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RESUME

L'objectif principal de cette thése est de caractériser les interactions entre la composition chimique
et la structure des communautés microbiennes dans un manteau neigeux arctique. Une attention
toute particuliere est portée au mercure, un polluant fortement toxique des régions polaires, dont le

cycle biogéochimique complexe est encore mal connu.

Avant toute chose, les fractions biotiques et abiotiques d’'un manteau neigeux saisonnier doivent
étre caractérisées. A partir d’échantillons de neige et d’eau de fonte prélevés au cours d'une étude
de deux mois en 2007 a Ny-Alesund (Svalbard, Norvége, 78°56'N, 11°52'E), nous avons montré que la
diversité des séquences est élevée et que des especes communes existent entre les différents
environnements de la cryosphere. Dans ce manteau neigeux, nous avons également examiné le
devenir du mercure, depuis son dép6t au cours des phénomeénes de déplétions (atmospheric
mercury depletion events, AMDEs) jusqu'a son transfert lors de la fonte des neiges, et nous avons
constaté une augmentation des concentrations de méthylmercure dans le manteau neigeux a la fin
du printemps. Les résultats de cette campagne ont souligné la nécessité d'améliorer nos
connaissances sur la spéciation du mercure et ont conduit a I'élaboration d'un biocapteur mer-lux
pour mesurer la fraction biodisponible de mercure, déployé lors d’'une seconde campagne de deux
mois au printemps 2008. Les résultats obtenus nous ont conduit a proposer un nouveau mécanisme
de méthylation du mercure dans des environnements oxiques. En parallele a I'analyse chimique,
nous avons suivi les changements dans la structure des communautés microbiennes présentes dans
les échantillons de neige et d'eau de fonte, en utilisant une puce a ADN. Une analyse statistique
montre une évolution rapide et conjointe des parametres chimiques et microbiologiques. Nous avons
enfin exploré I'effet de la contamination au mercure sur la fonction de la communauté et démontré
que le méthylmercure affecte la structure des communautés ainsi que sa fonction a des
concentrations beaucoup plus faibles que précédemment rapportées. Bien que nos résultats soient
spécifiques a une saison d’échantillonnage et ne peuvent étre extrapolés a d'autres environnements,
ils fournissent une base pour de nouvelles études sur l'interaction entre la composition chimique, la

présence de contaminants anthropiques et la structure des communautés microbiennes.



ABSTRACT

The main objective of this thesis is to characterize the interactions between seasonal snow chemistry
and microbial community structure in an arctic snowpack. However, in order to do so, the biotic and
abiotic compartments of the snowpack must be first characterized. From snow and meltwater
samples obtained during a two-month field study held in Ny-Alesund (Svalbard, Norway, 78°56'N,
11°52'E) in 2007, we showed that the sequence diversity in arctic snow and meltwater libraries is
elevated and that common species exist among different cryosphere environments. We also
examined the fate of Hg in an arctic snowpack, from its deposition during atmospheric mercury
depletion events (AMDEs) up until its transfer during snow melt and reported an increase in
methylmercury concentrations in the snowpack during late spring. The results from this campaign
highlighted the need to improve our knowledge on mercury speciation and led to the development
of a mer-lux biosensor to measure the bioavailable fraction of mercury. We deployed the biosensor
during a second two-month field campaign in Ny-Alesund in spring 2008 and the results obtained led
to a novel model for mercury methylation in oxic environments. In parallel to the chemical analyzes,
we followed changes in microbial community structure in snow and meltwater samples using a 16S
microarray. We modeled the interactions between snow chemistry and community structure and
found a significant co-structure. We also explored functional community changes due to mercury
contamination of snowpacks. Based on our results, methylmercury affects community structure and
function at concentrations much lower than previously reported. While our results are specific to one
particular field season and may not be extrapolated to other environments, they provide a basis for

further studies on the interaction between chemistry and microbial community structure.
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INTRODUCTION

The Arctic environment is undergoing changes due to climate shifts, long-range transportation of
contaminants and increased human activity.The Arctic is polluted by industrial processes as
recognized several decades ago, with observations by Aboriginals in the 1970s that visibility had been
reduced (Schindler and Smol 2006). This observation served in part as a major impetus for funding
Arctic research in Canada and highlighted the role of atmospheric transport in contaminating isolated

environments with few local point sources of pollution.

A major component of the Arctic is seasonal snow. Snowpacks store nutrients, particles,
contaminants, and microorganisms and are involved in the chemical cycling of trace gases and
pollutants such as mercury. Seasonal snow has been shown to be a dynamic system that interacts
with different environmental compartments such as the atmosphere, soil and aquatic systems. The
concept of snow as a functional ecosystem able to sustain microorganisms is relatively new. The
exploration of the cryobiosphere, the frozen part of the Earth in which organisms exist, has led to the
discovery of diverse microbial communities that appear to be adapted to cold environments and are
able to modify chemical processes. However, detailed knowledge about the interactions between the
chemical composition of snow and microbial populations, especially in terms of contaminant cycling,
is lacking. An overview of current research on snowpacks, polar-region bacteria and mercury is

presented in Section | (Chapter 1) of this thesis.

The main objective of this thesis is to characterize the interactions between seasonal snow chemistry
and microbial community structure in an Arctic snowpack. Among the different chemicals, we
focused on mercury cycling in Arctic ecosystems, with emphasis on microbial transformations and
metabolism. Mercury is one of the highest-profile metal contamination issues of recent decades for
the Arctic and an estimated 200-300t are transported each year from various human (anthropogenic)
and natural sources. Once deposited, it can undergo a variety of transformations that are biotically
and abiotically mediated before contaminating the food chain. Snowpacks have been shown to be
involved in mercury cycling and may impact its fate in Arctic systems. However, in order to elucidate
potential interactions between biotic and abiotic compartments, the snowpack must be first

characterized in terms of both its chemistry and microbial community structure.

In Section Il of this thesis, the results of an initial field campaign held in spring 2007 in Ny-Alesund,
Norway are presented. In the first chapter of this section (Chapter 2), patterns of bacterial diversity,
based on 16S ribosomal RNA-encoding gene clone libraries, are presented and the snow and

meltwater clone libraries are compared using different statistical analyses. In the second chapter



(Chapter 3), the fate of mercury was examined in surface samples from an Arctic snowpack from its
deposition during atmospheric mercury depletion events (AMDEs) up until its transfer during snow

melt.

Based on the results presented in Section Il, the necessity to improve current knowledge on mercury
speciation in Arctic snowpacks was highlighted especially in terms of the bioavailable fraction, which
is critical in determining potential ecotoxicological effects. In addition, the need for a more detailed
chemical characterization of the snow was recognized. Section Ill contains two chapters that present
data from a field campaign held in spring 2008 in Ny-Alesund, Norway. The first chapter (Chapter 4)
describes the development of a molecular tool able to quantify the bioavailable mercury fraction in
environmental samples and the results obtained after its deployment in the field. The second chapter

(Chapter 5) details the dynamics of snowpack chemistry from early spring up until snowmelt.

Section IV explores the relationships between snow/meltwater chemistry and microbial community
structure. In the first chapter of this section (Chapter 6), changes in community population dynamics
were evaluated in snow samples using 16S microarrays and linked to chemical parameters using
multivariate statistical analyses. Changes in functional community structure due to mercury stress
were also evaluated using Q-PCR. The second chapter (Chapter 7) further explores community

function by looking at gene distributions within snow communities using a pyrosequencing approach.

Finally, Section V is a general conclusion of the results presented in this thesis and future research

perspectives.



CHAPTER 1: GENERAL INTRODUCTION

1. AN INTRODUCTION TO THE ARCTIC

A large portion of the Earth is cold: about 14% of the biosphere is polar and 90% (by volume) is cold
ocean (less than 5°C). About two thirds of global freshwater is contained in ice and roughly 20% of
the soil ecosystem exists as permafrost (Priscu and Christner 2004). The Arctic is an important part of
the cryosphere, which can be defined as the portion of the Earth where water is in solid form (Miteva
2008). Four million human residents of which approximately 10% are indigenous peoples inhabit
many communities in 8 countries: Canada, the Kingdom of Denmark (including Greenland and the
Faroe Islands), Finland, Iceland, Norway, Russia, Sweden, and the United States of America (Alaska)
(AMAP 2009). The Arctic is a vast circumpolar area consisting mainly of seasonally ice-covered ocean
surrounded by continental land masses and islands (Figure 1). It lies above 60°N and is characterized

by a harsh climate, unique ecosystems and highly resilient biota (AMAP 2009).

Figure 1: The Arctic (image modified from AMAP).

An important feature of the Arctic is seasonal snow-cover, which extends over a third of the Earth’s
land surface, covering up to 47 million km? (Hinkler et al. 2008). It can be considered as a dynamic
habitat of limited duration (Jones 1999). Snow cover influences global energy and moisture budgets,
thereby impacting climate (Hinkler et al. 2008). It is also be considered as a medium and a mediator
that transmits and modifies interactions among microorganisms, plants, animals, nutrients, the

atmosphere and soil (Pomeroy 2001). The influence of seasonal snow cover on soil temperature, soil



freeze-thaw processes, and permafrost has considerable impact on carbon exchange between the
atmosphere and the ground and on the hydrological cycle in cold regions (Zhang 2005). Snow cover
acts as both an energy bank by storing and releasing energy and a radiation shield due to its high
radiative properties that reflect as much as 80-90% of the incoming radiation for fresh snow (Hinkler
et al. 2008). This high surface albedo reduces absorbed solar energy and lowers snow surface

temperature (Zhang 2005).

Snow, a porous media with elevated air content (Pomeroy 2001), also has a high latent heat of
fusion and acts as a heat sink as well as a ground insulator, since heat transfer is poor (Hinkler et al.
2008). The extent and thickness of snow cover impacts subsurface soil temperature and soil
metabolic activity (Larsen 2007) and its insulating properties protect soil surface organisms, such as
vegetation, invertebrates and mammals against frost damage (Hinkler et al. 2008). Furthermore,
snow acts as a reservoir and as a transport medium for liquid water that moves as a particulate flux
and can be relocated by wind (Pomeroy 2001). Physical metamorphism, phase changes and chemical
transformations, which are modulated by interactions with the atmosphere and soil systems, control
both the dynamics and the duration of the snow cover (Jones 2001). Thus snow cover is an important

factor in the functioning of the Arctic, and by extension, the global ecosystem.

2. THE CRYOSPHERE - A FUNCTIONAL ECOSYSTEM?

I. A BRIEF OVERVIEW OF SNOW STRUCTURE AND ITS FORMATION

Snow is formed in the atmosphere and consists of particles of ice that form in clouds. These crystals
grow by vapor deposition and require atmospheric temperatures below 0°C and the presence of
supercooled water (Libbrecht 2005). Because ice formation is not spontaneous at temperatures > -
40°C, ice nucleation occurs mainly in the presence of substrates that act as catalysts. These
substrates include dust, seasalt particles, sulfate, combustion products from industrial plants,
volcanoes, forests and bacteria (Kuhn 2001; Pomeroy 2001). A recent report by Christner et al. (2008)
found that biological particles such as proteins or proteinaceous compounds play a significant role in
the initiation of ice formation, especially when cloud temperatures are warm. Once deposited, the
snow cover forms as a result of snow crystal binding (Jordan 2008). Snow crystals are subject to
temperature gradients that generate water vapor fluxes between crystals. This results in the
sublimation of parts of crystals and condensation on other parts, thus changing crystal size and
shape, and altering the physical properties of the snowpack. With each snowfall, the cover changes
and the new layer may possess different properties than the preceding layer (Colbeck 1991). As snow

ages, its physical properties, such as density, porosity, heat conductivity, hardness, specific surface



area and albedo, evolve in response to thermodynamic stress and weather conditions (Jordan 2008).
Therefore, the composition of layered snow cover and ongoing changes in each of the layers’
properties are not only due to the circumstances of formation, but also to changing conditions over

time.

II.  SNOW CHEMISTRY AND IMPURITY CYCLING

A) DEPOSITION AND INCORPORATION OF IMPURITIES WITHIN SNOWPACKS

The snowpack is a receptor surface and storage compartment for nutrients, soluble inorganic or
organic matter and contaminants that may or may not be attached to insoluble particles that are
delivered by wet and dry deposition (reviewed by (Kuhn 2001; Daly and Wania 2004). Their
distribution within the snow is heterogeneous (Hodson et al. 2008) and depends upon different
physical processes such as atmospheric loading, wind speed, and snow metamorphism (reviewed by
Kuhn 2001). Nutrients exist in the atmosphere as trace gases such as SO,, CO,, NOy, N,0 or HNO; and
as aerosols such as pollen, sea salt particles, mineral dust and sulfates (reviewed by Kuhn 2001).
Nutrients and contaminants can be delivered to the snowpack through wet and dry deposition
(Figure 2). Wet deposition occurs when atmospheric components are scavenged and incorporated
into growing or falling snow/rain as condensation or freezing nuclei, by either the impaction of
particles, the solution of gases or by the collision of supercooled droplets with snow crystals (Kuhn
2001). Condensation or evaporation can alter the concentrations, resulting in the highly variable

composition of individual snow crystals.

diffusive gas
exchange

Snow | | O —degradalion—»‘,_’r-;

dissolution «papticle flush”
in melt water

water or soil %O

Figure 2: Processes involved in the delivery and loss of contaminants in a seasonal snow cover
(reproduced from Daly and Wania 2004).



Atmospheric scavenging and condensation largely condition the presence of major ions in the
snowpack, such as S0.%, NH,', NO5, Ca**, Cland Na* (reviewed by Kuhn 2001). Dry deposition occurs
when gases and particulates are transferred directly to the snow surface without the intermediate
scavenging by precipitation. This pathway is dependent upon the atmospheric concentration of the
species, the stability or turbulence of the atmospheric boundary layer, as well as the capacity of the
surface to retain the species (reviewed by Kuhn 2001). Once deposited, these species can be
redistributed to the snowpack. Due to the permeability of the snowpack, gaseous diffusion occurs
along a concentration gradient. Gases can also diffuse from the soil to the atmosphere (Jones 1999).
Snow-air exchanges occur when the vapor diffuses through the air-filled pore space to the top of the
snowpack and from there through a boundary layer to the atmosphere (Daly and Wania 2004). The
penetration of gases and particles within the snowpack is dependent upon physical-chemical
properties, the geometry of the pore space, vapor pressure gradients and wind pressure (reviewed
by Kuhn 2001). Wind advection can accelerate solute transport within the snow pores, even after the

resistance to molecular diffusive transport is too large to allow gas exchange (Daly and Wania 2004).
B) SNOW METAMORPHISM AND IMPURITY CYCLING

Physical processes of snow metamorphism also lead to the redistribution of chemical species (Figure
3). On a crystal, molecules diffuse from convex to concave sites, thus transforming crystals to small
round snow grains that evaporate and distill onto larger grains once in close proximity. The grains
grow rapidly by diffusion, which is initiated by temperature gradients within the snowpack and
facilitated by the quasi-liquid surface layer of snow crystals that gives molecules high mobility. During
this process, impurities are excluded from the crystals and concentrate at the grain boundaries and
pore spaces of the snow (reviewed by Kuhn 2001). The layered nature of the snowpack, which is
composed of a heterogeneous mixture of grains of various sizes, water saturation levels, densities,
and ice layers that reduce the permeability to air and water (Colbeck 1991), is also important in the
redistribution of solutes. Chemicals can be lost from the snow through degradation, volatilization
and runoff with meltwater (Daly and Wania 2004). Impurities can be transformed within the
snowpack and also returned to the atmosphere. Snow also transmits atmospherically derived
impurities such as nutrients, microorganisms, particles and contaminants to meltwater-fed systems.

Snow is thus a mediator favoring exchanges among different environmental compartments.
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Figure 3: Chemical snowpack model representing volatilization loss and meltwater concentration
(reproduced from Wania et al. 1999).

C) SNOW MELT AND ECOSYSTEM TRANSFER

Melting can occur at air temperatures below 0°C when solar radiation is intense enough and
penetrates into the snowpack (Kuhn 1987). The top snow layers melt first and meltwater is drawn
downward towards the base of the snowpack. Initially, meltwater is retained in the capillaries and
pore walls where it fills 5-10% of the pore space before becoming more mobile (Colbeck 1978; Davis
1991). As melting progresses, the water mobilizes solutes and contaminants from the pore walls,
thus becoming more concentrated. Preferential flow may develop due to the non-homogenous
nature of the snow and lead to accelerated percolation and concentration of meltwater in certain
areas (reviewed by Kuhn 2001). If the weather conditions prevent further melt, the highly
concentrated meltwater may refreeze as a layer within the snowpack and becomes stationary. If
multiple freeze/thaw cycles occur, each cycle will increase the solute concentrations of the
meltwater, which becomes highly concentrated as it advances into deeper layers of the snowpack
(Meyer and Wania 2008). Usually, meltwater reaches the ground, refreezes and develops into a solid
layer (Figure 4). The first flush is highly concentrated, with preferential elution of certain solutes. The
most soluble ions are removed first and ionic concentrations taper off as melting proceeds (Colbeck
1981; Goto-Azuma 1994). Based on laboratory and field studies, fractionation of solutes into
meltwater has been shown to occur in all snowpacks, with variable concentration factors (e.g.
Johannessen 1978; Colbeck 1981; Davies 1982). Roughly 80% of solutes are removed from the
snowpack by the first 30% of meltwater (Brimblecombe 1986; reviewed by Kuhn 2001) and

fractionation increases with the age of snow, by repeated melting and freezing and by slow



meltwater flow (Johannessen 1977; Colbeck 1981; Davis 1995). Soluble ions are removed first
(Tranter et al. 1986; Meyer et al. 2008), followed by preferential elution of some ions (e.g. SO,*7, Ca**,
Mg, K', Na*) over others (NO;,, NH,", CI", F") (Eichler 2001). Species such as non-polar organic
molecules are also found in meltwater, but are less easily entrained by percolating water due to their
weak water solubility (Meyer et al. 2006). Particulate material can also be removed by percolation,
but usually remains in the snow until the final stages of melting (Hodgkins 1998; Lyons 2003; Meyer
et al. 2006). Rain events during the snowmelt period may lead to increases in solute and contaminant

load (Daly and Wania 2004).
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Figure 4: Formation of highly concentrated layers within a snowpack (reproduced from Goto-Azuma
1994).

Upon snowmelt, snow impurities are released to meltwater-fed catchments, soil and aquatic
systems, potentially delivering a pulse of highly concentrated solutes and contaminants. Long melt
periods have been shown to lead to increased evaporation of chemicals, thus reducing contaminant
loading, while short melt periods deliver greater proportions of stored contaminants (Daly and Wania
2004). Since the melt period is short and the snow cover lasts several months in the Arctic, thereby
leading to longer solute accumulation periods, arctic ecosystems are especially at risk for pulse

exposure (Daly and Wania 2004).

1. BIOLOGY OF THE CRYOSPHERE

A) COLONIZATION AND ACTIVITY IN COLD ENVIRONMENTS

Microorganisms exist in several extreme cold environments such as glacial ice (Christner et al. 2000;
Skidmore et al. 2000; Christner et al. 2001), sea ice (Brinkmeyer et al. 2003), Arctic biofilms (Poulain

et al. 2007), supercooled clouds (Sattler et al. 2001) and Antarctic permafrost (Yergeau et al. 2007).



The colonization of the Arctic by microbes should be similar to that of Antarctica, where different
colonization pathways have been described such as atmospheric circulation, ocean currents, birds,
fishes, marine mammals and human vectors (Vincent 2000). Due to the cold conditions and the
limited supply of liquid water, snow and ice have long been only considered as entrapment and
storage systems for microorganisms that were thought to enter as vegetative and resting cells,
transported by wind-blown particles, aerosols and ice crystals. These cells would then be buried by
subsequent snowfall events before being transferred to other systems upon snowmelt (Cowan
2004). However, this view started to change with a number of studies that examined microbial
diversity, ecology and function in the cryosphere. Whether the microorganisms found in cold
environments are metabolically active and reproducing remains unclear, but it is assumed that

certain species are at least able to survive (Miteva 2008).

The occurrence of related phylotypes from geographically-diverse cold environments has been
reported (Brinkmeyer et al. 2003), suggesting that adaptation for survival, persistence and activity at
low temperatures might be a common feature of these species and that they might possess common
adaptive strategies (Priscu and Christner 2004). The bacterial genera most frequently reported are
Proteobacteria (Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria), Bacteroidetes
group, low and high G+C Gram-positive genera, and Cyanobacteria (Christner et al. 2001; Priscu and
Christner 2004; Liu et al. 2006; Liu et al. 2009). Moreover, microorganisms might be metabolically
active at low temperatures down to -20°C (Christner 2002; Junge 2004) and very low rates of
metabolic activity might be sustained for up to 10* to 10° years and at temperatures as low as -40°C

(Price and Sowers 2004).

