degradation pathways annotated from metagenomes and b) meta-
transcriptomes. c) Estimated fraction of the microbiome harboring genes annotated with
KO marker of aromatic compounds degradation patwhays.
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Figure 2.10: Normalized abundance per water column feature of KO numbers markers
of aromatic compounds degradation pathways annotated from metatranscriptomes.

A number of aromatic compounds (e.g. salicylate, 3-hydroxycinnamate or benzoate) can
originate from lignin as well as other sources such as marine phytoplankton. Within the path-
ways involved in the degradation of aromatic compounds from possible marine or terrestrial ori-
gin, benzoate CoA-ligase (K04110), salicylate monooxygenase (K00480) and 3-hydroxycinnamate
hydroxylase (K05712) were the most abundant in metagenomes (20, 24 and 17 copies/10°

reads respectively) but not in metatranscriptomes (7.5, 5 and 2 copies/106 reads). The most
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common funneling pathway for benzoate was through benzoyl-CoA as evidenced by the lower
abundance of genes (5 copies/10° reads) and transcripts (2 copies/10° reads) encoding ben-
zoate 1,2-dioxygenase (K05549) compared to benzoate CoA-ligase. Accordingly, the ring-
fission benzoyl-CoA 2,3-epoxidase (K15512) was significantly more abundant (22 copies/10°
reads) than the ring-fission marker genes catechol 1,2-dioxygenase (K03381) and catechol 2,3-
dioxygenase (K00446) (3 and 7 copies/10° reads in the deep and SCM respectively). However,
both benzoyl-CoA 2,3-epoxidase and catechol 2,3-dioxygenase were among the most abundant
genes in the metatranscriptomes (20 copies/10° reads), but with maximum abundance in the
SCM and the deep, respectively (Figure 2.8b). Of the ring-fission pathway marker genes, gen-
tisate 1,2-dioxygenase (K00450) was one of the most abundant in metagenomes (15 copies/10°
reads in the FDOMmax) and metatranscriptomes (20 copies/10° reads in the deep).

2.3.5 Taxonomic identity of aromatic compound degradation genes and their

distribution across the microbiomes

We estimated the fraction of bacterial genomes harboring each marker gene by comparing
the total number of gene variants for select aromatic compound degradation pathway markers to
the number of the single copy universally-distributed recA genes (Figure 2.8¢c, Figure 2.11). The
estimated fraction of bacterial genomes with aromatic compound degradation genes increased
with depth, reaching a maximum in the FDOMmax (8-75%, Figure 2.8¢) and then decreased
in the deep water (5-25%). The genes present in the highest fraction of bacterial genomes were
involved in the degradation of benzoate through benzoyl-CoA (50% for K04110 and 45% for
K15521 in the FDOMmax), gentisate (65% for K00450 in the FDOMmax), vanillate (75% for
K03862 in the FDOMmax), salicylate and 3-hydroxycinnamate (45% for K00480 and 40% for
K05712 in the SCM) (Figure 2.11). These numbers may be overestimated as they assume only

a single gene copy per genome, whereas multiple paralogs may be present in a single genome.
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Figure 2.11: Estimated fraction of the microbiome harboring genes annotated with KO
marker of aromatic compounds.

Taxonomic analysis of aromatic compound degradation marker genes revealed that the num-

ber of gene clusters generally increased continuously with depth (Figure 2.8d). Surface gene
45



2.3 Results

clusters were predominantly affiliated with Rhodobacterales (more than 50% of the gene clus-
ters for K03381, K00446, K00481 and K03862) and unclassified Alphaproteobacteria (up to
50% for K15065 gene clusters), with a significant contribution from Gammaproteobacteria for
K05549 (40%) and K15065 (25%) (Figure 2.8d). In the SCM and FDOMmax, unclassified Al-
phaproteobacteria dominated the taxonomic affiliations of aromatic compound degradation gene
clusters (10-55%) and Rhodospirillales contributed significantly to all gene clusters (10-30%),
except for genes involved in the degradation of methylgallate (K15065), which was primarily
encoded by Chloroflexi (30% in the FDOMmax) (Figure 2.8d). We generally observed more
gene clusters in the deep than in the FDOMmax (Figure 2.8d), while these genes were present
in a smaller fraction of the deep communities than the FDOMmax communities (Figure 2.8¢c),
suggesting a broader phylogenetic diversity of aromatic compound degradation genes in the
deep than in the FDOMmax. This is supported by the large contribution of other taxa (taxa
contributing individually to <5%) in the deep microbiomes. The contribution of taxa such
as Rhodospirillales and Rhodobacterales may be underestimated due to the large fraction of

Alphaproteobacteria genes that could only be assigned at the class level.

2.3.6 Aromatic compound degradation pathways captured in metagenome

assembled genomes

We reconstructed metagenome-assembled genomes (MAGs) from our metagenomic data.
We performed metagenomic binning of each of the 22 metagenome assemblies individually to
reconstruct a total of 1,772 MAGs. After filtering for genomes with greater than 30% com-
pleteness and less than 10% contamination, 823 genomes remained (Figure 2.12). Thirty-one
of the 32 marker genes involved in aromatic compound degradation pathways were identified
(only dihydroxyphenylacetate 2,3-dioxygenase — K00455 was not detected) across 59% (482 of
823) of the MAGs (Figure 2.13 and 2.14). The highest percentage of MAGs harboring aromatic
compound degradation genes was in the FDOMmax (64%) and SCM (67%), and the lowest
percentage in the surface (47%) and deep waters (54%). In general, the taxonomic diversity
of MAGs increased with depth. Marker genes were identified in a broad taxonomic diversity
of MAGs, including Alphaproteobacteria, Gammaproteobacteria, and Dehalococcoidiia, among
others (Figure 2.13). Alphaproteobacteria were common in the SCM and FDOMmax, while

Gammaproteobacteria were common in the surface.

To investigate the ecology of bacterial taxa most implicated in the degradation of aromatic
compounds, we further examined MAGs with complete or near-complete aromatic compound
degradation pathways. We selected 46 MAGs most enriched in near-complete aromatic com-
pound degradation pathways (see methods, Figure 2.14). Of the 46 MAGs, 24 were recovered
from metagenomes originating from the FDOMmax and 16 from the SCM layers. 38 of the
MAGs were assigned to Alphaproteobacteria (Figure 2.15), 3 MAGs belonged to the Dehalococ-
coida, 4 MAGs to the Gammaprot