However, these studies focused on characterizing bacteria in ice or permafrost and relatively little is
known about life in snow, despite the extent and importance of seasonal snow. The snow cover
might support a microbial community composed of snow algae, bacteria, yeasts and snow fungi
(Jones 1999). While snow algae have been studied relatively extensively (Hoham 1975; Hoham and
Duval 2001; Stibal et al. 2007), data on bacteria inhabiting seasonal snow cover are sparse, especially
for polar snowpacks. Carpenter et al. (2000) reported low rates of DNA synthesis and the presence of
Thermus-Deinococcus-like organisms in Antarctic snow, while Amato et al. (2007) used culture-based
methods to isolate 10 bacterial strains belonging to Proteobacteria, Firmicutes and Actinobacteria
from a snowpit dug on a polythermal glacier in Svalbard (Norway). Both studies focused on bacterial
density and activity, but important questions about diversity, community structure, population

dynamics and function remain unanswered.



B) LIFE IN THE COLD LANE

In order to colonize and survive in cold environments such as snowpacks, microorganisms must
overcome a number of physiological stress parameters such as cold temperatures (less than 5°C),
high levels of solar radiation, desiccation and freeze/thaw cycles (Priscu and Christner 2004). These
harsh environmental conditions vary temporally as well as spatially and necessitate physiological
acclimation. In the Arctic, because of the high latitudes, a pronounced seasonality causes gradual, yet
extreme, changes in the photoperiod, irradiance, and temperature. During the springtime melt
period, snow undergoes temperature shifts across the freezing point of water, leading to a more

dynamic environment, but also to an increase in freeze/thaw cycles (Mueller et al. 2005).

Different survival strategies at low temperatures have been observed in bacteria: reduction of cell
size and capsular polysaccharide coat thickness, changes in fatty acid and phospholipid membrane
composition, decrease of the fractional volume of cellular water, increase of the fraction of ordered
cellular water, energy synthesis by catalyzes of redox reactions of ions in aqueous veins in ice or in
thin aqueous films in permafrost (Price and Sowers 2004). Moreover, many species that have been
isolated form spores that provide high resistance levels, while others have thick cell walls or
polysaccharide capsules that resist freeze/thaw cycles (Priscu and Christner 2004). Cold tolerance has
been shown to involve down-regulation of enzymes involved in major metabolic processes such as
glycolysis, anaerobic respiration, ATP synthesis, fermentation, electron transport, sugar metabolism
as well as the metabolism of lipids, amino acids, nucleotides and nucleic acids (Qiu et al. 2009).
However, up-regulation and overexpression of several enzymes and proteins (cold shock proteins,
etc.) may enhance survivability during freeze-thaw cycles (Qiu et al. 2009). Other adaptive strategies
include the production of pigments such as oligosaccharide mycosporine-like amino acids,
scytonemins, carotenoids, phycobiliproteins and chlorophylls that offer a broad strategy to cope with

high irradiance (Mueller et al. 2005).

Ability to attach to surfaces also provides bacteria with adaptive strategies. Junge et al. (2004)
reported that particle-associated bacteria were more active than free-living cells as temperatures
dropped and that they also produced exopolysaccharides (EPS). Bacteria growing in microbial mats
were also shown to form EPS (Mueller et al. 2005). The EPS production favors attachment (Junge
2004) and protects against freezing, dessication, viral and bacterial attacks (Mueller et al. 2005).
Moreover, it is likely that the presence of species with specialized mechanisms of stress resistance

may provide a protective effect on other members of the community. For example, certain pigments
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such as oligosaccharide mycosporine-like amino acids and scytonemin are located outside the cells

and may benefit non-producing microorganisms against radiation damage (Mueller et al. 2005).
C) MICROORGANISMS - ACTIVE MEMBERS OF THE CRYOSPHERE?

Recent reports suggest that microorganisms impact nutrient dynamics, composition and abundance
(Hodson et al. 2008), that they may shift surface albedo of snow and ice (Thomas and Duval 1995) and
impact hydrochemistry (Tranter et al. 2002). Critical processes controlling biogenic trace gas (e.g. CO,,
CH4, N,O, and NO) fluxes are carried out by microorganisms (Schimel 1998). Within the snowpack,
microbiological activities such as carbon fixation by algal communities may modify the nutrient cycle
(Jones 1999). The importance of bacteria in governing redox conditions and their role in Fe, S, N and P
cycling is now acknowledged (Hodson et al. 2008). In addition, they might be responsible for the
metabolism and transformation of environmental contaminants such as mercury, a pollutant of arctic

ecosystems (Barkay and Poulain 2007; Poulain et al. 2007).
3. MERCURY CONTAMINATION IN ARCTIC ECOSYSTEMS
l. HEALTH EFFECTS OF MERCURY IN ARCTIC POPULATIONS

The vulnerability of polar environments to contaminants transported from lower latitudes via long-
range atmospheric processes has been the subject of numerous reports (e.g. Fitzgerald 1998; AMAP
2009). The Arctic is experiencing mercury (Hg) toxicity (Barkay and Poulain 2007) and Hg concentrations
are increasing. Analyses of different soft and hard tissues, such as teeth, feathers and hair,
demonstrated increases in Hg levels between the pre- and post-industrial periods over much of the
Arctic with levels increasing exponentially since the 20" century (Dietz et al. 2009) (Figure 5). For
example, hairs from mummified human remains from the 15-16th century found in Greenland revealed

mercury levels 3 to 6-times lower than those found in contemporary Greenlanders (Dietz et al. 2009).
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Figure 5: Historical trends of Hg concentrations in various animal hard tissues, expressed as
percentage of present-day maximum annual average concentrations (reproduced from Dietz et al.
2009).
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Mercury exists in several forms in the environment: elemental (Hg°), divalent form (Hg®*) and an
organo-metallic form of which methylmercury (MeHg) is the most important. The MeHg organic form
is the most toxic of the three forms, even at very low exposure doses (Ullrich 2001). Since MeHg is
highly neurotoxic (Yee 1994), it can cause damage to the visual cortex and the sensory system in
humans. Symptoms of intoxication include constriction of the visual field, sensory impairment of
extremities, hearing loss, muscle weakness, tremors, cardiovascular problems and mental
deterioration (Harada 1995; Castoldi 2001; Yokoo 2003). The main source of MeHg in humans occurs
by consumption of contaminated fish (Castoldi 2001; Daré 2001). In light of all these adverse effects,
many countries developed consumer advisories which encourage people to limit their consumption

of fish. Unlike inorganic mercury, MeHg easily accumulates in the foodweb (Berntssen et al. 2003).

Mercury levels, as well as the relative proportions of its organic and inorganic form, vary largely
according to the trophic level, tissue studied and zoological group (Thompson 1990; Ancora et al.
2002). Species-dependent variations are also detected in the distribution of organic mercury (Nigro
1996). The concentrations of MeHg tend to increase with the trophic level in a foodweb, with top
predators being the most contaminated (Schultz 1997). This phenomenon, known as MeHg

biomagnification, is observed in most ecosystems regardless of the Hg source.
Il. OVERVIEW OF THE MERCURY CYCLE: SOURCES, DEPOSITION AND TRANSFORMATION

Hg, a toxic element for all life forms, is found both naturally and as a human-introduced compound in
the environment (Nriagu 1988; Nriagu 1989; Fitzgerald 1998). Historically, Hg has been used both as
a pigment and for the extraction of gold and silver through mercury-amalgamation. Significant
sources of Hg to the atmosphere include the combustion of coal and other fossil fuels associated
with energy or heat production in power plants, small industrial or residential heating units or small-
scale residential heating appliances (AMAP/UNEP 2008). Hg is also used in a variety of manufacturing
industries such as chlor-alkali plants (production of chlorine and caustic soda) and pulp and paper
mills (bleaching agents). Industrial use and subsequent release of Hg to the environment have
contributed to increasing Hg levels in soil, sediments and aquatic ecosystems worldwide (Gray 2006).
In the last century alone, anthropogenic emissions to the atmosphere have tripled atmospheric and
oceanic Hg concentrations (Mason 1994). About 5000-6000 t of Hg are released each year, with
about 50% linked to anthropogenic activity (Mason 1994; Lamborg 2002).
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A) MERCURY TRANSPORT AND DEPOSITION ONTO SNOW SURFACES

Mercury is mainly emitted to the atmosphere in its gaseous form (Hg®), but also in the oxidized form
(reactive gaseous mercury, RGM) or in the particle-bound form (particulate mercury, PM). Hg® has a
relatively long atmospheric residence time (between 0.5 and 1.5 years) and average atmospheric
concentrations have been estimated at 1.7 g/m? for the Northern Hemisphere (Lindberg et al. 2007).
RGM and PM have shorter lifetimes and tend to be deposited near their sources (Lindberg et al.

2007).

Mercury reaches polar ecosystems mainly as Hg®; however due to the cyclical nature of Hg
transformations (transport-deposition-re-emission), even mercury originally emitted as RGM and PM
can be transported to the Arctic (Ariya et al. 2004). As for other contaminants, Hg can be deposited
after atmospheric scavenging by precipitation and dry deposition. Once RGM is formed in the
atmosphere, snow can act as an efficient surface for its sorption. In addition, active growth of snow

and ice crystals from the vapor phase readily scavenges available RGM (Douglas et al. 2005).

In 1995 at Alert, Canada, Schroeder et al. (1998) measured the episodic near-total depletion of Hg®
from the atmosphere during the spring (Schroeder et al. 1998). These events, termed Atmospheric
Mercury Depletion Events (AMDEs), were observed in parallel to the depletion of ozone (Barrie et al.
1988) and led to intense field, laboratory and theoretical studies to determine which reactions were
involved. In particular, mercury was shown to undergo rapid oxidation and deposition via
photochemically-initiated reactions believed to involve reactive marine halogens, mainly Br and BrO
(Lu et al. 2001; Lindberg et al. 2002; Skov et al. 2004). These reactions transform Hg® to PM and RGM
species that can then be deposited onto the snow. It has been estimated that AMDEs enhance polar
mercury deposition by 100 tonnes a year (Ariya et al. 2004), yet the post-depositional fate of this Hg
remains uncertain. Hence, it can undergo a series of possible transformations once deposited (see

Figure 6 for an overview of Hg cycling in the Arctic) (Steffen et al. 2008).
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Figure 6: Atmospheric depletion events and possible uptake by biota (reproduced from AMAP/UNEP
2008).

B) BIOGEOCHEMICAL MERCURY TRANSFORMATIONS

Different simultaneous biotic and abiotic processes alter the chemical state of mercury and thereby
its toxicity in the environment. Four different reactions control mercury speciation: methylation,
demethylation, reduction and oxidation (Barkay et al. 2003). These reactions are summarized in
Table I.

Table I: Summary of processes involved in Hg transformations

Process Type Mechanism
Methylation Biotic Enzymatic methyl transfer in sulfate reducers
Abiotic Methylation by organic compounds involving photochemical
reactions. Determined in laboratory studies only
Demethylation Biotic Reductive methylation via MerAB
Oxidative demethylation via unknown processes
Abiotic Photodegradation
Reduction Biotic Bacterial reduction via the mer operon
Abiotic Photochemical and chemical reactions
Oxidation Biotic Oxidation by hydroperoxidases
Abiotic Oxidation involving reactive halogens, and/or other oxidants

(OH, 03) Photo-oxidation and dark reactions involving Br
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1) MERCURY METHYLATION

Methylmercury can be formed by two general pathways (Celo et al. 2006): microbial metabolism
(biotic processes) and chemical methylation (abiotic processes). Microbial methylation has been
considered as the dominant pathway, although the contribution of abiotic processes may have been

overlooked.

Biotic environmental mercury methylation is an anaerobic process generally mediated by both
dissimilatory sulfate-reducing bacteria (DSRB) and, as was shown more recently, dissimilatory iron-
reducing bacteria (DIRB) (Fleming et al. 2006; Kerin et al. 2006). Although the exact mechanism is
unknown, methylation appears to be related to the production of acetyl-CoA and methylcobalamin
(B12) (Choi et al. 1994) and/or to a methyltransferase pathway, similar to the biological synthesis of
methionine from homocysteine (Siciliano and Lean 2002) in DSRB. Biotic mercury methylation
depends on microbial activity and the concentration of bioavailable mercury, both of which are
influenced by temperature, pH, redox potential and the presence of inorganic and organic
complexing agents (Barkay et al. 1997; Barkay et al. 2003; Barkay et al. 2005; Golding et al. 2007).
Bacteria are also able to produce dimethylmercury (diMeHg), a highly volatile compound (Barkay et
al. 2005). The production of diMeHg is suggested to be the result of the interaction of MeHg with H,S

in the water column (Rowland et al. 1977).

Chemical methylation of mercury is possible only if suitable methyl donors are present and, although
available methyl donors may be products of biological processes, methylation of mercury by these
compounds is considered to be abiotic (Craig 1986; Falter and Wilken 1998). The compounds
involved in abiotic methylation include small organic molecules, such as methyl iodide and
dimethylsulfide, and larger organic components of dissolved organic matter, such as fulvic and humic
acids. Transmethylation reactions (the transfer of a methyl group from one compound to another)
with organo-metallic complexes such as methylcobalamin, methyllead or methyltin compounds, may
also be pathways for abiotic methylation of mercury. The rates and mechanisms of abiotic
methylation are likewise expected to be affected by the parameters that influence mercury
speciation such as pH, temperature, redox, nutrients and complexing agent availability (Ullrich 2001;

Celo et al. 2006).

2) MERCURY DEMETHYLATION

Demethylation has been shown to occur via two microbial mechanisms that can be distinguished by

their volatile carbon product: CH, is the sole product of reductive demethylation, whereas CO,
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prevails in oxidative demethylation, with only traces of CH, (Barkay et al. 2005). Each of these
pathways lead to different mercurial end products: reductive demethylation generates Hg®, while
oxidative demethylation leads to the formation of Hg*, which can subsequently be methylated again
(Barkay et al. 2005). Reductive demethylation involves microorganisms that possess mercury
resistance (mer) operons, while oxidative demethylation occurs via biochemical pathways, such as C1
metabolism (Oremland et al. 1991). The predominance of either pathway depends both on redox and
mercury contamination levels, with reductive demethylation favored at high mercury concentrations
and oxic conditions and oxidative demethylation at low mercury concentrations and anoxic

conditions (Barkay et al. 2005).

The abiotic degradation of methylmercury can be catalyzed by light. UV irradiations with
wavelengths of 185 and 254 nm have been shown to degrade methylmercury directly, while
wavelengths between 280 and 800 nm can produce singlet oxygen and hydroxyl radicals that are
then able to attack the C-Hg bond to form either Hg® or Hg** (Suda et al. 1993; Chen et al. 2003). This
pathway appears to be dominant in surface waters (Sellers et al. 1996) but has little effect in

sediments and bottom waters (Barkay et al. 2005).

3) MERCURY REDUCTION

Several mechanisms for inorganic mercury reduction have been discovered. Mercury resistant
bacteria that possess the mer operon are able to enzymatically reduce Hg®" to Hg® via MerA (an
overview will follow, please see (Barkay et al. 2003) for a detailed review), while the others have
been shown to reduce Hg** to Hg® by a Fe(ll)-dependent activity (Iwahori et al. 2000) via cytochrome
c oxidases (Sugio et al. 2001). In this last case however, the resistance levels are much lower. In the
Fe-mediated reaction, cytochrome c is reduced by Fe(ll) and the electrons are subsequently
transported along the respiratory chain to Hg®* (Sugio et al. 2003). In anaerobic bacteria, the
reduction mechanism is thought to depend upon the respiratory electron-chain in the cell membrane
that reduces Hg”" before it enters the cytoplasm and becomes complexed to cytoplasmic thiols

(Wiatrowski et al. 2006; Kritee et al. 2008).

The abiotic reduction of Hg** can occur photochemically following the generation of free radicals by
photolysis of dissolved organic carbon (DOC) (Nriagu 1994), dissolved oxygen and ferric iron—organic
acids coordination compounds in aquatic environments (Zhang and Lindberg 2001). The reduction
reaction rates have been shown to slow down over time, possibly due to bleaching or ageing of
organic matter leading to the loss of reductive capacity (Costa and Liss 1999). Hg** can also be

reduced in the dark by fulvic and humic acid-associated free radicals (Skogerboe and Wilson 1981;
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Allard and Arsenie 1991) and depends exclusively on the reducing capacity of the humic acids (Costa

and Liss 1999).

In snowpacks, photochemical reactions are also believed to be involved in Hg* reduction. Field and
laboratory studies demonstrated that UV-B wavelengths are the most effective at reducing Hg”*" in
the snow (Dommergue et al. 2007), although the exact substrates (Hg species) remain to be
characterized. Potential reductants have been proposed (e.g., HO,), although their role has yet to be
confirmed by thermodynamic experiments (Gardfeldt et al. 2003). Ferrari et al. (2005) suggested
that the quasi-liquid layer surrounding snowflakes may be the main site of Hg redox transformations
in snowpacks (Ferrari et al. 2005). Therefore, temperature may play an important role in dictating the

occurrence and magnitude of these processes.

4) MERCURY OXIDATION

Mercury oxidation has been shown to occur in many different environmental compartments such as
the atmosphere (Lindberg et al. 2002), aquatic environments (fresh and saltwater) (Amyot et al.
1997; Lalonde et al. 2001), soil (Thoming et al. 2000) and snow (Lalonde et al. 2002; Dommergue et
al. 2003; Poulain et al. 2004). Mercury oxidation requires the presence of oxidants such as ozone or
hydroxyl radicals (Munthe 1992; Seigneur et al. 1994) and halogen radicals such as bromine and
bromine oxides (Ebinghaus et al. 2002; Lindberg et al. 2002). The halogen radicals are thought to be
generated by a series of photochemical and heterogeneous reactions and therefore require light.
Maron et al. (2008) recently reported that Br radicals are the only chemical species involved in the
rapid oxidation of mercury and described a mechanism for mercury oxidation in the dark that is

initiated by Br radicals (Maron et al. 2008).

Mercury oxidation has also been shown to occur in bacteria. Smith et al. (1998) demonstrated that
Hg® could be oxidized to Hg®* by bacterial hydroperoxidases that catalyze the transfer of two
electrons from hydrogen peroxide to Hg°®, similar to the mechanism observed in mammals and
plants. The capacity to oxidize Hg appears to vary among bacterial strains and may involve other

enzymes (Smith et al. 1998).

In terms of mercury toxicity, bioavailability is an important factor since several of the environmental
biochemical transformations described above, such as methylation and reduction, are enzymatically
catalyzed within the cytoplasm of the bacterial cell and are therefore dependent on Hg uptake
(Golding et al. 2007). Uptake is complex and depends upon a variety of factors that are outlined in

the following section.
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4. MERCURY UPTAKE AND RESISTANCE IN MICROBIAL COMMUNITIES

I.  GENERAL CONCEPTS OF METAL BIOAVAILABILITY

Metal bioavailability depends on highly complex and interdependent chemical, physical and
biological factors. Bioavailability is related to the capacity of the metal to pass across biological
barriers and can be predicted by the concentration or flux of the internalized metal (Worms 2006).
Biouptake processes depend upon the internalization pathways and their specificity, in addition to
the physico-chemistry of the medium and the size and nature of the organism. Processes that reduce
interactions with binding sites on the organism’s surface include complexation with organic and

inorganic molecules or competition with other molecules (Buffle et al. 2009).

Different metal fluxes are involved in biouptake: mass transport, by which trace metals and their
complexes diffuse from the environment to the surface of the cell; complexation/dissociation, since
metal complexes are dynamic and able to dissociate and reassociate as they diffuse towards the cell;
adsorption/desorption, since the metal must react with a binding site on the cell membrane; and
internalization, during which the metal enters within the cell through passive or active transport
(Figure 7) (Buffle et al. 2009). Any of the described fluxes may be rate-limiting and are affected by the
chemical nature of the compound and physico-chemical conditions (pH, metal/ligand concentrations,
membrane potentials). The cell response to the metal (efflux, pH changes, modifications in surface
charge) may also alter the physico-chemistry of the metal in solution and at the interface, thus
modifying internalization fluxes and concentrations (Worms 2006). In many cases, transport across
the membrane is the rate limiting step. The process can be simplified into a thermodynamic
equilibrium between metal species in the bulk solution and binding sites on the cell surface (with a
number of limiting assumptions, especially chemical equilibrium in a dynamic natural medium)
(Slaveykova and Wilkinson 2005). In an equilibrium model (pseudo-equilibrium conditions), the metal
concentrations in the bulk solution are identical to those at the membrane-water interface and
equilibrium is maintained throughout the solution. Therefore, uptake kinetics are best described by

the concentration of the equilibrium species in the bulk medium (Worms 2006).

Biological membranes are active and can control internalization fluxes based on the requirements of
the cell. Since biological membranes are hydrophobic, only neutral or non-polar molecules, such as
organo-mercury and neutral silver chloride complexes, can enter into the cytoplasm by passive
diffusion (depending on the concentration gradient between external and internal compartments
and a partition coefficient between aqueous and lipid phases) (Worms 2006). However, the majority

of environmentally relative trace metal species are hydrophilic and their transport has been shown to
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be mediated by active transport systems involving specific proteins or transporters (Slaveykova and
Wilkinson 2005). Certain metals use anionic transporters, whereby the metal is piggy-backed by
transporters specific to low molecular weight ligands such as citrate, thiosulfate or phosphate. In this
case, transport depends on metal speciation and cell nutrition (Worms 2006). Siderophores, which
are highly specific ligands, can also be produced by the cell to facilitate the transport of essential

cations (e.g. Fe**, Co*) present at low concentrations in the environment (Worms 2006).

The majority of trace metals are thought to be transported as free aqueous ions. A toxic metal can
bind to the uptake site of an essential metal (high affinity sites with low selectivity) with a similar
ionic radius or coordination geometry: for example, Zn**, Cd*, Pb** enter using Ca** binding sites.
The toxicity and uptake of trace metals depend on the concentration of major cations or competing
trace metals. Under equilibrium conditions, a reduction in binding to the transport sites is predicted
in the presence of competing ions (Worms 2006). Protons can also compete for the uptake of metals.
Therefore, a decrease in pH may reduce uptake due to the protonation of the metal binding sites
(only valid under equilibrium conditions). When a trace metal is internalized by multiple transport
systems, uptake fluxes can no longer be represented as a function of metal concentration alone

(Slaveykova and Wilkinson 2005).

The organism is able to regulate transport systems (e.g. transporter degradation/synthesis via
feedback regulatory pathways) and this directly affects trace metal internalization fluxes (Buffle et al.
2009). However, once inside the cell, metals can induce cellular responses that influence
bioavailability as well as exert toxic effects including the inactivation of proteins, the competitive
interference on the uptake of other molecules and the induction of oxidative stress with subsequent

cell damage (Worms 2006).
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Figure 7: Conceptual model of some of the important physico-chemical processes leading to and
after the uptake of a trace metal by an aquatic microorganism (reproduced from Worms 2006). L
represents a ligand that can complex the metal M (subscripts: L, lipophilic; h, hydrophilic; bio,

biological; int, internalized).

Microorganisms have developed several protective mechanisms: 1) intracellular binding or

sequestration by metal-complexing agents, 2) compartmentalization and transport of metals to

subcellular compartments and 3) efflux (Worms 2006).

Several classes of intracellular metal chelators, such as glutathione (GSH), amino acids,

phytochelatins, metallothioneins, organic acids and thioredoxins (TRX), participate in cell protection
(Bellion et al. 2006; Worms 2006). Metallothioneins are ubiquitous low molecular weight cysteine-
rich proteins that bind metal ions in thiolate clusters. Physiological functions include storage and
transport of essential metals in addition to the detoxification of non essential metal ions (Cd**, Hg*").
Amino acids and organic acids, such as citrate, malate and oxalate, can complex metals in the

cytoplasm (Worms 2006). Metal transport proteins may be involved in tolerance by extruding toxic

metal ions out of the cell or by sequestering them into intracellular compartments such as vacuoles

(Bellion et al. 2006).
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Il.  MERCURY TRANSPORT AND FACTORS AFFECTING UPTAKE

Hg speciation in oxic aquatic environments is dominated by hydroxide and chloride complexes if
organic complexation is not considered. Using laboratory-synthesized lipid bilayer membranes
(lecithin-cholesterol-tetradecane), Gutknecht (1981) studied the permeability of mercuric salt
complexes. Five major salt complexes were studied: HgCl,, HgCls', HgCI42', HgOHCI and Hg(OH),, of
which three are non-ionic and therefore more likely to pass across lipid bilayers and biological
membranes (Gutknecht 1981). Since Hg** has only a small effect on membrane conductivity, it can
probably pass across membranes in a non-ionic form i.e. HgCl,, HgOHCI and Hg(OH),. Based on the
results of this study, lipid membranes are highly permeable to HgCl, with a permeability estimated at
1.3x10%cm.sec™, about 20 times higher than the permeability to water and more than a million times
higher than the permeabilities to Na*, K" and CI". However, the permeability to CH;HgCl is expected to
be even higher (Lakowicz and Anderson 1980). Barkay et al. (1997) obtained similar results with
uncharged HgCl, being more bioavailable than anionic forms of mercuric chloride. However, they
also reported permeability at significant rates for other non ionic forms of Hg, such as Hg(OH), and
HgCIOH, in contrast with the findings of Gutknecht (1981). This difference is attributed to differential
transfer efficiency of mercurial compounds since the bacterial cell membrane also contains other

components in addition to lipids (Barkay et al. 1997).

Toxicity has often been shown to decrease after the addition of ligands able to complex the metal
(Kong et al. 1995). However, in a study using a mercury biosensor, uptake was not affected by ligand
predominance, but rather by total Hg concentration under both aerobic and anaerobic conditions
(Golding et al. 2007). In addition, uptake was not altered when the predominant ligand was changed
from CI" to OH and to NHjs, suggesting that the bioavailable form of Hg is the free ion form, in

agreement with the free ion activity model (FIAM) (Golding et al. 2007).

However, the uptake pattern appears to be different in anaerobic bacteria. When Hg is bound to
either histidine or H* concentrations increase, uptake is enhanced. This is inconsistent both with the
FIAM model and to what is seen with other metals, where competition of H* with uptake of the
positively-charged free ion leads to a decrease in bioavailability (Golding et al. 2007). Another
molecule that has been shown to interact with Hg is dissolved organic carbon (DOC). At neutral pH,
DOC was shown to inhibit Hg*" bioavailability, but the inhibition was less severe at pH 5, which
suggests that free H" ions may compete with Hg”* for binding sites in DOC (Barkay et al. 1997). These
studies suggest that there may be a facilitated uptake mechanism for mercury. There is a growing

body of evidence, based on studies using biosensors (Golding et al. 2002; Scott 2003) and bacterial
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cultures (Najera et al. 2005), that passive diffusion is not the only transport mechanism and that

facilitated uptake of species such as Hg(NH;)** may play an important role in toxicity.
ll.  MERCURY TOXICITY IN BACTERIA

Mercury ions can interact with a variety of reactive sites in both the cell membrane and the
cytoplasm. Hg ions have been shown to cause irreversible membrane damage (Passou and Rothstein
1960), leading to potassium (K') leakage. Brunker (1976) found that Hg ions inhibited catabolic
metabolism and cell respiration thereby provoking the cellular depletion of endogenous ATP
(Brunker 1976). The inhibition of membrane ATPases due to the lack of intracellular substrates (i.e.
after depletion of ATP) was suggested to be responsible for the uncontrolled release of K* previously
observed (Passou and Rothstein 1960). Mercury has also been reported to induce oxidative stress by
inhibiting glutathione reductase (GR), which catalyzes the reduction of GSSG (glutathione disulfide)

to two molecules of glutathione (Gueldry et al. 2003).

Hg toxicity appears to be dependent on speciation. If Hg ions remain uncomplexed, the intracellular
concentrations of mercury should remain low and the toxic effect of Hg*" would mainly involve
interactions with the cell membrane (Gueldry et al. 2003). However, if Hg ions form complexes with
other molecules, these complexes may be actively absorbed and internalized. Once in the cell, Hg
ions can undergo ligand exchange. For instance, complexes containing two molecules of glutathione
and one mercuric ion might act as mimics of oxidized glutathione molecules and be recognized by

glutathione transporters (Gueldry et al. 2003).

Recently, bacterial real-time gene expression profiles were realized to assess Hg toxicity in
Escherichia coli by using a cell-array library of 93 E. coli K12 strains that carried transcriptional green-
fluorescent protein fusions with most of the known stress response genes (Onnis-Hayden et al.
2009). Mercury either up-regulated or down-regulated several genes in a time- and concentration-
dependent manner. Of the 22 overexpressed genes, eight belonged to the drug resistance/sensitivity
and detoxification category including zntA, a gene encoding an ATPase involved in the transport of
divalent soft metals (Onnis-Hayden et al. 2009); two genes belonged to the MerR family, cueR, a
mercury-resistance gene regulator, and ycgE, a MerR homolog (Peng and Chuan 2004); the others
belonging to the SOS response and the energy and oxidative stress regulons. Other genes from the
SOS regulon were also repressed. These results suggest that mercury induces oxidative stress caused
by the formation of superoxide compounds that lead to redox stress and DNA damage in bacteria

(Onnis-Hayden et al. 2009).

22



V.

MOLECULAR MECHANISM OF RESISTANCE
A) THE MER SYSTEM

The most well documented mechanism of specific microbial mercury resistance involves the mer
operon, a genetic system encoding transporters, regulators and the mercuric reductase (MerA)
enzyme that catalyzes the reduction of Hg** to Hg°, which then diffuses outside the cell (Wiatrowski
et al. 2006). This system is described in detail in an elegant review (Barkay et al. 2003). Although
identified in both Gram-positive and negative bacteria, the mer operon is best described in the last
group (figure 8). The reducing enzyme, MerA, is a cytosolic flavin disulfide oxidoreductase that uses
NAD(P)H as a reductant. The MerA enzyme was found to contain a flexible amino-terminal domain
that is homologous to MerP, a periplasmic mercury-binding protein that uses two cysteine residues
to bind Hg”', in all but one genus of Gram-positive bacteria. MerP transfers Hg’* onto two cysteine
residues in the first of three transmembrane helices of MerT, a cytosolic membrane protein. The
subsequent transfer of Hg*" into the cytosol has yet to be fully understood, but within the cytosol,
millimolar concentrations of thiol redox buffers (i.e. glutathione, cysteine) compete with MerT to
remove Hg** as a dithiol derivate. This form is the substrate for MerA. Alternatively, MerA may also
directly remove Hg** from MerT (Figure 8) (Barkay et al. 2003). Biochemical and structural analyses of
MerA have shown that each monomer contains four cysteine residues that are important in the
reduction of Hg** and that two tyrosine residues confer optimal functionality (Schiering et al. 1991).
In order to improve resistance against oxidized mercury, some MerA proteins have an Hg**-binding

N-terminal domain (Ledwidge et al. 2005).

In most loci, the expression of these proteins is controlled by MerR, a metal specific activator-
repressor of the operon that encodes the MerT, MerP and MerA structural genes (Hamlett et al.
1992). The mer operon has also been found to encode other proteins such as MerC, MerF, MerE,
MerB , MerD, MerG (Barkay et al. 2003) and the recently discovered MerH transport protein in
mycobacteria (Schue et al. 2009). MerC is a membrane-bound protein with four transmembrane

helices that is able to transport Hg*" across the bacterial membrane (Sasaki et al. 2005).
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Figure 8: Model of a Gram-negative mercury resistance (mer) operon (reproduced from Barkay et al.
2003). The symbol “e” indicates a cysteine residue. X refers to a generic solvent nucleophile. RSH is
the low-molecular-mass, cytosolic thiol redox buffer such as glutathione. Parentheses around gene or
protein designations indicate proteins/genes that do not occur in all examples of the operon.

MerF is predicted to be a membrane-bound protein with two transmembrane helices involved in
Hg”" uptake, but its activity is not enhanced by MerP (Barkay et al. 2003). MerE is a membrane-
bound broad mercury transporter that mediates the transport of both CHsHg* and Hg?* across the
bacterial membrane (Kiyono et al. 2009). Some bacteria are able to transform both inorganic and
organic mercury compounds, while others (even of the same genus) are only able to transform
inorganic mercury compounds. This resistance to organic mercury is conferred via MerB, an
organomercurial lyase enzyme that transfers a proton to the C-Hg bond in alkyl and aryl mercurials
yielding Hg”*, which can then be reduced to Hg® by MerA. A periplasmic protein, MerG, found in
Gram-negative bacteria, is thought to increase resistance to organomercurials in bacteria lacking

MerB (Barkay et al. 2003).

MerR belongs to a family of transcriptional activator-repressors that act as negative autoregulators.

In the absence of mercury, MerR binds the mer operator (merQO) as a dimer and represses the
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transcription of both merR and the other genes (Lund and Brown 1987). MerR forms a stable non-
transcribing pre-initiation complex by attracting RNA polymerase to the Pt promoter in the absence
of the metal ion inducer and by bending the promoter DNA away from the polymerase. This pre-
initiation complex allows for an instantaneous response to the presence of cytosolic Hg*', although
induction requires Hg** in the nmol - liter* range (Barkay et al. 2003). Once Hg** binds to MerR, the
operator DNA unwinds, allowing RNA polymerase to access the transcriptional start site (Barkay et al.
2003). MerD is a co-regulator that represses the induction of the mer operon by displacing the Hg-
bound MerR from the mer operator to allow new synthesis of metal-free MerR able to switch off the
induction of the mer genes when the external mercury is exhausted (Champier et al. 2004). This

system is purported to be less effective in anaerobic conditions.

Genes encoding MerA have been isolated from diverse environments, including soil (Oregaard and
Sorensen 2007), Siberian permafrost (Mindlin et al. 2005) and Arctic biofilms (Poulain et al. 2007),
and have been described in bacteria (Barkay et al. 2003) and archaea (Schelert et al. 2004). The MerA
sequences are highly diverse, with differences in protein length, depending on the presence of zero,
one or two Hg-binding domains at the N-terminus. The MerA protein has been found in Firmicutes,
Actinobacteria, a-,B/y-, and &-Proteobacteria, Bacteroidetes, Deinococcus-Thermus and Archaea

(Oregaard and Sorensen 2007).

B) Effects of mercury on microbial community structure and function

Microbial adaptation to environmental stress can occur via three different mechanisms: enrichment
of populations that carry the required resistance/tolerance traits, induction of expression of genes
involved in the detoxification or resistance mechanisms, and genetic adaptation by horizontal gene
transfer (Sgrensen et al. 2002). Mercury has been shown to alter microbial community structure in
laboratory studies. After the addition of 25 ug Hg**.g™ to soil microcosms, culturable heterotrophic
and genetic diversity decreased immediately, but then slowly increased again. This change in
diversity was linked to a shift in community structure that contained Hg-resistant bacteria
(Rasmussen and Sgrensen 2001). Maron et al. (2007) also demonstrated that Hg was able to induce
significant changes in both community functional structure and community genetic structure in a
study using freshwater microcosms. However, these results were obtained after the addition of 8 mg
Hg.L' (Maron et al. 2007), far above values found in natural environments that are typically in the
ng.L"! range. To date, it is unclear how microbial communities respond to mercury contamination in
the environment, especially in Arctic snowpacks that are subject to transient, yet non-negligible

deposition of Hg during AMDEs.
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SECTION 11

Determining whether snow chemistry and mercury contamination has an effect on microbial
community structure in cold environments requires detailed information on both microbial
communities present in the snow and its chemistry. In order to improve our understanding of arctic
snowpacks, we carried out a two-month preliminary field study in Ny-Alesund (Svalbard, Norway,
78°56'N, 11°52'E) in spring 2007. The first objective was to gain insight into the organisms present in
snow and meltwater. Therefore, using culture-independent techniques, we constructed two snow
and two meltwater 16S (rrs) clone libraries and explored their biodiversity using a variety of
indicators. A total of 19 different microbial classes were observed in our clone libraries, of which
many had been identified in other cold environments, thus supporting the hypothesis for globally
uniform characteristics among microbial communities of the cryosphere. These results are presented

in more detail in Chapter 2.

In Chapter 3, we examined the fate of Hg in an Arctic snowpack, from its deposition during
atmospheric mercury depletion events (AMDEs) up until its transfer during snow melt. During
AMDEs, concentrations of up to 373 ng.L"* of Hg are deposited onto snow surfaces. Although most of
the Hg is re-emitted to the atmosphere via photochemical reactions, a fraction is stored in the snow
and is transferred to meltwater-fed systems. Spring melt was estimated to contribute for 8 to 21% of
the fjord's Hg content. We also monitored methylmercury (MeHg) concentrations in the snow
throughout the field study. During the snow melt period, MeHg concentrations increase. Possible

sources include wet deposition and in situ methylation.

34



CHAPTER 2: MICROBIAL SEQUENCES RETRIEVED FROM ENVIRONMENTAL SAMPLES FROM
SEASONAL ARCTIC SNOW AND MELTWATER FROM SVALBARD, NORWAY
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Abstract

165 rRNA gene (rrs) clone libraries were constructed from two snow samples (May 11", 2007 and
June 7™, 2007) and two meltwater samples collected during the spring of 2007 in Svalbard, Norway
(79°N). The libraries covered 19 different microbial classes, including Betaproteobacteria (21.3%),
Sphingobacteria (16.4%), Flavobacteria (9.0%), Acidobacteria (7.7%) and Alphaproteobacteria (6.5%).
Significant differences were detected between the two sets of sample libraries. First, the meltwater
libraries had the highest community richness (Chaol: 103.2 and 152.2) and Shannon biodiversity
indices (between 3.38 and 3.59), as compared to the snow libraries (Chaol: 14.8 and 59.7; Shannon
index: 1.93 and 3.01). Second, [-LIBSHUFF analyses determined that the bacterial communities in the
snow libraries were significantly different from those of the meltwater libraries. Despite these
differences, our data also support the theory that a common core group of microbial populations

exist within a variety of cryohabitats.

Keywords: Arctic, snow bacteria, biodiversity, environmental samples, meltwater
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Introduction

A large portion of the Earth is cold: about 14% of the biosphere is polar and 90% (by volume) is cold
ocean, with temperatures less than 5°C (Priscu and Christner 2004). Due to the strong feedback
mechanisms between snow, ice and the atmosphere, the cryosphere influences the entire biosphere
(Jones 1999). The seasonal snow cover is an important component of the cryosphere (Jones 1999),
which can at times cover about 35% of the Earth’s surface (Miteva 2008). Despite the importance of
the cryosphere, the microbiological analysis of this environment is a relatively recent field of
research. Microorganisms have been described in several extreme environments such as glacial ice
(Christner et al. 2000; Skidmore et al. 2000; Christner et al. 2001), sea ice (Brinkmeyer et al. 2003)
and polar snow (Carpenter et al. 2000; Amato et al. 2007), but their importance in cryosphere
ecology has only begun to be recognized. Recent reports suggest that microorganisms impact the
dynamics, composition and abundance of nutrients (Hodson et al. 2008), that they may shift surface
albedo of snow and ice (Thomas and Duval 1995) and impact the hydrochemistry (Tranter et al.
2002). The importance of bacteria in governing redox conditions and their role in Fe, S, N and P
cycling is becoming apparent (Hodson et al. 2008). In addition, they are probably responsible for the
metabolism and transformation of environmental contaminants such as mercury (Barkay and Poulain
2007; Poulain et al. 2007). While snow algae have been studied relatively extensively (Hoham 1975;
Hoham and Duval 2001; Stibal et al. 2007), little is known about the bacteria inhabiting seasonal
snow cover, especially polar snowpacks. Carpenter et al. (2000) reported low rates of DNA synthesis
and the presence of Thermus-Deinococcus-like organisms in Antarctic snow. Amato et al. (2007) used
culture-based methods to isolate 10 bacterial strains belonging to Proteobacteria, Firmicutes and
Actinobacteria from a snowpit dug on a polythermal glacier in Svalbard (Norway). Unfortunately,
culture-based techniques will not recover the full diversity of species present and might not even
recover the dominant population (Ward et al. 1990). A metagenomic approach, which extracts and
analyzes nearly all the microbial community DNA, should provide more detailed insight into polar
snow microbial diversity. Such an approach was used to reveal relatively high microbial diversity in
the snow of glaciers of the Tibetan Plateau around Mount Everest (Liu et al. 2009). Whether the

snow in other environments is equally diverse has yet to be determined.

Here, we present the results of an exploratory study on microbial sequences retrieved from surface
snow and meltwater samples from a high Arctic site, Svalbard, Norway (79°N), using culture-
independent techniques. We hypothesize that the snow is a highly diverse ecosystem that might

have some globally uniform characteristics in terms of microbial populations in cryohabitats.
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Materials and Methods

Samples for microbial analysis were taken during a 2007 springtime field campaign in Ny-Alesund
(Svalbard, Norway, 78°56'N, 11°52'E). A total of four samples were collected: an early spring (sample
date May 11", 2007) snow sample (ESS), a late spring (sample date June 7", 2007) snow sample
(LSS), a meltwater river (sample date June 11", 2007) sample (MWR) and a snow-soil interface
meltwater (sample date June 10", 2007) sample (SSIM). Surface snow (3 cm depth) and meltwater
samples were collected in 3 L sterile sampling bags using a Teflon shovel sterilized for microbial
analyzes. To avoid contamination, Tyvex® body suits and latex gloves were worn during sampling and
gloves were worn during all subsequent handling of samples. In the ESS sample, pH was slightly acidic
(5.3) and the snowpack temperature was around freezing (< 0°C), whereas in LSS, pH was
circumneutral (6.4) and the temperature was positive (around 1°C), indicating spring melt and the
presence of liquid water within the snowpack. Meltwater samples were circumneutral, with a value

of 6.8 for SSIM and 7.3 for MWR.

Microbial sample processing

Samples were processed immediately after collection in the field laboratory. Surface snow samples
were left to melt at room temperature prior to being filtered onto sterile 0.22 uM 47 mm filters
(Millipore) using a sterile filtration unit (Nalge Nunc International Corporation), while meltwater
samples were filtered immediately. Filters were stored in sterile collection tubes at -20°C until
further analysis. Procedural blanks were carried out by filtering Nanopure water (Siemens) using the

same procedure.
DNA extraction

DNA was extracted using the protocol outlined in David et al. (2009). Briefly, filters were chopped
and placed in a Fastprep® bead-beating tube (Lysing matrix E, MP Biomedicals) to which 1 mL of DNA
extraction buffer (David et al. 2009) and 20 mg ml™ lysing enzyme (Trichoderma harzianum, Sigma
L1412) were added. Tubes were left at room temperature for 1 hour and then frozen at -20°C
overnight. The frozen tubes were incubated at 65°C for 30 minutes and placed in a Fastprep® bead-
beater (MP Biomedicals) set at speed 5.5 for 30 seconds. DNA was extracted from the water phase

with an equal volume of chloroform:isoamyl alcohol (24:1) and precipitated with isopropanol.
DNA amplification

Since DNA yield was low (between 0.1 and 8 ng pl™"), the DNA extracted from each sample was

amplified using multiple displacement amplification with the illustra™ GenomiPhi™ V2 DNA
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Amplification Kit (GE Healthcare). Amplification was carried out according to the manufacturer’s

instructions, except that twice the amount of DNA was used.

Clone library construction

Using universal 16S rRNA gene (rrs) primers pA (5’AGAGTTTGATCCTGGCTGAG3’) and pH
(5’AAGGAGGTGATCCAGCCGCA3’) and the illustra Hot Start Mix RTG (GE Healthcare) PCR kit, four
bacterial clone libraries were constructed: ESS, LSS, MWR and SSIM. The 25 uL volume PCR reaction
mix contained 0.6 uM of each primer, 5 pl Genomiphi-amplified DNA or 5 ul sterile water for the
negative control. The PCR conditions used were 5 minutes at 95°C, followed by 45 cycles of 45
seconds of denaturation at 95°C, 45 seconds of annealing at 56°C, and 45 seconds of elongation at
72°C. After a final 10-min extension at 72°C, PCR products were separated by 1%-agarose gel
electrophoresis and purified using the NucleoSpin® Extract Il kit (Clonetech). Amplicons were cloned
into pCR4-TOPO using a TOPO-TA cloning kit (Invitrogen) as per the manufacturer’s instructions.
Ninety-six clones from each library were screened for the correct-sized insert (1.5 kb) by PCR
amplification using M13F (5’"GTAAAACGACGGCCAG3’) and M13R (5'CAGGAAACAGCTATGA3Z’) primers
and the same protocol outlined above. Of these clones, a total of 192 PCR amplicons had the correct-
sized insert and were sequenced in both directions (GATC Biotech). The sequencing run returned 155
sequences. Sequences were assembled using DNASTAR (DNASTAR®, Inc.) and average base pair
coverage was 200. In the rare cases of base pair mismatch, chromatograms were consulted and the

nucleotide was determined by two independent readers.

Clone library analysis

Sequences were aligned using the Clustal W alignment function in the BioEdit software package
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Distance matrices of the alighed sequences were
generated for each library with the model F84 for nucleotide substitution using the DNADIST
program in PHYLIP (version 3.6; Department of Genomic Sciences, University of Washington, Seattle,
WA; http://evolution.genetics.washington.edu/phylip.html). Biodiversity indices for clone libraries
were generated by running the outfiles through the DOTUR 1.53 program (Schloss and Handelsman
2005). Rarefaction curves (Hughes et al. 2001) were drawn for all libraries and the Shannon
biodiversity index (Magurran 1988), Chaol species richness index (Chao 1984), as well as clone
library coverage based on Good's coverage for an OTU definition (Good 1953) were determined using
97% identity level. The phylogenetic diversity of all four libraries was compared using the [-LIBSHUFF

(http://schloss.micro.umass.edu/software/slibshuff.html) (Schloss et al. 2004). The program uses the

Cramér-von Mises test (Pettitt 1982) to determine significant differences (p<0.05 after applying the
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Bonferroni correction) among libraries independent of arbitrary OTU similarity percentage cut-off
values and is designed to compare undersampled 16S rRNA gene libraries.
Phylogenetic analysis

Sequences were checked for chimera with the CHIMERA detection program

(http://rdp8.cme.msu.edu/cgis/chimera.cgi) (Cole et al. 2003). Database sequences with the highest

degree of similarity were obtained with the NCBI BLAST-N program (http://www.ncbi.nih.gov/blast).

The Ribosomal Database Project 10.0 Classifier tool (RDP, http://rdp.cme.msu.edu) was used to

assign genus level groupings with 80% confidence (Cole et al. 2009). Phylogenetic trees were then
generated using Clustal X (Thompson et al. 1997) to align sequences and run bootstrapping analysis
(1000 repetitions) with the Jukes-Cantor distance correction (Jukes and Cantor 1969) and the
Neighbour-Joining method (Saitou and Nei 1987). The trees were visualized with NjPLOT (Perriére
and Gouy 1996).

Results

16S rRNA gene (rrs) clone libraries

Four 16S rRNA gene (rrs) clone libraries were constructed from the ESS, LSS, SSIM and MWR samples
from which a total of 155 independent sequences were obtained. All PCR amplification controls
performed in parallel to the assays were negative. Based on the coverage estimates (Table 1), about
50% and 80% of the diversity in the clone libraries for snow samples was sampled (ESS and LSS,

respectively), whereas meltwater clone libraries had lower values (around 30%).

Table 1: Biodiversity indices and statistics among the snow and meltwater libraries.?

Library  Sample date Individuals OTUs Chao1l (95% Cl) % coverage H’ (95%Cl)

ESS May 11", 2007 40 29 59.67 (38.40-124.45) 50 3.01(2.73-3.29)
LSS June 7™, 2007 29 11 14.75(11.64-33.02) 80 1.93 (1.54-2.30)
SSIM June 10", 2007 40 32 103.20 (57.71-232.43) 33 3.38 (3.15-3.62)
MWR June 11", 2007 46 39 152.20 (81.72-341.74) 26 3.59 (3.36-3.81)

? Individuals, number of clones sequenced; OTUs, number of operational taxonomic units observed;
Chaol, Chaol nonparametric richness estimate with 95% confidence interval in parentheses; %
coverage, percent library coverage based on Good’s estimate; H’, Shannon-Weaver diversity index
with 95% confidence interval in parentheses. ESS, LSS, SSIM and MWR correspond to the early spring
snow library, the late spring snow library, the snow-soil interface meltwater library and the
meltwater river library, respectively.

39



This is reflected in the rarefaction curves that begin to plateau for snow, but not for the meltwater
libraries, which suggests that meltwater libraries were relatively undersampled (Figure 1). The MWR
library had the highest community richness (Chaol, Table 1), followed by SSIM, ESS and LSS. The 95%
confidence interval of the Chaol estimator overlapped between the ESS and meltwater samples. The
meltwater libraries also had the highest Shannon biodiversity indices, followed by the two snow-
derived libraries (ESS and LSS). Based on the [-LIBSHUFF analyses, the ESS clone library is significantly
different from the LSS clone library (p<0.0001). There was no significant difference between
meltwater clone libraries (p=0.6826), however, the snow libraries differed significantly from the

meltwater libraries (p<0.0001 for each pairwise comparison).
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Figure 1: Rarefaction curves for each clone library showing the number of clones sampled versus the
number of operational taxonomic units (OTUs) within each library. Error bars represent the 95% ClI.
ESS, LSS, SSIM and MWR correspond to the early spring snow library, the late spring snow library, the
snow-soil interface meltwater library and the meltwater river library, respectively.

Sequence Analysis

The combined four clone libraries covered 19 different microbial classes, with Betaproteobacteria
(21.3%) and Sphingobacteria (16.4%) dominating. Flavobacteria (9.0%), Acidobacteria (7.7%) and
Alphaproteobacteria (6.5%) were the next most-represented classes, with the remaining classes each
representing less than 5% of the total. The genus for almost half of the sequences could not be
determined with 80% confidence using the classifier tool, however, common genera existed for ESS
and MWR (Curvibacter), ESS and LSS (Xiphinematobacteriaceae genera_incertae_sedis), MWR and
SSIM (Clostridium, Pedobacter, Niastella, Gp4, Gp6) and for LSS and SSIM (Flavobacterium,

Polaromas) (Figure 2 a, b, c).
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996 Uncultured Bacterium, Alpine tundra soil (EU861847)
MWR-G9 Uncultured Sphingobacteriales bacterium (FJ946624)
Uncultured Bacteroidetes bacterium, Antarctic soils (DQ365999)
ESS-D4n Uncultured Flexibacteraceae bacterium (FJ946579)
1000 Uncultured Bacterium, Iron-oxidizing biofilm (EU937880)

MWR-F10n (2) Uncultured Sphingobacteriales bacterium (FJ946571)
Uncultured Soil Bacterium, oil-polluted soil (DQ378273)
SSIM-C4 (2) Uncultured Crenotrichaceae bacterium (FJ946549)
MWR-C4v Uncultured Sphingobacteriales bacterium (FJ946567)
Uncultured Bacterium,Grassland soil, winter addition (EF516379)
SSIM-A10 Uncultured Chitinophaga (FJ946557)
Uncultured Bacterium Alpine tundra soil (EU861850)
Uncultured Bacterium,Grassland soil, winter addition (EF516498)

624 SSIM-C7n (3) Uncultured Chitinophaga (FJ946530)

876 1000 Uncultured Bacterium ,Oldest Antarctic ice (EF127611) Sphingobacteria

Ssi-D2n UREERTA NS4 T Rpiagapacteriales bacterium (FI046575)
MWR-G8n (2) Uncultured Sphingobacteriales bacterium (FJ946600)
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Figure 2: Neighbour-joining tree showing phylogenetic relationships among 16S rRNA gene (rrs)
sequences from snow and meltwater libraries and their nearest neighbours in the GenBank database.
One representative clone from each OTU is shown with the number of clones per OTU per library in
parentheses followed by the taxonomic affiliation as determined using the RDP Classifier tool. The
associated GenBank accession number is shown in parentheses. 2A is the first subtree showing
Bacteriodetes (Sphingobacteria and Flavobacteria); 2B is the subtree showing Proteobacteria (Alpha,
Beta, Delta, Gamma), Nitrospira, Acidobacteria, and Chloroflexi; 2C is the subtree showing
Cyanobacteria, Chloroplast, Firmicutes, Planctomycetes, Actinobacteria, Epsilonproteobacteria and

Verrucomicrobia, as well as other classes.
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The ESS library sequences contained 12 bacteria classes and one unclassified sequence. It was
dominated by Betaproteobacteria (20.0%), Alphaproteobacteria (17.5%), Sphingobacteria (15.0%)
and Bacilli (7.5%). Flavobacteria and Cyanobacteria comprised only a small percentage of the library
(5.0% each) and some sequences related to eukaryote chloroplasts were also identified (Figure 2).

Most members of Alphaproteobacteria, Bacilli and Sphingobacteria are closely related to
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environmental clone sequences from alpine/polar environments. The LSS library was dominated by
clones related to phototrophic eukaryotes (37.9%). A total of six different bacterial classes were
represented, with Betaproteobacteria (27.6%) dominating, followed by Cyanobacteria (13.8%) and
Flavobacteria (10.3%) (Figure 2). A total of 12 classes were represented in the SSIM library, which
was dominated by Sphingobacteria (25.0%), Betaproteobacteria (20.0%), Flavobacteria (15.0%) and
Acidobacteria (12.5%). Half of the Betaproteobacteria had members with sequences nearest to
environmental clone sequences retrieved from polar environments and snow (Figure 2) and 60% of
the Flavobacteria clustered with clone sequences from Arctic marine environments. The MWR library
was dominated by Betaproteobacteria (19.6%), followed by Sphingobacteria (17.4%), Acidobacteria
(15.2%) and Clostridia (10.9%). All Flavobacteria sequences had nearest neighbours that originated
from Arctic marine environments, while 75% of Clostridia sequences were nearest to environmental

clone sequences from alpine/polar environments (Figure 2).

40 -
35

% 30 | B ESS

S 25 , mLSS

S 2 O SSIM

© MWR

o 15

£

s 10

N D@ 2D R R R @R PRRRL 2D
B g R A RN
PP ST F O P T P AT F T S © P F
PP LFFLFLFLFLEFLoIF Iy & ¥ @
& ¢ & ¥ & & & 0&{(\@ N o\°® SN
g § ~ S
A oS & R CESL S K& FR &
& e * & \1.’?9 & of N R
v L K
&
Class

Figure 3: Class distribution in each of the four clone libraries. The bars represent the percentage of
each class in each library. ESS, LSS, SSIM and MWR correspond to the early spring snow library, the
late spring snow library, the snow-soil interface meltwater library and the meltwater river library,
respectively.

Common classes among all clone libraries were Betaproteobacteria, Sphingobacteria and
Flavobacteria. Classes exclusive to snow libraries were Verrucomicrobia and Cyanobacteria, while

Acidobacteria and Clostridia were limited to meltwater clone libraries (Figure 3). Bacilli and

Nitrospira were only found in the ESS library, which also had the highest proportion of
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Alphaproteobacteria amongst all libraries. The LSS library contained no Alphaproteobacteria or
Actinobacteria, unlike the other three libraries. The MWR library had a higher proportion of clones
that were from the Clostridia class than the other libraries and no phototrophic organisms were

present, while the SSIM library had the highest proportion of Flavobacteria (Figure 3).

Clone sequences were also grouped based on the geographical origin of their nearest neighbour
using the NCBI BLAST-N results. Sequences with nearest neighbours that were retrieved from
alpine/polar environments (Antarctica/Arctic —soil, water, sediments and non-polar high altitude
sites) represented 34.2% of all sequences, followed by sequences similar to isolates from soil
(21.9%), aquatic (29.0%) and contaminated (11.0%) environments (Table 2). In the ESS library,
sequences with nearest neighbours from aquatic sites accounted for 47.5% of the library, followed by
alpine/polar sites (25.0%), soil (12.5%) and contaminated environments (10.0%). Almost all LSS
sequences had nearest neighbours that were from alpine/polar (55.2%) or aquatic (41.4%) sites. The
SSIM library was dominated by sequences with nearest neighbours from soil (32.5%) followed by
alpine/polar and aquatic (25.0% and 22.5% respectively) and contaminated environments (20.0%).
The nearest neighbours of the sequences in the MWR library were mainly from alpine/polar regions

(37.0%) and soil (32.6%) followed by aquatic environments (10.9%) (Table 2).

Table 2: Distribution of clones in each of the four libraries based on nearest-neighbour isolation

environment.?

Nearest neighbour | Total ESS LSS SSIM MWR
environment clones [clones |clones [clones |clones
Alpine/Polar 34.2 25.0 55.2 25.0 37.0
Aquatic 29.0 47.5 41.4 225 10.9
Contaminated 11.0 10.0 34 20.0 8.7
Other 3.9 5.0 0.0 0.0 10.9
Soil 21.9 12.5 0.0 325 32.6

®Values are in percent of total. ESS, LSS, SSIM and MWR correspond to the early spring snow library,
the late spring snow library, the snow-soil interface meltwater library and the meltwater river library,
respectively.
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Discussion
Clone library analysis

Arctic snow and meltwater are highly diverse systems. The fact that the rarefaction curves fail to
plateau for meltwater libraries and only begin to plateau for early spring snow, suggests that further
sampling or clone selection would reveal even higher diversity at the species level (Figure 1) and that
a large amount of the bacterial diversity still remains to be sampled from these environments. Based
on the [-LIBSHUFF analyses, designed to analyze undersampled libraries, snow bacterial communities
(ESS and LSS) were significantly different (p<0.0001) and snow and meltwater communities also
differed significantly (p<0.0001). Another estimator, the Chaol nonparametric richness estimator,
can be used as an alternative to the [-LIBSHUFF for comparing undersampled libraries since it
approaches a stable maximum before rarefaction curves plateau (Kemp and Aller 2004). Although
there is some overlap in the 95% confidence interval of the Chaol estimator between the ESS and
meltwater libraries (Table 1), no overlap is observed with the LSS library, further supporting the

significance of the difference.

The observed differences in the retrieved sequences from the different libraries could be due to the
seasonal changes in the respective microbial communities at the time of sampling, since the snow
environment at the time of sampling differed in terms of temperature and pH. Another factor may
also be atmospheric deposition. The relatively large percentage of cloned sequences with nearest
neighbours isolated from the soil (12.5%) and contaminated environments (10.0%) in the ESS library
might implicate atmospheric deposition of pollutants and/or microbes. Liu et al. ( 2006) also reported
the presence of bacteria related to isolates from activated sludge in snow from glaciers in the Tibetan
Plateau at altitudes above 5000 m that they suggested originated from atmospheric deposition since
bacteria attached to aeolian dust can be transported to glaciers (Yao et al. 2006) and microbial
concentrations have been correlated to mineral particle density in the snow (Segawa et al. 2005).
Whether these bacteria are then able to colonize and multiply in the snow depends on their ability to
survive the harsh surface conditions, i.e. high UV radiation, temperature extremes, variable wind
ventilation and variable (low) organic matter deposition (Jones 1999; Kuhn 2001; Hodson et al. 2008).
The Sphingobacteria in the ESS library cluster with bacteria isolated from either Antarctica or tundra
soils and are probably able to grow in the snow, since certain members are psychrotrophic and

produce pigments that may protect them from solar radiation (Chauhan and Shivaji 1994).

We observed a decrease in biodiversity in the LSS library as compared to the ESS library and an
increase in clones with nearest neighbours from polar/alpine environments and with DNA belonging

to algae and Cyanobacteria. While it is possible that the proximity of the fjord to the sampling site
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may have influenced species composition in the LSS library due to sea spray, it is unlikely since most
of the sequences clustered with sequences retrieved from freshwater sources (lakes or glaciers,
Figure 2). The observed decrease in biodiversity in the LSS clone library may be due to meltwater
washout. A decrease in microbial biomass and mineral particle concentration in mid-latitude
mountain summer snow (June and July) due to meltwater washout was reported by Segawa et al.
(2005), and meltwater has also been shown to washout nutrients (Kuhn 2001). Since meltwater
integrates what is washed out of the snow, it would be expected to incorporate most species/classes
found within the seasonal snowpack, with the exception of those able to attach themselves or form
biofilms, thus reducing their mobility. The meltwater libraries sequenced contained all of the
bacterial classes found in the ESS and LSS libraries with the exception of Bacilli, Nitrospira,

Verrucomicrobia and Cyanobacteria.

Since meltwater also drains the soil, it would be expected that its community structure reflects this
influence. For both meltwater libraries, over a third of the sequences had nearest neighbours
isolated from the soil. Certain classes, such as Acidobacteria and Clostridia, were found in meltwater,
but not snow, libraries. Acidobacteria are commonly isolated from soils (Jones et al. 2009), while
Clostridia are anaerobic bacteria commonly isolated from Antarctic soils and anaerobic microbial

mats (Miwa 1975; Spring et al. 2003; Stackebrandt et al. 2004).

Snow and meltwater diversity

Meltwater clone libraries were more diverse than snow libraries, with Shannon biodiversity indices
between 3.38 and 3.59. These values are higher than those reported for meltwater libraries collected
on the northern slope of Mount Everest: between 0.6199 and 2.398 (Liu et al. 2006). Bacteria in the
Everest region were probably exposed to lower oxygen concentrations, stronger radiation and less
nutrients than those from the Svalbard region, thus, the increased stress might have limited
biodiversity. In the Everest meltwater clone libraries, the dominant groups were the Bacteroidetes
group and Betaproteobacteria, similar to those found in this study. We also identified several
Actinobacteria strains, which were absent in the Everest libraries. Cheng and Foght (2007) reported
higher biodiversity indices (3.143-3.713) for libraries constructed from subglacial environments in the
high Arctic, with Bacteriodetes, Betaproteobacteria and Actinobacteria dominating, and Skidmore et
al. (2005) found mainly Betaproteobacteria and some CFB in Canadian subglacial environments

(Skidmore et al. 2005; Cheng and Foght 2007).

In contrast, clone libraries from snow samples from four different sites around Mount Everest had
relatively high Shannon biodiversity indices, between 2.2 and 4 (Liu et al. 2009). Our snow libraries

fell within this range (ESS: 3.01, LSS: 1.93). In Everest snow libraries, Gammaproteobacteria were
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dominant, followed by Alphaproteobacteria and Actinobacteria, unlike in our snow libraries where
Betaproteobacteria dominated (Figure 3). Actinobacteria and Alphaproteobacteria were only present
in the ESS library, while only one Gammaproteobacteria clone was sequenced in the LSS library. In a
study on the seasonal shifts in microbial populations in mid-altitude snowpacks, Segawa et al. (2005)
reported that a large portion of their library was composed of Betaproteobacteria (Segawa et al.
2005). They also found a higher percentage of Actinobacteria, Bacillus and Alphaproteobacteria in
the early spring (March) library than in the summer (June and August) libraries, similar to the shift we
observed in our snow libraries. The biodiversity indices of our snow libraries are comprised between
those of Arctic pack ice and Arctic microbial mats (0.812-1.291 and 3.50- 4.41, respectively,
(Brinkmeyer et al. 2003).

Conclusion

The snowpack is a diverse habitat that remains largely unexplored as research efforts have focused
on glacier systems and ice. Many studies report the occurrence of related phylotypes from
geographically diverse, but predominantly cold environments, and the community structure has
common populations in different cryohabitats. However, the seasonal evolution of the microbial
community and the physiological state of the organisms within the snowpack are topics that remain
to be addressed. Our understanding of the microbial community needs to be expanded and
functional analyses will determine both the effect of season on microbial activity as well as the
extent that these communities influence snowpack dynamics — such as nutrient cycling, gas transfer

and environmental contaminant cycling and downstream ecosystem transfer.
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Abstract

Arctic snowpacks are often considered as temporary reservoirs for atmospheric mercury deposited
during springtime events. The fate of deposited species is of utmost importance since melt leads to
the transfer of contaminants to snowmelt-fed ecosystems. Here we examined the deposition, fate
and transfer of mercury (Hg) species (Total Hg (THg) and methylmercury) in an arctic environment
from the beginning of mass-deposition of Hg during atmospheric mercury depletion events (AMDEs)
up until full snowmelt. We estimated that AMDEs deposited important amounts of THg onto the
snow surface with concentrations up to 373 ng/L and estimated deposition fluxes of 200-2160 ng/m?.
Most of the deposited Hg is re-emitted to the atmosphere via photochemical reactions. However, a
fraction remained stored in the snow and we estimated that the spring melt contributed to an input
of 1.5-3.6 kg/year of THg to the fjord (i.e. 8-21% of the fjord's THg content). A monitoring of
methylmercury in snow using DGT sensors showed that atmospheric sources of methylmercury and

in situ production may exist.

Introduction

Mercury (Hg) is a toxic metal that can be transported far from its emission sources and contaminate
remote areas. Anthropogenic sources of mercury (combustion, chemical industry and mining) have

significantly decreased since the 1970s in the western countries of the northern hemisphere, but
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these declines are today certainly offset by increases in Asia (1). Whether the variations of sources
have affected background concentrations of gaseous elemental mercury (Hg°), the predominant
form of Hg in the atmosphere, is under discussion (2-4). Nowadays Hg® averages 1.5-1.7 ng/m? in the
northern hemisphere. Despite the effort made to reduce anthropogenic emissions, levels of oxidized
species in environmental matrixes remain elevated. Some studies even reveal an increase in Hg levels
that can be seen in many species all over the planet including some arctic animals (5, 6). Of particular
concern is the exposure to methylmercury (MeHg), a powerful neurotoxin that biomagnifies in the

food chain and constitutes the majority of the Hg burden in fish and marine mammal tissues (7).

The Hg issue in the Arctic generates interest in scientific communities (e.g. (8)) due in part to wildlife
and human health implications. Additionally, the reasons for elevated Hg levels in the Arctic have yet
to be elucidated. Historically, the discovery made in Alert (Canada) in 1995 (9) that revealed that Hg®
is oxidized and deposited onto polar environmental surfaces more rapidly than anywhere else due to
a phenomenon called Atmospheric Mercury Depletion Events (AMDEs) sparked considerable
interest. Numerous studies suggest that sea-salt is involved in a photochemically-initiated and
autocatalytic release of reactive halogen (Br and BrO radicals). The conversion of Hg® by bromine
radicals is certainly fast, even if the kinetics are poorly understood, and leads to the formation of
divalent species of Hg. These species are more water-soluble and reactive and can thus be deposited
by wet and dry processes onto surfaces. Significant increases in oxidized levels of Hg have been
measured in the snow following AMDEs and a fraction of Hg has been reported as bioavailable (10).

Yet the link to the methylation of Hg in this system is still unknown.

The AMDEs were thought to be a dominant source of contamination to arctic ecosystems. Yet, an
increasing number of studies seem to suggest that their contribution is not as important as
previously reported. Among these, several studies since 2002 have shown that a part of deposited
mercury can be reemitted back to the atmosphere by photo-mediated reduction processes (e.g.11)
thus adding uncertainty to the net deposition. A recent report (12) related to the Hg mass balance in
the Arctic even argues that the atmospheric input might not be as high as expected. Besides the
ambiguous role of AMDEs in the contamination of the Arctic, the mechanisms that produce MeHg in

these cold environments are to date unresolved although many pathways have been suggested (13).

In order to fill some of the gaps highlighted in the literature and the still open questions, longer data
sets, as well as new analytical tools are required. The objective of the following study is to better
constrain the fate of Hg once in the snowpack and its transfer to other reservoirs. For this purpose,
we monitored mercury changes in the snow reservoir at a high temporal resolution, together with

measurements in surrounding glaciers and in many meltwater streams. Along with THg,
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methylmercury concentrations are reported. The study took place at the onset of AMDEs to the

snowmelt of a seasonal snowpack in an arctic coastal location near Ny-Alesund, Svalbard (Norway).
Material and Methods
Field campaign and study site

The spring research campaign was held between April 16", 2007 and June 20", 2007 at Ny-Alesund
in the Spitsbergen Island of Svalbard, Norway (78°56'N, 11°52'E). The field site, a 50 m* perimeter
with restricted access (to reduce contamination from human sources), is located along the south
coast of the Kongsfjorden, which is oriented SE-NW and open to the sea on the west side (Figure S1

in Supporting Information). The Kongsfjorden was free of sea ice throughout the campaign.
Atmospheric Hg° measurements

Atmospheric Hg® was measured two meters above snow surface using a Tekran model 2537A vapor-
phase Hg analyzer. Due to logistical problems, measurements were available at our field site from
April 26"™. Data from the 16" to the 26™ (courtesy of NILU) were at Zeppelin air monitoring station
(474 meters above sea level). An international study has already compared both measurement sites
(14). Snow-to-air fluxes of Hg® were also continuously measured from April 26 in 10 min intervals
using a dynamic flux chamber (15). Detailed characteristics and testing are available in the

Supporting Information.
Snow and seawater sampling

Snow was sampled daily using clean sampling techniques and was collected in acid-washed 250 mL
borosilicate glass bottles. Snow samples were also collected from pits dug in the surrounding glaciers
(Figure S1 in Supporting Information), Kongsvegen (N78°45.29, E13°20.20, 670 m) Austre Lovénbreen
(N78°51.79, E12°08.03, 472 m) and Holtedahlfonna (N79°08.17 E13°16.12, 1173 m). All snow
samples were maintained frozen in the dark until analysis. Surface seawater was sampled at 200 m
from the snow field site every 5 days. The sampling point was identified with a buoy and was at a

distance of 50 m from the shore.
Meltwater sampling

Meltwater was sampled using two different methods. The first consisted of a Teflon-coated v-shaped
sampler that was placed at about 10 cm under the surface of the snow pack. This surface meltwater
runoff was collected in clean 250 mL borosilicate glass bottles. Snowpack meltwater was collected in

sterile sampling bags at the snow-soil interface as small rivers formed. Both collection methods were
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tested by multiple blanks measurements. THg concentration was measured constantly below
detection limit in MQ water sampled on our Teflon-coated v-shaped sampler as well as in sterile

sampling bags.
Analytical Techniques
THg determination

THg was measured in the field with a Tekran model 2600 using USEPA method 1631 revision E. All
samples were analyzed in triplicate. THg concentrations are presented as mean # 1 stdv. The limit of
quantification calculated as 10 times the standard deviation of a set of 10 blanks was 0.3 ng L™

Detection Limit (DL) is about 0.1 ng L™. Analytical information is available in Supporting Information.
Methylmercury determination using DGT (Diffusive Gradient in Thin Films)

Developed initially as a monitoring tool for MeHg in the water column (16, 17) or in sediment pore
water DGT technique was used for the first time in the snow and melting snow. 3 DGT units were
deployed every five days in the snow pack below the surface. DGTs were also deployed in triplicate

for 5 days at a depth of 1 m in the nearby fjord.

DGT principle is based on the diffusion of the dissolved species through a gel and their subsequent
accumulation on an ion exchange resin. After extraction and elution in the lab, MeHg was ethylated
and analysed by GC—ICP-MS. DGT blanks, collected on a regular basis in the field assessed the
absence of contamination of this new monitoring tool. Details on the technique and its limitation are

available in Supporting Information.
Results
Atmospheric Hg® concentrations and flux measurements over time

AMDEs, defined when hourly averages of Hg® concentrations fall below 1 ng.m?, were complex and
of short duration (Figure 1a). Two long AMDEs occurred: from April 18 to April 20 and from May 26
to May 28. Additional short and shallow AMDEs were recorded on April 21, April 22, April 24, April
27, May 1, May 4, and May 8. During this extended period (April 18 to May 8), Hg° concentrations

oscillated between 0.6-1.0 ng m™and background concentrations (i.e. ~1.5 ng m™).
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Figure 1 (a) Atmospheric Hg® concentrations at sea level (black line) are shown on the left axis.
Atmospheric Hg® data from the 16™ to the 26™ of April (cross) are the courtesy of NILU and were
obtained at Zeppelin air monitoring station (474 meters above sea level). (b) Hg® fluxes recorded
from the snowpack (grey line) are shown on the right axis. Grey rectangles represent AMDEs. For
clarity, AMDESs occurring between April 21 and April 27" are not shown

The beginning of the 1° AMDE (April 18-April 20) corresponded to a snowfall event as well as an
episode of strong wind coming from the Arctic Ocean on the west side of Spitsbergen. Based on
HYSPLIT results, air masses originated from North-East Greenland, where high BrO concentrations in
the atmospheric column were detected. The sea ice map shows that the air mass had passed over
sea ice and open ocean areas (Figure S2a in Supporting Information). The AMDE was at its maximum
amplitude (i.e. lowest Hg® values) on the 19", when the wind speed dropped (1-2 m/s). Finally, Hg®
concentrations returned to background levels (above 1 ng m?) on the 20" when wind from inland
Spitsbergen swept away the depleted air and local reactants to replace it with air containing
background Hg® concentrations. The second long AMDE (May 26-May 28) occurred simultaneously
with a temperature drop and during a snow fall. In fact, it started with the contribution of a cooler air
masses coming down from the Kongsvegen glacier and a high wind speed (7-8 m/s). During this
period, north eastern and eastern regions from Spitsbergen presented higher BrO concentrations.
Backward trajectories show a contribution of air masses coming from the North Pole (Figure S2b in

Supporting Information).
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Hg® trends and flux measurements

Atmospheric Hg® concentrations were influenced by emissions from the snowpack. In the absence of
AMDEs, a diel pattern of Hg® values with higher variability and higher values was observed during the
day, with values reaching 2.5 ng.m™ periodically. Hourly-averaged Hg° concentration even stayed
above 3 ng m™ for 6 hours (peaking at more than 4 ng m>) on May 29 after the last AMDE (Figure
1a). Flux measurements confirmed the importance of Hg® emission from the snowpack (Figure 1b).
They revealed a clear diel pattern with daily hourly maximum averaging more than 20 ng.m?>h™*
(average of the whole campaign). Large emission events were observed following both AMDEs.
Following the second AMDE, atmospheric Hg® concentration was influenced by snow reemission up
to a height of 7 meters (data not shown) and fluxes reached 1000 ng.m™2.h™. Forced ventilation of
interstitial snow air, however, may have led to an overestimation of Hg® fluxes during this event.
Excluding the high reemission event mean Hg° fluxes was around 12.5 ng.m2.h™ for the whole

campaign.
Speciation of Hg in the surface snow

THg concentrations ranged from below detection limit to 373.1 ng.L™ (Figure 2). THg increased as Hg®
concentrations decreased, indicating Hg® oxidation and deposition. From the beginning to April 24,
THg averaged 191 ng.L™, due to deposition of oxidized species of mercury (Hg(11)) through AMDEs. Hg

deposition was enhanced by the occurrence of snow precipitation.
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Figure 2: THg concentration (black diamonds, left axis) in surface snow samples as a function of the
day of the year. Samples were analyzed in triplicate. The error bars show the standard deviation of
the 3 triplicates. Errors bars are most of the time small than 0.2 ng/L and are thus not visible with the
present scale. pH (squares, right axis) of melted snow sample is as well shown. A few triplicate
measurements of THg in the nearby surface fjord water are also presented in the insert panel.

Between the evening of the 24" and the morning of the 25", surface THg fell from 356 to 70 ng.L”
due to an important snow fall. Since almost 20 cm of snow covered the previous layers and because
an AMDE had just terminated, the THg value of 70 ng.L" reflected a measurement of wet deposition
of Hg(ll). In the absence of Hg deposition events, the THg content in surface snow slowly decreased
to values below 2 ng.L™". The last AMDE at the end of May increased THg levels from 2.1 to 237.7
ng.L'". Photoreduction of deposited mercury and evasion of Hg® occurred immediately after (Figure
1b). After 3 days, surface THg concentration had returned to “normal values”, i.e. that 99% of

deposited Hg has been transformed, transferred or reemitted.

Methylmercury species (MeHg), as integrated over 5-day periods by DGT probes in surface snow,
showed increasing levels throughout the campaign (Figure 3 and Table S1 in Supporting Information).
A first period showed low levels averaging around 0.049+0.022 ng.L™. Then, after May 10, higher
values and higher variability were observed (0.117+0.050 ng.L™). A maximum of 0.259+0.015 ng.L"

was recorded on June 3 to 8.
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Speciation of Hg in the seawater

THg in the surface seawater close to the snow sampling area was quite elevated around 1.5 ng.L™
(Figure 2). A net increase occurred on May 29 with a measured value of 2.9 ng L™. DGT probes
recorded MeHg values from 0.007 to 0.158 ng.L™ (Figure 3 and Table S1 in Supporting Information).
The highest values were recorded on samples of May 19-24 and May 29-June 3 (respectively 0.158
and 0.131 ng.L™).
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Figure 3: MeHg concentrations in (a) surface snow and (b) seawater over 5 days as measured by the
DGT technique (see Material and Methods and Supporting Information). The central dot represents
the mean value of 3 DGT deployed at the same time and at the same place. The rectangle height
shows the standard deviation of the 3 DGT, and the rectangle length the duration of the MeHg
collection by the DGT. The DGT do not show a point value of MeHg but rather an integration of 5
days of MeHg presence in the snow. Precipitation events are represented by bold black spikes (no
scale). The snow temperature (15 cm below the surface) is shown on the right vertical axis.

THg on surrounding glaciers

The 3 pits were dug at different locations (Figure S1 in Supporting Information) and different periods.
As shown in Table 1, the Kongsvegen pit (April 20) had elevated surface THg concentrations (30.3
ng.L'™"), however below this depth, THg was comprised between 0.5 and 7.0 ng.L™. High values were

found at the bottom of the pit on the icy layer which corresponded to the refrozen layer of the
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summer melt. The pit dug in Austre Lovénbreen is closer to the snow sampling site and was dug later
in the season on May 18. The samples collected around 25 and 50 cm depths showed high THg values
of 57.4 and 15.2 ng.L" respectively. The Holtedahlfonna pit (May 05) is situated farther from the
fjord and THg values between 0.3 and 4.7 ng.L"* were recorded, with the highest concentrations

found in the surface layers.

Table 1: THg concentration measured in pit dug on three different glaciers (Figure S1 in Supporting
Information) representing the snow accumulation as of last summer. Mean value (triplicate
measurements) and standard deviations are shown.

Glacier Kongsvegen Austre Lovénbreen  Holtedahlfonna
Date April 20 May 18 May 15

Depth (cm) THg (ng.L™)
Surface 31.0+0.3 1.2+0.1 4.1+0.2
25+10 5.5+0.1 57.4+0.3 4.7+0.2
50 +10 24101 15.2+0.1 3.0£0.2
75+10 1.6+0.1 0.4+0.2 1.7+0.2
100 + 10 0.7+0.1 0.6+0.4 1.9+0.3
125 +10 0.5+0.1 24+0.1 0.3+0.1
150 + 10 3.7+01 0.2+0.1 26+04
175 +10 29101 <DL
200+ 10 3.5+0.1 <DL
225+10 7.0£0.1

THg in meltwater

Meltwater samples were collected as of May 24 even though some partial melting occurred inside
the snowpack as of May 20 attested by temperature sensors. The surface meltwater (see Material
and Methods) had relatively high THg (up to 24.0 ng.L) that lowered progressively to almost
undetectable values over time, whereas snowpack meltwater THg remained relatively constant
(mean value of 4.8+1.7 ng.L™) (Figure 4). There appears to be a change in snowpack characteristics as

the season progressed. The snowpack data can be divided into two distinct groups based on pH
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values, an early spring group and a late spring group. The early spring group is characterized by
slightly acidic pH values (around 5.5). As temperatures increased, the snowpack became less and less
acidic, with mean values around 6.2. The turning point appears to coincide with snowmelt around

the 20™ of May.
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Figure 4: THg concentrations in surface meltwater (dark grey bars) and snowpack meltwater (light
grey bars) as defined in the method section. The standard deviation of the triplicate analysis of each
sample is represented with error bars. Data of pH and THg of surface snow already shown in Figure 3
are also plotted. The first snowmelt sample was taken on May 24. From May 26 to May 31, a cooler
period interrupted the meltwater collection.

Discussion
AMDEs sources and chemistry

The occurrence of AMDEs in polar environments has been reported since 1995 (9). Following this
discovery, intensive springtime campaigns were carried out since 2000 in Ny-Alesund (14, 18-22). The
chemistry that causes AMDEs is probably connected to what drives the ozone depletion events (23).
Reactive halogens species — generated from open water regions or refreezing sea ice — rapidly oxidize
Hg® into oxidized mercury as gaseous Hg(ll) or particulate Hg [for more details, see (8)]. According to
meteorological (i.e. wind direction and back-trajectories) and chemical data (i.e. calculation of ozone
destruction rates and BrO maps), the AMDEs observed in Ny-Alesund in 2007 result from an influx of
air masses (24) that were previously depleted in Hg® rather than a local chemistry, a phenomenon

that has been described elsewhere (25, 26). However the sole influence of a transport of depleted air
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masses is not always sufficient to explain the several short-time AMDEs observed in April. On
occasions, local chemistry may explain a reactivity of Hg® that may have been initiated by a transport
of reactive species. For instance, we recently proposed a theoretical mechanism by which products
of Hg® depletion such as HgBr42°/HgCI42° could interact at a sea/air interface with chloride or bromide
(27). These pathways could generate a source of reactive bromine that could then oxidize in situ Hg".
A similar process could exist at an air/snow interface if a source of chlorine or bromine is available.
However, the capacity of analytical instruments to accurately determine oxidized Hg products is
currently inadequate, thus limiting our comprehension of these mechanisms. Another factor that
may influence the magnitude and origin of AMDEs in Ny-Alesund is the more complex topography

(presence of mountainous areas, glaciers, and fjords) than for other sites of study (19).
Atmospheric inputs to environmental surfaces

The daily monitoring of THg in surface snow shows that AMDEs deposit an important quantity of
mercury. These high values are similar to those reported for Barrow (AK, US) (10, 26), where a local
production of Hg(ll) usually exists. Elevated THg values in Ny-Alesund may result in an enhanced
deposition of Hg(ll) by the scavenging by snow precipitation, which was usually associated to AMDEs.
The resulting calculated deposition fluxes to the upper snow layer (assuming a snow density of 0.3
and a collection depth of 1-3 cm) range from 200-650 ng.m™ to 720-2160 ng.m™ for the first and the
last AMDEs respectively. Deposition fluxes are comparable to those (320-700 ng.m™) calculated by

Johnson et al. (26) at Barrow.

Enhanced deposition of Hg(ll) following the AMDEs probably occurs on the surrounding glaciers up to
a distance of 35-40 km from our surface sampling site and up to an elevation of 670 m. Calculations
(26) and vertical measurements (28) showed that AMDEs can occur in the first 200-450 m and 100 m
of the troposphere respectively. Previous studies in Ny-Alesund have shown that AMDEs can be
detected at two elevation points (12 m and 474 m) and that Hg® concentrations were comparable
(14). No evident influence was observed on our highest sampling site Holtedahlfonna (1173 m), but
the elevated surface THg concentrations measured in the surface layers of the Kongsvegen glacier
(670 m) sampled during the first AMDE suggest enhanced deposition. In addition, the samples
collected later in the season in Austre Lovénbreen, which is closer to the snow sampling site also
appear to reflect increased THg deposition. The samples collected at 25 and 50 cm depths (Table I)
showed elevated THg values (57.4 and 15.2 ng.L™ respectively) while surface concentrations were
low. These values may represent a signature of Hg deposition during the first AMDE that
subsequently buried by the snowfall (~20 cm) occurring 2 days after. From these data, we conclude

that Hg deposition by AMDEs can impact inland regions of Spitsbergen.
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Although the THg levels reported here appear alarming, it seems that most of the deposited Hg on
snow is reduced back to Hg® and returns to the atmosphere, as evidenced by the high Hg® fluxes and
the drop in surface snow THg concentrations (Figure 1 and Figure 2). Based on these observations,
most of the Hg deposited by AMDEs on surface snow is photochemically active. The photoreduction
of oxidized Hg has been demonstrated in other laboratory or incubation experiments (11, 29, 30).
Even though most of deposited Hg is reemitted, there is still a fraction which is not active as
evidenced by the presence of a THg background level of a few ng.L"* and values above detection limit
in the snowmelt water. Future research is needed to assess the bioavailability of the deposited Hg in

the snow, i.e. its ability to cross cellular membranes and interact with organisms.
Impact of snowmelt

Change in pH suggests that increase in temperature leads to an evolution of both physical and ionic
composition of snow. The Hg-concentration factor, i.e. the ratio of THg concentration in the surface
meltwater (collected as of May 24) to that in the parent snow, is highest immediately at the onset of
the snowmelt. This suggests that meltwater appears to concentrate THg because most Hg(ll) species
are rapidly expulsed from the snow matrixes and eluted with the meltwater in the snowpack (e.g.
(31)). This expulsion of Hg(ll) species is associated with an increase of the pH in the snow samples. It
could be explained by an initial pulse of acidic ion-rich melt water due to the loss of strong acid at the
beginning of the thaw (32, 33) which thus increases the pH of the snow. At the end of the season,
most of the Hg(ll) has been liberated from the snow matrix. The remaining fraction of Hg (~ 4 ng.L™)
present in the snow is probably poorly soluble. The slight increase in snow surface THg
concentrations towards the end of the sampling campaign may be due to an increased input from

soils, which had begun to thaw, but also due to the loss of water from the snow.

From June 10 to the end of the campaign, the snowmelt accelerated draining run-off water to the
fjord. Many run-off stream samples were analysed and values averaged 3.5+1.9 ng.L"* (n=13). The
run-off waters originating from the Austre Lovénbreen glacier averaged 2.2+1.1 ng.L™ (n=7). Based
on mass balance studies, run-off measurements and meteorological data, run-off water input to the
fjord is estimated at 0.83 km®.year™ (+ 30% due to year-to-year changes) excluding glacier calving and
run-off from rainfall (34). Based on our THg measurements in different meltwater streams, and
assuming that the fjord has a THg load of 17.6 kg (volume of 29.4 km® and mean THg in the water
column of 0.6 ng.L™ extrapolated from (12)), we estimate that spring melt represents an input of 1.5-
3.6 kg.year™ of THg to the fjord (i.e. 8-21% of the fjord’s THg content). Although a large fraction of Hg
deposited during AMDEs is re-emitted back to the atmosphere, the snowpack seems to play an

important role as a temporary reservoir in the Hg transfer from the atmosphere to the fjord.
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The origin of methylmercury species

Current concerns with mercury toxicity are based on the neurotoxin methylmercury. An important
question today is the identification of pathways for methylation in polar areas, which are for the
most part linked to microbiological activities (13). A popular mechanism described in recent papers
suggests that monomethylmercury is deposited onto snow following its transformation (oxidation or
photodegration) from dimethylmercury evasion produced by phytoplankton in the water column
(35). However other pathways such as methylation in the snowpack, abiotic processes (36) or

aqueous phase methylation in the atmosphere (37) remain likely.

We observed an increase in both THg and MeHg concentrations (Figure 2 and Figure 3) in the fjord
that began around the 22" of May, a date which appears to coincide with the beginning of snow
melt (20-24 May). Whether or not this increase can be attributed to direct Hg(ll) and MeHg
deposition, Hg(ll) or MeHg inputs from the snowpack, or to an increase in primary production and
subsequent Hg methylation in the fjord due to an increase in nutrient availability following spring
melt is debatable. A phytoplankton accumulation began around May 5 at about 25 m depth and sank
with a later maximum around 80 m on May 15 (38). Our sampling site is situated in shallow water
close to snow sampling site, and we do not know if phytoplankton data are applicable even though
organisms were visible on our sampling equipment. As demonstrated for other sites, high-resolution
MeHg vertical profiles in addition to nutrient measurements have to be undertaken to clearly verify
the hypothesis of an in situ production of methylmercury (39). High levels of MeHg were observed in
the snow and these peaks appear to coincide with snow/rain events (Figure 3). While this suggests
wet deposition of MeHg from either the fjord or the atmosphere, other sources may also contribute.
These peaks could be due to freeze-thaw cycles that generate a MeHg pulse, as has been observed
for ions and nutrients, or to in situ mercury methylation by bacteria. Another possibility is that the
increased presence of liquid water within the snowpack may facilitate MeHg transport to the DGTs.
Regardless, spring melt appears to be an important period in terms of Hg chemistry and requires

more research.
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Material and methods

Study site
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Figure S2: Location of the experiments. Left map : Circumpolar Arctic vegetation map (after (1, 2) (3,

4). Purple color indicates the High Arctic, Blue color the Low Arctic, Green color the Sub-arctic, dash
line the arctic circle and redline, the 10°C July isotherm.

Right map shows the surroundings of Ny-Alesund (black triangle), Svalbard (Norway). Sampling sites
on the glaciers are shown with black spots.
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Atmospheric Hg° measurements.

Atmospheric Hg® was measured two meters above snow surface using a Tekran model 2537A vapor-
phase Hg analyzer. Briefly, ambient air is collected onto gold traps and Hg is detected using atomic
fluorescence spectrometry following thermal desorption. Two parallel gold traps that alternatively
collect and quantify provide a continuous determination of Hg® with a 5-minute interval. This

instrument is calibrated every 25 hours with an internal permeation source.

The flux chamber covered an area of 29.5 x 8 cm?. The chamber was 9 cm high, and pushed 5 cm into

the snow so that a headspace of 4 cm was above the snowpack.

The chamber was made of Polycast SOLACRYL™ SUVT, which is characterized by high transmissivity
for UVB (~80% at a wavelength of 270 nm). On one side, holes in the chamber wall enabled ambient
air to enter the chamber (inlet) while on the other side we connected a Teflon line for air pumping
(outlet). A switch unit connected to a Tekran 2537A analyzer controlled alternating sampling
between two 1/4” Teflon lines. The first line was directly connected to the outlet of the chamber.
The second line enabled sampling air at the inlet of the chamber. Hg° fluxes were calculated using

the following equation:

where F is the flux in ng.m?.h™, C° and C'are Hg® concentrations in ng m™ at the outlet and inlet ports

respectively, A the surface area of the chamber in m? (236 cm?) and Q the airflow rate (1.5 l.min™).

Long-term exposure of the snow in the chamber may disturb perturb the physical and chemical
properties of the snow, and thus the flux measurements. To avoid any artefact, the flux chamber was
moved daily from April 26 to May 20, and twice a day (i.e. every morning and every evening) after
May 20. Potential contamination from the chamber was investigated before field deployment, in
laboratory (LGGE, France). After sealing the bottom of the chamber with a Polycast SOLACRYL™
SUVT plastic plate, Hg-free air was measured with a 2537A Tekran analyzer through the chamber. Hg®
concentrations were measured constantly below d.I. (i.e. 0.000 ng.m®) during few hours. On the
field, flux blanks of 0.13 + 0.16 ng.m"z.h'1 were measured after connection of the chamber to the

switch unit and the 2537A analyzer as described before.
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Analytical Techniques
Total Mercury (THg) determination

Samples were oxidized to 0.5% v/v BrCl to preserve Hg”" in solution and to digest strongly bounded
complexes of Hg*". Excess BrCl was neutralized with pre-purified hydroxylamine hydrochloride. The
sample is then automatically injected together with SnCl, to a reaction vessel, reducing Hg** to Hg".
Hg® is carried in an argon stream to two online gold traps. After thermal desorption, Hg® is detected
by atomic fluorescence spectrometry. The Tekran Model 2600 was calibrated every day using
standard prepared with the NIST SRM-3133 Hg standard. The limit of quantification calculated as 10
times the standard deviation of a set of 10 blanks was 0.3 ng.L’". The limit of detection (LOD) was re-
evaluated every analytical run on a limited set of blanks (usually 3). During analytical session, 10 ng.L’
! OPR (Ongoing Precision Recovery) were periodically analysed to check the reliability of the system.
Procedure blanks were periodically realized and were all undetectable. All samples were analyzed in

triplicate. THg concentrations reported in this paper are presented as mean 1 stdv.

Methylmercury determination using DGT (Diffusive Gradient in Thin Films)

Developed initially as a monitoring tool for MeHg in the water column (5, 6) or in sediment pore
water (7) DGT technique was used for the first time in the snow and melting snow in order to assess

the mobility of MeHg in this particular media.

In water, DGT principle is based on the diffusion of the dissolved species through a gel and their
subsequent accumulation on an ion exchange resin. The well defined physical properties of the gel
(thickness, area) itself and the deployment time of the DGT unit in the environment controls the
preconcentration of the target species. According to the first Fick law of diffusion, a time average
concentration could be calculated from the amount of the target species accumulated by the resin. In
snow and melting snow, the DGT theory for MeHg is not fully established yet. MeHg
preconcentration of MeHg by the DGT devices will depend on its transport in the polyacrylamide gel
at subzero temperature, MeHg transportation in the snow itself and the presence of any local source
of MeHg in this particular media. Consequently, MeHg DGT calculated concentrations are probably
not absolute ones but they should reflect more likely the mobility of MeHg in the snow or melting

snow during the deployment time period.

All DGT pistons units (DGT Research Ltd, Lancaster, UK) were loaded with a 0.4 mm thick resin gel (a
thiol resin embedded in polyacrylamide gel), a 0.4 mm thick pure polyacrylamide diffusive gel and a

0.13 mm filter (0.45 mm pore size cellulose nitrate membrane). After deployement, DGT units were
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rinsed with distilled water and kept in polyethylene bags for the transport to the laboratory. In the

laboratory, DGT units were dismantled and the resin gel extracted. Me”*

Hg was spiked directly on
the resin gel as an internal standard and the resin gels were eluted using a hydrochloric thiourea
solution (1.3 M in 0.1 M HCI). MeHg in the eluate was ethylated and analysed by GC-ICP-MS. Details

of DGT analyses and gel preparations have been outlined previously.

Other data

Ancillary meteorological data were kindly provided by the AWIPEV station. Atmospheric BrO
distribution (8) were retrieved from data obtained by the SCIAMACHY instrument on ENVISAT

(http://www.iup.uni-bremen.de/doas/). The back trajectories of air masses arriving at the Ny-

Alesund site were obtained via NOAA ARL (National Oceanic and Atmospheric Air Resources
Laboratory). They were generated with the Real-time Environmental Applications and Display system
(READY) and compiled by the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
model, which uses the atmospheric pressure recorded at the wind origin point and meteorological
model data (9). Sea ice map derived from the sea ice concentration archive calculated with the
ARTISTSea Ice (ASl) algorithm (see www.seaice.de) using AMSR-E (Advanced Microwave Scanning

Radiometer) data (10).
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Table S1 : Methylmercury species (MeHg) measurements in surface snow and surface seawater using
DGT with a 5-day integration time. The range of THg concentrations monitored on the same site on a
daily basis is shown for comparison purposes.

MTwo sets of 3 DGT were deployed at the same time

@ THg is only available for surface seawater at the beginning of the DGT installation

Deployment date  [MeHg] Range of [THg]
begin end ngl? ng.L!

DGT in surface snow

04/19 04/24 0.074 +0.011 77,7 - 257,8
04/26 05/01 0.049 +0.012 86 -157,4
05/01 05/06 0.053 +0.018 40,3 -112
05/06 05/11 0.020 + 0.003 4,4 - 68,7
05/10 05/15 0.121+0.015 3-14,7
05/12 05/17 0.051 +0.001 1,2-3,5
05/14 05/19 0.060 + 0.007 1,2-3,5
05/16 05/21 0.156 +0.036 0,5-2,9
05/18 05/23 0.157 +0.015 0,1-2,5
05/20 05/25 0.185 +0.010 0,1-1,9
05/22 05/27 0.060 + 0.005 0,1-13,9
05/22 05/27 0.074+0.015"Y 0,1-13,9
05/24 05/29 0.102 +0.013 0,4 -237,7
05/26 05/31 0.162 +0.030 2,1-237,7
05/28 06/02 0.161 +0.015 1,7-237,7
05/30 06/04 0.040 + 0.005 1,7-14,5
06/01 06/06 0.164 +0.030 1,7-3,8
06/03 06/08 0.259 +0.015 2,0-3,8
06/05 06/10 0.120+0.016 2,9-4,6
06/07 06/12 0.104 + 0.020 2,9-4,9
06/09 06/14 0.119 +0.008 3,3-7,2
06/11 06/16 0.021 +0.002 3,7-7,2
DGT in fjord surface seawater

05/04 05/09 0.017 +0.003 NA

05/09 05/14 0.007 +0.002 NA

05/14 05/19 0.036 + 0.003 NA

05/19 05/24 0.158 +0.030 1.7 +0.3%
05/24 05/29 0.025 +0.001 2.5+0.1?
05/29 06/03 0.131+0.012 2.9+0.2?
06/03 06/08 0.093 +0.008 2.3+0.1?
06/08 06/13 0.010 +0.001 1.6+0.1?
DGT in meltwater river

06/11 06/16 0.031+0.003 24-4.4
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Figure S2: 5-day back trajectories (HYSPLIT Dispersion model (9)) of air masses arriving at Ny-Alesund
on (a) April 18 (12 am and 12 pm) and April 19 (12 am and 12pm) and (b) on May 26 (12 am and 12
pm) and May 27 (12 am and 12pm). Sea-ice map (ARTIST Sea Ice (ASI) algorithm (10)) and BrO map
(IUP Bremen, Andreas.Richter@iup.physik.uni-bremen.de) are also shown.
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SECTION I1i

In Section Il, we showed that the sequence diversity in Arctic snow and meltwater libraries is
elevated and that common species exist among different cryosphere environments. This suggests
that the snow can sustain a microbial community. In addition, the changes in phylotype abundance
observed in the snow libraries collected at different times throughout the season suggest that certain
members of the community may be active. This may have consequences on Hg transformations and
cycling within the snowpack. As reported in Chapter 3 of Section Il, MeHg concentrations increased in
snowpacks. Since one of the main pathways for Hg methylation occurs within microbial cells, MeHg
formation is dependent upon the bioavailable Hg (BioHg) fraction. Since BioHg cannot be measured
using traditional analytical techniques, we recognized the need to develop a new tool, based on pre-
existing luminescent biosensors that could easily be deployed in the field. In Chapter 4, we describe
the construction of the mer-lux biosensor and BioHg measurement results obtained after its
deployment during a two-month field campaign in Ny-Alesund (Svalbard, Norway, 78°56'N, 11°52'E)
in spring 2008. Our results revealed that the relative proportion of BioHg deposited during AMDEs is

less significant than that observed during precipitation events.

Hg speciation is modified by the presence of other ligands such as organic molecules and inorganic
ions. Therefore, we decided to explore the snowpack chemistry in more detail during the 2008 field
campaign. In addition, based on the results presented in the second chapter of Section Il, we altered
our sampling protocol to include basal snow samples to improve our understanding of the dynamics
of snowpack chemistry during melt. The results from this field study are presented in Chapter 5 of
this section. Our approach highlighted the dynamic nature of the snowpack, since the snow
chemistry evolved throughout the season, and also led us to develop a new model for mercury

methylation involving BioHg and DMSP metabolism.
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CHAPTER 4: BIOAVAILABILITY OF MERCURY DEPOSITED IN POLAR ENVIRONMENTS

Submitted for publication
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Polar Regions are subject to contamination by mercury (Hg) transported from lower latitudes’,
severely impacting human and animal health. Once deposited, mercury can be transformed to
methylmercury (MeHg), a highly toxic organo-metallic compound that accumulates in the food
chain®. Of paramount importance, microbial uptake of mercury is a key step in both its methylation
and bioaccumulation. Since their discovery in 1995°, Atmospheric Mercury Depletion Events
(AMDEs) have been considered as one of the major sources of mercury deposition in polar
ecosystems. However, their impact, especially on the amount of bioavailable mercury (BioHg)
deposited, has yet to be elucidated. Here we report the fraction of BioHg, i.e. mercury able to
enter within living cells, over a two-month arctic field campaign that included AMDEs. We
designed a highly sensitive biosensor as a molecular tool that we deployed in the field, which has
rarely been performed. We demonstrated that snow fall events provided a higher proportion of
BioHg deposited compared to AMDEs. Hence, AMDEs represented a potential source of 20 t.y" of
BioHg, while wet and dry deposition pathways provided 135-225 t.y"' of BioHg to Arctic
surfaces. We believe that our study provides critical information about Hg cycling in polar
environments in the context of climate change and predictions of increased precipitation for the

Arctic.
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Polar environments are vulnerable to contaminants transported from lower latitudes via long-range
atmospheric processes®. The Arctic is especially sensitive to mercury (Hg) toxicity’ and coastal sites
are involved in Hg cycling®. Mercury is a persistent and toxic element that is found both naturally and
as an anthropogenically-produced compound in the environment’, leading to worldwide increases in
Hg levels in soil, sediments and aquatic ecosystems®. In particular, high levels of Hg have been
recorded in some northerner inhabitants of the Arctic following contamination of the food chain’.
Transported to polar ecosystems mainly as gaseous elemental mercury (Hg°), Hg can undergo rapid
oxidation and deposition during Atmospheric Mercury Depletion Events (AMDEs) in the spring®.
These events occur via photochemically-initiated reactions believed to involve marine halogens™®
that transform Hg® to particulate mercury and reactive gaseous mercury species that may eventually
be deposited onto the snow. Although AMDEs have been pointed as one of the major causes of
mercury deposition in arctic regions™, recent chemical studies challenged this hypothesis by
suggesting large post-depositional fluxes of Hg® back to the atmosphere and the rapid loss of Total

1213 However, uncertainties exist about both the fate of the Hg that

Hg (THg) from the snow surfaces
remains within the snowpack, especially in terms of speciation, ecosystem transfer and

contamination, and the availability of this Hg for methylation, considering the lack of knowledge on

MeHg sources in arctic ecosystems.

MeHg is the only form of Hg that bioaccumulates in food webs and an important pathway for MeHg

formation in temperate ecosystems is the microbial methylation of bioavailable mercury (BioHg)***.

1817 and microorganisms impact different

High microbial diversity has been detected in Polar Regions
compartments of the Hg cycle in polar environments®. Although quantifying BioHg is essential to
understand the fate of deposited Hg, it has rarely been performed in polar ecosystems, owing to
technical limitations. Traditional instruments with high sensitivity and reproducibility are able to

measure trace Hg levels in a variety of matrixes, but not BioHg. Molecular tools, such as luminescent

biosensors, have been designed to quantify the fraction of BioHg'®'. In the single field study that
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deployed biosensors in arctic environments, a relatively high proportion of BioHg deposited during

AMDEs was reported'®*

. However, BioHg was determined in only a limited amount of samples and
for a limited time period and no biosensors have been used since in arctic mercury field studies,

leading to critical gaps in knowledge.

Here, we report the longest time series of BioHg measures to date, obtained during a two-month
arctic field campaign in Svalbard, Norway (79°N) in 2008. This period included several AMDEs during
the 3™ week of April. In order to quantify BioHg, we designed a mer-lux biosensor (Fig. 1a), based on
previous work®. We performed two types of control assays to ensure that the biosensor could
specifically detect variable BioHg levels in a wide range of samples, from AMDEs up until snowmelt.
First, we carried out a series of calibration curves with different known Hg concentrations that
allowed us to establish a detection limit of 0.5 ng.L"1 for our biosensor, calculated as three times the
standard deviation of 5 blank reactions without Hg, which provides us with a sensitive enough assay
to quantify BioHg in arctic samples. Second, comparative assays with other metals revealed the very

high specificity of the biosensor for Hg (Fig. 1b).
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Figure 1 | Construction and specificity of the mer-lux biosensor. a, Schematic map of the mer-lux
fusion plasmid pNM2 for the detection of BioHg (refer to Method Summary). This plasmid was
introduced into Escherichia coli JM109, leading to the mer-lux biosensor. The following relevant
informations are given on the map : bla, gene encoding B lactamase, conferring ampicillin resistance;
merR, gene encoding the regulator of the mer operon; merT, gene encoding the mercury transport
protein; o/p, mer promoter/operator locus; luxABCDE genes encoding luciferase from Xenorhabdus
luminescens; Kpnl and Stul are the restriction sites that were used to insert the mer genes into the
pSBluc plasmid vector. Numbers indicate positions and size of the plasmid in base pairs. b, Response
of the mer-lux biosensor to mercury and other metals. Hg** (black bar) was present as HgCl, to a final
concentration of 50 ng.L™. Six additional metals were tested to a final concentration of 50 ng.L?,
using the same protocol: zinc (CH;COOZn), cobalt (CoCl,), lead (CH3COOPb), copper (CuCl,), nickel
(NiCl,) and cadmium (CdCl,). The grey bar figures the negative control measured without any metal
in the medium. Vertical bars indicate the standard deviation of two separate assays of luminescence
measurement. Luminescence is expressed in relative light units. The biosensor specificity was also
checked with metal concentrations ranging from 0 to 500 ng.L™ and was demonstrated to be highly
specific at all concentrations.
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Figure 2 | Concentrations of mercury species in daily surface snow samples of an arctic snowpack.
Total Hg (THg, light grey) and Dissolved Hg (after filtration on 0.45 um filters, dark grey) are shown on
the left axis. The error bars of THg and Dissolved Hg are typically less than 0.2 ng.L™ and therefore
cannot be represented here. Two THg concentration peaks (148.9 ng.L™" and 110.6 ng.L" on April 21"
and 22" respectively) are omitted on this graph for scaling clarity. Dissolved Hg measurements are
not available from April 16" to April 23" Bioavailable Hg (BioHg) is represented with a different scale
on the right axis. BioHg is not available and set arbitrarily to 0 ng.L™) from both May 14" to May 18"
and May 30" to June 2" In the upper right corner, we represent the linear relationship between THg
and BioHg with log-transformed data. Significance levels were determined using the F-test.

Between the 16" of April and the 07" of June 2008, we measured THg and BioHg concentrations in
surface snow samples collected daily, with AMDESs occurring between the 17" and 25" of April*%. Two
major trends emerged from these measurements (Fig. 2). First, a highly significant positive
correlation (p < 0.0001) was detected between THg and BioHg levels measured in the surface snow
samples. Second, the AMDEs period revealed high levels of both THg (up to 148.9 ng.L'") and BioHg
(up to 16.2 ng.L™) deposition and these levels decreased as the season progressed. We simulated the
inorganic speciation of mercury using a commercial chemical equilibrium program (Visual MINTEQ
v2.61), with parameters such as chemical equilibrium, major ions, pH and some short chain organic
compounds. It is however important to emphasize that Hg speciation is also modified by the
presence of organic ligands such as dissolved organic carbon and humic acids that are neither

integrated in the simulations nor determined in our snow samples. In the calculation, the speciation
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of Hg is driven by the large chloride, and to a lesser extent bromide, contents and an acidic pH. Based
on these simulations, most of our snow samples contained a large proportion of HgCl, complexes,
followed by HgBrCl, HgCls. and HgBr,, although a competition between chlorine and other ligands is

most likely.
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Figure 3 | Ratio of Bioavailable Hg over Total Hg. The ratio was calculated for surface snow samples
collected daily over the two-month field campaign. Shaded areas with diagonal lines represent
Atmospheric Mercury Depletion Events, while shaded areas with small dots represent freshly-fallen
snow. Ratios are not available from both May 14™ to May 18" and May 30™ to June 2™ due to the
absence of BioHg data.

Based on previous laboratory studies, these species are bioavailable and able to pass across
biological membranes by passive diffusion'>?*. We would therefore expect the entire fraction of Hg
in our samples to be bioavailable. However, BioHg concentrations varied throughout the season and
only rarely represented 100% of the THg fraction. Several explanations can be provided, all linked to
post-depositional changes in Hg speciation and bioavailability. A portion is certainly photoreducible,
which would account for the concomitant drop in both THg and BioHg concentrations following the

AMDEs, consistent with high fluxes measured during the same period?. Another fraction of Hg in the
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snow is bound to particles and probably not bioavailable due to large particle size (> 0.45 um)
relative to microbial cells. It is also likely that the high chloride concentrations in our samples limited

19,23,24

bacterial uptake . Finally, the drop in BioHg concentrations may be due to its rapid assimilation

by microorganisms, although the reaction kinetics is unknown.

In order to determine the relative importance of AMDEs as a bioavailable Hg source to snowpacks,
we compared the BioHg/THg ratio in surface samples during different events (AMDEs, wet
deposition) throughout the two-month field season (Fig. 3). Higher percentages between the two
AMDEs were associated with the occurrence of non Hg’-depleted air masses. While AMDEs were
responsible for high levels of THg and BioHg deposited onto snowpacks, the relative amount
deposited represented less than 20% of THg. In contrast, fresh snow events were always associated
with an increase in the BioHg/THg ratio, which varied between 60 and 100%. A constant source of
labile and bioavailable Hg was therefore scavenged from the atmosphere and its relative proportion
strongly increased during wet deposition. Precipitation events occur all year long in the Arctic and we
demonstrated here that they outweigh AMDEs as bioavailable Hg sources. Moreover, modeling
estimates! have suggested that AMDEs deposit 100 t.y™" of Hg to the Arctic (north of 60°N), while
wet and dry deposition represents 225 t.y"'. Based on our data set, we conclude that AMDEs
represent a potential source of only 20 t.y" of BioHg (ratio BioHg/THg of 20%) to the Arctic. This
contribution is low compared to wet and dry deposition pathways, which can potentially provide

135-225 t.y ! of BioHg (ratio 60-100 %) to environmental surfaces.

Our results also raise the question of the ecotoxicological relevance of AMDEs. These events are
mainly recorded in early spring (March-April), yet mercury methylation is most likely to occur during
periods of high productivity, i.e. during spring melt, which usually begins towards the end of May'*?.
This suggests that the BioHg input from AMDEs occurs at a time of low productivity, during which
methylation may be negligible. Finally, the results presented here will impact Hg mass-balance

models for Polar Regions, especially in the context of the effects of climate change on contaminant
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cycling, since predictions for the Arctic include increases in precipitation®. Based on our results, this

could lead to a BioHg increase in arctic ecosystems.

Methods Summary

Surface snow mercury concentrations and speciation were monitored daily during a research
campaign held between April 16™, 2008 and June 07", 2008 at Ny-Alesund, Svalbard, Norway
(78°56'N, 11°52'E). The field site is located along the south coast of the Kongsfjorden, which is
oriented east-west and open to the sea on the west side. Snow was sampled in acid-washed 250-mL
glass bottles (Schott) using clean sampling techniques. Snow samples were left to melt at room
temperature in the dark and aliquots were taken for total, dissolved and bioavailable Hg
measurements. Total and dissolved Hg (determined after filtration on a 0.45 um filter) were
measured in triplicate with a Tekran model 2600 using USEPA method 1631 revision E. Bioavailable
Hg was determined using a mer-lux biosensor?'. Briefly, Escherichia coli IM 109 was transformed with
plasmid pNM2 that we constructed by cloning the merR and merT genes with their
operator/promoter region from Cupriavidus metallidurans CH34 upstream of the luxABCDE genes in
plasmid pSBluc®’ (Fig.1a). Control assays for sensitivity and specificity of the biosensor were
performed (Fig. 1b). Luminescence was measured using a luminometer (Modulus) with melted snow

samples. Bioavailable Hg was analyzed in triplicate with three independent cultures.
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Supplementary Information: Methods

Construction of the mer-lux biosensor. The construction of the biosensor was based on the one
developed by Omura et al.*!, which was reported to detect bioavailable Hg at the picomolar range.
The bacteria Escherichia coli JIM 109 was transformed with plasmid pNM2, which contains the DNA
locus from Cupriavidus metallidurans CH34 that carries the merR and merT genes together with their
operator/promoter region driving the transcription of the reporter lux genes in the pSBluc vector®.
The mer locus was cloned as a Kpnl-Stul fragment within pSBluc (Fig. 1b). The mer-lux biosensor (E.

coli JIM109::pNM2) was stored at -80°C in 20% glycerol until further use.

The biosensor was tested in the laboratory in order to determine optimal conditions. We tested for
cell density, growth phase, specificity and detection limit. All tests were carried out at 37°C in LB
culture medium supplemented with 100 pg.mL* ampicillin. Bacterial cells were harvested at different
time points (early and mid-exponential phase, stationary phase), diluted and exposed to different
concentrations of Hg (added in a v/v ratio, with a final volume of 100 uL) in order to verify the
linearity of the biosensor’s response and its detection limit. After two hours of incubation at 37°C,
luminescence was measured in each sample using a luminometer (Modulus). Once the optimal
growth phase and cell density was determined, we used the same protocol to test for specificity
using different metals such as zinc (CH;COOZn), cobalt (CoCl,), lead (CH3COOPb), copper (CuCl,),

nickel (NiCl,) and cadmium (CdCl,).

Field assays were carried out to determine the robustness of the biosensor. The biosensor responded
in a dose-dependent manner to Hg stress even in sub-optimal growth conditions (the field site lacked
agitators for the incubator) and was convenient to handle in the field without the need for substrate
addition. With a detection limit of 0.5 ng.L'" of Hg, it was sensitive enough to measure bioavailable

Hg throughout the entire spring season.

Field measurements. Surface snow samples were collected daily during a spring research campaign

held between April 16", 2008 and June 07", 2008 at Ny-Alesund, Svalbard, Norway (78°56'N,
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11°52'E). Samples were left to melt at room temperature in the dark and aliquots were collected for
total, dissolved (after filtration on a 0.45 um membrane) and bioavailable Hg. Total and dissolved Hg
were measured in triplicate with a Tekran model 2600 using USEPA method 1631 revision E.
Bioavailable Hg was measured using the mer-lux biosensor that was cultured overnight in LB medium
containing 100 pg.mL™ ampicillin at 37°C without agitation. The culture was resuspended in LB media
and experiments were carried out using cells in mid-exponential growth phase (ODgy = 0.4). Cells
were exposed to either a series of Hg dilutions (0.5 to 30 ng.L"") in order to obtain a standard curve or
to melted snow samples with unknown bioavailable Hg concentrations in a v/v ratio, and incubated
for two hours at 37°C without agitation. The Hg standards were prepared from serial dilutions of a
mono-elemental Hg?" solution (NIST SRM-3133 Hg standard). Samples were analyzed in triplicate
(using three independent cultures) and light emission was recorded using a luminometer (Modulus).
Luminescence was expressed as relative light units (RLU) and normalized for optical density

(measured with a spectrophotometer).
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Abstract

Seasonal snow is an active media and an important climate factor that governs nutrient transfer in
Arctic ecosystems. Since the snow stores and transforms nutrients and contaminants, it is of crucial
importance to gain a better understanding of the dynamics of contaminant cycling within the
snowpack and its subsequent release to catchments via meltwater. Over the course of a two-month
field campaign in the spring of 2008, we collected snow and meltwater samples from a seasonal
snow pack in Ny-Alesund, Norway (78°56'N, 11°52'E), which were analyzed for inorganic and organic
chemical species, as well as total, dissolved, bioavailable (THg, DHg, BioHg, respectively) and
methylmercury (MeHg) species. We observe a seasonal gradient for ion concentrations, with surface
samples becoming less concentrated as the season progressed. A significant negative correlation
between bioavailable Hg and MeHg (r’=0.26, p=0.0044, n=26) was observed in the snowpack. MeHg
was positively and significantly correlated to methylsulfonic acid concentrations (r?=0.45, p=0.0022,
n=18). Based on these results, we propose a new model for aerobic methylation of mercury involving

dimethylsulphoniopropionate.
Introduction

For High Arctic ecosystems, snow is one of the most important climatic factors. Snow is an active
media that transfers particulates and gases between the atmosphere and landscape (Jones 1999), is

highly photochemically active with snowpack impurities photolyzed to release reactive trace gases
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into the boundary layer (Grannas et al. 2007a), and with its high albedo, fresh snow reflects as much
as 90% of incoming radiation (Hinkler et al. 2008). Snow affects both the length of the growing
season and primary plant production by acting as a soil insulator and also as a water and nutrient
reservoir (Kuhn 2001; Edwards et al. 2007). Atmospheric scavenging and condensation largely
condition snowpack chemistry and snowpacks accumulate particles, solutes and pollutants over
winter and spring (Tranter et al. 1986; Loseto et al. 2004). Once deposited, they are subject to
redistribution via different processes such as melt—freeze events during the winter season
(Johannessen 1978), the geometry of the pore space, vapor pressure gradients and wind pressure, in
addition to snow metamorphism and the physical-chemical properties of the particles themselves

(Colbeck 1989; Kuhn 2001).

The Arctic is exposed to mercury (Hg), a toxic metal that can be transformed to methylmercury
(MeHg), a potent neurotoxin that bioaccumulates in food webs see review by (Fitzgerald et al. 2007).
Although there are no direct anthropogenic Hg sources in the Arctic, high levels have been found in
the livers and tissues of marine mammals and birds (Wagemann et al. 1998; Campbell et al. 2005)
leading to increased exposure for Native Communities that depend on these resources (AMAP 2009).
The discovery of atmospheric mercury depletion events (AMDEs) in the Arctic (Schroeder et al. 1998)
led to the hypothesis that these were the major sources of Hg to Arctic ecosystems. During AMDEs,
atmospheric elemental mercury is oxidized to divalent mercury through reactions with halogens
such as bromine radicals (Lindberg et al. 2001; Ariya et al. 2002) and then deposited onto snow
surfaces at levels 400-800 fold higher within the space of hours (Lu et al. 2001; Dommergue et al.
2009). Recent reports suggest that some of this newly deposited Hg is bioavailable, i.e. able to cross
biological membranes (Scott 2001; Lindberg et al. 2002; Larose et al. Submitted), but its post-
depositional fate remains unclear. Field experiments have shown that Hg can be both oxidized and
reduced in the snowpack (Lalonde et al. 2002; Dommergue et al. 2003; Poulain et al. 2004) and there
is an increasing consensus that most of the deposited mercury is photo-reduced and reemitted back

to the atmosphere (Poulain et al. 2004; Kirk et al. 2006).

In addition to the uncertainty regarding Hg sources to the Arctic, the mechanisms that produce
MeHg in these cold environments are to date unresolved, although several pathways have been
proposed. Methylation can occur both biotically and abiotically; biotic Hg methylation depends on
microbial activity and the concentration of bioavailable mercury (BioHg) (Barkay et al. 1997), while
abiotic methylation depends on the presence of methyl donors such as small organic molecules (i.e.
methyl iodide and dimethylsulfide or acetate (Hammerschmidt et al. 2007) and larger organic

components of dissolved organic matter such as fulvic and humic acids (Weber 1993; Siciliano et al.
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2005). The chemistry of the snowpack therefore influences both Hg speciation and its

transformation.

Since the snow stores and transforms atmospherically derived pollutants (Colbeck 1981; Daly and
Wania 2004; Lei and Wania 2004), a better understanding of the dynamics of contaminant cycling
within the snowpack, and its subsequent release to catchments via meltwater would help evaluate
ecotoxicological impacts. The timing and magnitude of a pulse exposure is especially important for
aquatic ecosystems during spring when biological activity is beginning (Loseto et al. 2004). The
chemical concentrations at the initial stages of melt have been shown to be many times higher (3-7
fold) than averages for the entire snowpack in field and laboratory experiments, a phenomenon
referred to as ionic pulse (Johannessen 1978; Colbeck 1981; reviewed by Kuhn 2001). As the snow
begins to melt, soluble ions are removed by the first stages of percolation (e.g. Tranter et al. 1986),
followed by the preferential elution of some ions before others (Eichler 2001). Species such as non-
polar organic molecules are also found in meltwater, but are less easily entrained by percolating
water due to their weak solubility (Meyer et al. 2006). Insoluble particulate material can also be
removed by percolation, but usually remains in the snow until the final stages of melting (Hodgkins
1998; Lyons 2003; Meyer et al. 2006). During melt in the spring, these soluble and insoluble
impurities are released to the environment in a few weeks and can impact the chemistry of

snowmelt-fed ecosystems (Williams et al. 2009).

Here we present the chemical data from a seasonal Arctic snowpack sampled over a two-month
period in the spring of 2008 in Ny-Alesund, Norway. The focus of this research is the storage, transfer
and subsequent release of solutes and mercury from the snowpack to snowmelt-fed ecosystems. We
also explore possible interactions among the different chemical parameters that could potentially be

involved in mercury methylation.
Material and methods
Field site:

The spring research campaign was held between April 16", 2008 and June 8", 2008 at Ny-Alesund in
the Spitsbergen Island of Svalbard, Norway (78°56'N, 11°52'E). The field site, a 50 m* perimeter with
restricted access (to reduce contamination from human sources), is located along the south coast of
the Kongsfjorden, which is oriented SE-NW and open to the sea on the west side. The Kongsfjorden

was free of sea ice throughout the campaign.
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Sampling:

Surface snow samples were collected daily for Hg speciation. Twice a week, a shallow pit was dug
and both surface and basal samples were collected for ion and mercury analyzes. Samples for ion
measurements were collected in sterile polycarbonate vials (acuvettes®) and stored at -20°C until
analysis. For Hg analyzes, snow was collected in acid-washed 250 mL glass Schott bottles (see
cleaning protocol outlined in (Ferrari et al. 2000) for more details) and subsampled for dissolved and
BioHg. Samples for MeHg were collected in 125 mL acid-washed Teflon coated low-density
polyethylene bottles and stored frozen until analysis. Meltwater was collected in acid-washed 250

mL glass Schott bottles from streams that formed the 1* of June, 2008.

In order to determine the spatial variability in mercury deposition, we sampled two snowpits
integrating snow fall since the previous summer, the first on the Holtedahlfonna glacier (sample date
30/04/08, N79°08.17, E13°16.12, 1173 m, 40 km from the fjord) and the second on the Kongsvegen
glacier (sample date 19/05/08, N78°45.29, E13°20.20, 670 m, 40 km from the fjord). The
Holtedahlfonna pit, with a depth of 1.80 m, was sampled at 20 cm intervals, while the Konsvegen pit,

with a depth of 2.75 m, was sampled at 30 cm intervals.

Field blanks were collected, filled with ultrapure water in the laboratory, opened during sample
collection and handled as samples. To avoid contamination, Tyvex® body suits and latex gloves were

worn during sampling and gloves were worn during all subsequent handling of samples.
Chemical analyzes:
Total Hg & speciation

THg in snow samples was measured in the field with a Tekran model 2600 using USEPA method 1631
revision E. Samples were oxidized to 0.5% v/v BrCl to preserve divalent Hg (Hg”) in solution and to
digest strongly bound Hg®* complexes. Excess BrCl was neutralized with pre-purified hydroxylamine
hydrochloride. The sample is then automatically injected together with SnCl, to a reaction vessel,
reducing Hg”" to gaseous elemental Hg (Hg°). Hg® is carried in an argon stream to two online gold
traps. After thermal desorption, Hg® is detected by atomic fluorescence spectrometry. The Tekran
Model 2600 was calibrated every day with the NIST SRM-3133 Hg standard. All samples were
analyzed in triplicate. Dissolved total Hg (DHg) concentrations were determined in all samples by
measuring Hg concentrations after filtration on a 0.45 um filter. BioHg concentrations were
determined using the biosensor described in Larose et al. (In preparation). BioHg is detected using a
genetically modified bacterium containing mercury resistance and luminescence genes, such that

photons are produced in a dose dependent manner upon Hg exposure. Briefly, the biosensor was
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cultured overnight in LB medium containing 100 pg/ml ampicillin at 37°C without agitation. The
culture was resuspended in LB media and experiments were carried using cells in mid-exponential
growth phase (ODgq of 0.4). Cells were exposed to either a series of Hg dilutions in order to obtain a
standard curve, or to melted snow samples with unknown bioavailable Hg concentrations in a v/v
ratio and incubated for two hours at 37°C without agitation. The Hg standards were prepared from
serial dilutions of a monoelemental Hg** solution (SRM-3133 Hg standard). Samples were analyzed in
triplicate, with three independent cultures, and light emission was recorded using a Modulus
luminometer. Luminescence was expressed as relative light units (RLU) and normalized for optical

density.

The pH was monitored at 20°C in all samples (Heito pH meter, Paris). In order to examine possible
interactions between Hg speciation and snow chemical composition, inorganic ions (NOs", CI°, 50,7,
NH,", Ca*, Na*, K" and Mg*) and organic acid (methanesulfonic acid (MSA), glutaric acid (Glut),
oxalic acid (Ox),acetyl-glycine (Ace.Glyc), formate (F) and fluoride (Fl)) concentrations were measured
at the Laboratoire de Glaciologie et Géophysique de I'Environnement by conductivity-suppressed lon
Chromatography using a Dionex ICS 3000. Due to the proximity of the fjord, samples were diluted 10

fold for organic acids and 100-1000 for inorganic ions prior to analysis.

Methylmercury analysis

All Teflon bottles were hermetically sealed, double-wrapped in polyethylene bags, stored at -20°C and
transported frozen to the laboratory in France. MeHg was measured on unfiltered samples as volatile
methyl mercury hydride, by purge and cryo-trapping gas chromatography, and detected as elemental
Hg vapor by atomic fluorescence spectrometry (Tekran, Model 2500). The mercury hydrides (from
methyl and inorganic mercury) were formed with NaBH,;, purged from the sample with He,
concentrated and then separated by cryogenic chromatography before being converted into Hg’ in a
furnace (800°C) and detected by the AFS detector. This protocol is derived from the hydride
generation technique described by (Tseng et al. 1998) and improved by (Stoichev et al. 2004). The
hydrides are formed within a glass reactor and the column used is a silanized glass tube filled with
Chromosorb W/AW-DMCS impregnated with 15% OV-3. Analytical reproducibility varied with time
between 6% and 15%. Calibration was performed using the dilutions of a 1 g L™ stock MMHg solution
in isopropanol. The dilutions of the stock solution were performed in an aqueous HCI (0.4% Suprapur,
Merck) solution. In addition, we used certified reference material, the ERM-AE670 from the Institute
for Reference Materials and Measurements (IRMM, European Commission), which is CH5***HgCl in a

2 % ethanol/water solution. The recovery of the spikes in seawater samples of 0.05 and 0.1 pmol L™
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of ERM-AE670 was 103 *+ 2% and 99+2%, respectively. The MeHg measurements took place within two

months of sampling.

In order to determine Hg speciation within the snowpack, Vimteq simulations (Visual MINTEQ) that
include parameters such as chemical equilibrium, major ions, pH and some short chain organic

compounds were carried out.

Statistics

All data were log-transformed prior to statistical analysis in order to obtain data with a normal
distribution with the exception of pH values. Statistical data analysis was performed using JMP 5.1
software (SAS Institute, 2003) and R. Simple linear regression analysis was carried out to detect
associations between the different chemicals. Principal component analysis (PCA) was performed to
reduce the dimensionality of the data set using the ade4 data package for R (The R Project for
Statistical Computing http://www.r-project.org). Samples were clustered using Ward's linkage for
hierarchical cluster analysis, where the error sum of squares at each successive clustering step is
minimized. Analysis of variance (ANOVA) and Tukey-Kramer HSD multiple comparison tests were
then used to determine significant differences in chemical parameters among the different clusters

in JMP 5.1. Statistical significance was set at a probability level a < 0.05.
Results
Snowpack dynamics

The seasonal snowpack began to develop in October, 2007, but a rain event in January 2008 resulted
in a decrease in snow depth and the formation of a relatively thick (~10cm) ice layer above the soil
surface (A. Le Tressoler, personal communication). The snowpack reformed above the ice layer and
had a thickness of about 40 cm at the beginning of the sampling period (16" of April) and had
disappeared almost completely by the 8" of June. Snow melt began mid May (around the 20™) and
meltwater rivers that flowed to the fjord formed on the 1* of June, 2008. A total of 7 snowfall events

occurred throughout the campaign.
Snowpack and meltwater chemistry

The snowpack is influenced by marine aerosols due to the proximity of the fjord. The dominant
cations in the snowpack were Na* (1861 peq L™) followed by Mg®* (426 peq L™) and Ca®* (110 peq
L™Y), while the dominant anions were CI” (2119 peq L) followed by SO,*” (159 peq L") and NO;™ (5

Heq L™). In meltwater, the average concentrations for cations and anions were 433, 263 and 359
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neq L™ for Na¥, Mg?* Ca**, respectively, and 569 peq L™ for CI~, 90 peq L™ for SO,*” and 4peq L™ for
NOs". In the snowpack, pH ranged from acidic to circumneutral values (2.9 to 6.6) and was stable at a

pH around 6.8 in meltwater.

Based on the Vimteq results, mercury chloride (HgCl,) is the dominant form of Hg complexes in all
our samples, followed by HgBrCl, HgCls, HgBr,. The speciation of Hg is driven by the large
concentrations of chloride, but remains uncertain due to the lack of knowledge on binding constants
of mercury with organic matter and the lack of robust speciation data of organic matter in snow. The
presence of Hg complexes bound to organic compounds could readily change the photoreactivity and

bioavailability of these complexes.

In order to reduce the dimensionality of the data set, we performed PCA analysis and then clustered
the samples using Ward’s linkage. The clustering results are presented in table | and the PCA is

presented in Figure 1.

Table I: Groups, corresponding samples and sample dates as derived from PCA analysis and Ward's
linkage for hierarchical clustering analysis

Cluster name Nature of the sample date

Group 1 early season surface snow and | 16/04/08 to 06/05/2008
most of basal snow samples

Group 2 mid-season surface snow 09/05/2008 to 30/05/2008

Group 3 late-season surface snow 01/06/2008 to 8/06/2008

Group 4 meltwater samples 01/06/2008 to 08/06/2008

Group 5 an early surface sample and four | 19/04/2008,23/04/2008,
basal samples 29/04/2008,09/05/2008,

20/05/2008

A general season effect is apparent, since group 1 comprises early season surface samples and most
of the basal samples, group 2 contains mid-season surface samples, group 3 contains late-season
surface samples, and group 4 is composed of meltwater samples. Although precipitation events
occurred at different time periods throughout the campaign, they had no effect on sample
distribution within the PCA, since samples collected during snowfall events did not cluster together.
In the graphical representation of the PCA analysis, the length of the arrow represents the relative
importance of the associated parameter in determining the distribution of samples. Based on the
PCA analysis carried out on our data, the most important parameters driving sample distribution are
BioHg and THg (group 1), MeHg, MSA and Glut (group 2), inorganic ions (group 5) and certain organic
acids (group 4). The clustering of samples in group 3 is driven by low concentrations in inorganic ions

and organic acids.
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Figure 1: Principal component analysis for the sampling period. Chemical data (peq.L™ or ng.L™ for Hg
species) was log-transformed prior to analysis. The data set covers the entire sampling period (16"
April- June Sth). Abbreviations: Glut=glutaric acid, MSA=methanesulfonic acid, Ox=oxalic acid,
For=formate, F=fluoride, Ace.Glyc=acetyl-glycine, BioHg=bioavailable Hg, THg=total Hg,
MeHg=methylmercury

ANOVA and multiple comparison tests were carried out in order to determine significant differences
in chemical parameters among the 5 groups derived through PCA analysis and clustering using
Ward’s linkage. The results of these comparisons are presented in Table Il. Chemical parameters
varied significantly among groups, with the exception of THg, DHg and BioHg (data not shown) (Table
II). There appears to be a seasonal gradient, with early season snow (group 1) that is generally more
concentrated than snow sampled later in the season (groups 2 and 3). Meltwater (group 4) is
enriched in ions relative to snow, with the exception of the five snow samples in group 5 that had the
highest mean Na®, NH,, K*, Mg, CI', SO, and Br concentrations. Group 5 and group 4 had the

highest Ca** concentrations, and group 4 had the highest NO, levels and organics.
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Table II: Mean and standard error of different chemical parameters among the 5 groups of samples.

Concentrations are expressed in peq.L". Values with the same letter are not significantly different

(Tukey-Kramer HSD, o=0.05). The statistics column contains the results and significance of the

ANOVA comparisons.
Chemical
parameter statistics 1 2 3 4 5
5.2° 42° 5.4° 6.8° 58°
pH r’=0.66, (3.5-6.5) (2.9-5.1) (4.6-6.6) (6.4-7.1) (5.1-6.4)
p<0.0001 n=13 n=11 n=11 n=9 n=5
Na 647.3° 65.0° 73.2°¢ 524.7° 13018.4°
r’=0.83, (141.8-1123.8) (23.6-180.5) (12.5-179.1) (194.3-1258.2) (2185.7-31044.8)
p<0.0001 n=13 n=11 n=11 n=9 n=5
NH4 11.3° 95° 21° 10.2° 46.1°
r’=0.62, (1.3-26.0) (3.6-19.9) (1.3-3.7) (8.0-15.7) (15.6-100.5)
p<0.0001 n=13 n=11 n=11 n=9 n=5
K 12.0° 1.3°¢ 1.2° 289° 255.0°
r’=0.86, (2.5-20.2) (0.6-3.6) (0.3-3.7) (12.3-64.8) (40.6-584.4)
p<0.0001 n=13 n=11 n=11 n=9 n=5
Mg 147.5° 18.1° 16.6° 264.6° 2974.0°
r’=0.85, (32.0-259.8) (5.5-50.0) (3.5-44.6) (133.9-505.9) (488.7-7074.8)
p<0.0001 n=13 n=11 n=11 n=9 n=5
Ca 59.3° 19.3° 144° 329.2° 647.9°
r’=0.63, (7.1-108.3) (6.8-50.9) (6.5-34.7) (88.6-653.7) (90.4-1748.6)
p<0.0001 n=13 n=11 n=11 n=9 n=5
Ox 0.21° 0.34° 0.11° 1.56° 2.33°
r’=0.65, (0-0.60) (0.11-0.85) (0-0.22) (0-5.69) (0.57-4.75)
p<0.0001 n=13 n=11 n=11 n=9 n=5
MSA 0.05° 1.81° 0.09° 2.15° 0
r’=0.70, (0-0.24) (1.01-3.07) (0-0.40) (0-9.55) (0-0)
p<0.0001 n=13 n=11 n=11 n=9 n=5
MeHg 0.009° 0.089°° 0.02°° 0.076° 0.011%°
r’=0.37, (0.004-0.014) (0.004-0.51) (0.004-0.058) (0.042-0.245) (0.010-0.012)
p=0.0032 n=8 n=11 n=11 n=9 n=2
cl 768.9° 77.7° 83.1° 667.2° 14731.3°
r’=0.83, (156.1-1368.8) (27.8-207.0) (17.3-200.9) (230.7-1456.7) (2435.5-35482.9)
p<0.0001 n=13 n=11 n=11 n=9 n=5
S04 44.8° 21.6° 3.8° 88.6 " 1117.0°
r’=0.64, (10.1-94.4) (9.6-41.4) (0.1-19.1) (23.6-126.0) (141.4-2179.3)
p<0.0001 n=13 n=11 n=11 n=9 n=5
NO3 3.2°¢ 96° 12° 43°° 11.4°°
r’=0.35, (1.0-6.0) (4.1-19.3) (0-7.8) (0-16.0) (5.3-25.9)
p=0.0004 n=13 n=11 n=11 n=9 n=5
NO2 0.26™° 0.06° 0.03° 0.89° 0
r’=0.42, (0-1.08) (0-0.20) (0-0.37) (0-3.14) (0-0)
p=0.005 n=13 n=11 n=11 n=9 n=5
Br 1.51° 0.15° 0.24° 0.88°° 30.8°
r’=0.73, (0.25-4.56) (0.07-0.36) (0.05-1.06) (0-3.97) (5.45-76.6)
p<0.0001 n=13 n=11 n=11 n=9 n=5
Na:Cl r’=0.12, 0.85° 0.84° 0.87° 0.80° 0.89°
p=0.05 (0.74-0.91) (0.74-0.99) (0.72-0.92) (0.7-0.88) 0.87-0.90)
n=13 n=11 n=11 n=9 n=5
Br:Cl r’=0.09, 0.0019° 0.0023° 0.0030° 0.0013° 0.0020°
p=0.36 (0.0005-0.0036) | (0.0013-0.0042) | (0.0013-0.013) (0-0.005) (0.0014-0.0022)
n=13 n=11 n=11 n=9 n=5
S04:Cl r’=0.35, 0.062° 0.430° 0.034° 0.180° 0.076"
p<0.0001 (0.023-0.103) (0.088-1.266) (0.001-0.094) (0.052-0.460) (0.058-0.098)
n=13 n=11 n=11 n=9 n=5
K:Cl ’=0.67, 0.016" 0.019° 0.015° 0.052° 0.017°
p<0.0001 (0.012-0.019) (0.013-0.034) (0.006-0.027) (0.016-0.087) (0.016-0.018)
n=13 n=11 n=11 n=9 n=5
ca:Cl r’=0.40, 0.085"° 0.282°° 0.382°° 0.660° 0.041°
p<0.0001 (0.041-0.262) (0.108-0.524) (0.054-1.263) (0.061-1.34) (0.037-0.049)
n=13 n=11 n=11 n=9 n=5
Mg:Cl 1’=0.45, 0.195° 0.235° 0.247° 0.474° 0.204°
p<0.0001 (0.165-0.227) (0.147-0.355) (0.064-0.619) (0.190-0.775) (0.199-0.215)
n=13 n=11 n=11 n=9 n=5

97




Group 2 had the highest NO3; concentrations while groups 2 and 4 had the highest MSA and glutaric
acid levels. MSA and glutaric acid levels peaked in surface samples during May (Figure 2) and are
significantly and positively correlated (r’=0.62, p=0.0013, n=13).There are no significant differences
among the groups in terms of Na:Cl and Br:Cl ratios, and the mean values of these ratios are close to
those observed for seawater (Na:Cl=0,855 and Br:Cl=0,0015). The meltwater group has significantly
higher K:Cl and Mg:Cl ratios (0.052 and 0.474, respectively) than the other groups, for whom the
ratios resemble those found in seawater (K:Cl=0.0186 and Mg:Cl=0.193). Group 5 had the lowest
Ca:Cl ratio, which is close to the seawater ratio (0.044), while the other groups had significantly
higher values. The SO,:Cl ratio was highest in group 2 at 0.430, and was closest to the seawater ratio

(0.103) in groups 5 and 1.
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Figure 2: Chemical profiles over time for organics (MSA, glutaric acid, oxalic acid) and different
mercury species. Organic concentrations are expressed in peq.L”, while total mercury (THg) and
bioavailable mercury (BioHg) are expressed in ng.L*. Methylmercury (MeHg) concentrations are
expressed in pg.L™. Full squares represent surface samples, open squares represent basal samples
and crosses are meltwater samples. Surface samples for MeHg and HgT are presented on a log-scale.
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Meltwater samples were collected as of the 1° of June. The first sample collected had the highest
Na*, CI,, K, Mg, SO,> and MSA concentrations (Figure 3) and appears to correspond to the tail-end

of the ionic pulse.
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Figure 3: Meltwater elution curves for major ions and different mercury species over time. lon
concentrations are expressed in peq.L”, while total (THg), dissolved total (DHg) and bioavailable
(BioHg) mercury concentrations are expressed in ng.L™*. Methylmercury (MeHg) concentrations are in

pg.Lt.

Glutaric acid, NO3; and NO, concentrations increased as melting progressed and no peak in Br and
NH, concentrations was observed. MeHg concentrations were highest in the first meltwater sample
(1% of June), while concentrations for bioavailable Hg, dissolved Hg and total Hg peaked on the 2",

6™ and 7" of June, respectively (Figure 3).
Hg dynamics

At the onset of sampling, surface snow had high THg concentrations, with levels reaching almost 90
ng.L™. These concentrations dropped to around 1 or 2 ngL* by the 9" of May and increased again
just prior to melt. THg concentrations in basal snow were relatively low at the beginning of the
sampling period and increased gradually to levels above those of the surface around the 9™ of May.

THg concentrations in both basal and surface snow increased slightly from the 17" to the 23" of May
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(Figure 2). BioHg concentrations were higher in surface samples than basal samples and peaked at
the beginning and end of the sampling period (Figure 2). No data was available for MeHg between
the 16" of April and the 6™ of May in surface samples since THg concentrations were too elevated to
allow the detection of the MeHg peak with our analytical setup, but as of the 9" of May,
concentrations were around 0.045 ng.L™ and dropped progressively to around 0.010 ng.L™ by the 25"
of May. Two large MeHg peaks were measured in surface snow on the 21" and 27" of May with
concentrations reaching 0.299 and 0.511 ng.L™ respectively. Basal snow MeHg levels were measured
throughout and concentrations were low, averaging 0.010 ng.L™, with the exception of a peak (0.245

ng.L™) on the 2" of June (Figure 2).

Linear regression analysis was carried out to explore the relationship between different Hg species
the major parameters influencing sample distribution as determined by PCA analysis. No significant
linear correlations were obtained with MeHg and SO,4, NOs or CI" concentrations when samples were
analyzed either together, by group or based on sampling depth. Total Hg concentrations were
correlated to Cl concentrations in surface samples (r’=0.31, p=0.0032, n=26) and basal samples
(r’=0.31, p=0.039, n=14). Based on PCA analysis, MeHg and MSA concentrations are correlated, and
both are anti-correlated to bioavailable Hg concentrations. MSA, MeHg and glutaric acid also appear
to be correlated (Figure 1). Linear regression analysis was carried out to determine the significance of
these relationships and MeHg and MSA are significantly, positively correlated (r?=0.45, p=0.0022,
n=18), as are glutaric acid and MSA (r’=0.62, p=0.0013, n=13), however there is no significant linear
relationship between MeHg and glutaric acid (r’=0.02, p=0.70, n=9). MeHg and bioavailable Hg are
significantly, negatively correlated in the snowpack (r’=0.26, p=0.0044, n=26), as are bioavailable Hg
and MSA (r’=0.52, p=0.0018, n=15), while no significant relationship exists between bioavailable Hg
and glutaric acid (r’=0.08, p=0.47, n=8).

THg and MeHg concentrations in glacier snowpits are presented in Figure 4.THg in both pits
decreased rapidly with depth, with buried layers showing low or undetectable values. MeHg
concentrations were highest in surface layers. Both pits exhibit similar MeHg patterns, with a drop in

concentration in the lower layers, followed by a small increase or bump and a drop in concentrations.
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(sample date 30/04/2008) and Konsvegen (sample date 19/05/2008) glaciers.

In the Konsvegen pit, MeHg levels increased in the lowest layer (Figure 4), but not in the
Holtedahlfonna pit. Organics (MSA, glutaric acid) could only be detected in surface and bottom layers

whileS0,4:Cl, Na:Cl and Br:Cl ratios resembled those for seawater. Mg:Cl, K:Cl and Ca:Cl ratios were

much higher than those of seawater. The detailed chemistry for both pits is given in Table III.

Table lll: Values for chemical parameters at different depths for Holtedahlfonna (H) and Konsvegen

(K) snow pits. lon concentrations are expressed in peq.L™

Snow

sample MSA | CI Br NO3 Glut SO, Na NH4 K Mg Ca
H Ocm 0.12 | 5.56 0.00 1.27 0.03 5.38 5.39 1.64 0.13 1.79 1.81
H20cm 0.00 | 18.06 0.22 0.63 0.00 1.84 17.25 0.57 0.19 3.92 1.84
H 40 cm 0.00 | 62.37 0.52 3.06 0.00 8.40 56.82 2.16 0.89 16.26 4.79
H 60 cm 0.00 | 35.75 0.43 0.80 0.00 3.51 32.95 1.23 0.38 11.25 3.77
H 80 cm 0.00 | 46.21 0.43 0.69 0.00 4.70 37.83 1.08 0.37 12.63 2.68
H100cm | 0.00 | 7.25 0.09 0.53 0.00 191 6.50 0.72 0.08 2.55 1.69
H120cm | 0.00 | 21.98 0.22 0.70 0.00 2.03 19.43 1.30 0.29 6.45 1.97
H140cm | 0.00 | 14.57 0.13 0.40 0.00 1.48 14.03 0.38 0.15 4.32 1.42
H160cm | 0.00 | 0.89 0.00 0.37 0.00 0.57 0.77 0.50 0.03 0.35 0.91
H180cm | 0.12 | 3.68 0.00 1.64 0.00 2.27 0.79 0.77 0.09 4.08 3.84
K0cm 1.66 | 13.53 0.22 3.10 0.07 16.10 12.01 4.68 0.11 5.98 4.72
K30 cm 0.00 | 15.12 0.22 0.63 0.01 2.56 13.66 0.65 0.15 5.28 1.97
K 60 cm 0.00 | 38.97 0.30 2.00 0.00 5.69 38.43 1.03 0.35 11.72 3.34
K90 cm 0.00 | 100.42 | 0.90 1.03 0.00 10.76 85.67 1.01 1.37 28.09 6.40
K120cm | 0.00 | 34.18 0.34 1.13 0.00 3.21 34.74 0.43 0.40 10.28 2.13
K150cm | 0.00 | 21.27 0.22 0.97 0.00 4.36 19.94 1.02 0.26 6.72 2.47
K180cm | 0.00 | 46.40 0.47 0.51 0.00 5.29 40.47 1.34 0.45 17.00 331
K210cm | 0.00 | 25.90 0.30 0.97 0.01 3.55 25.49 1.18 0.35 9.06 4.64
K240cm | 0.10 | 11.98 0.13 0.51 0.03 3.61 12.16 0.97 0.17 5.69 3.33
K270cm | 0.02 | 6.87 0.13 0.11 0.00 0.40 5.35 0.45 0.10 1.30 0.61

No significant correlations were observed between MeHg and Hg, or between Hg species and ion

concentrations.
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Discussion
Snowpack and meltwater chemical composition

The snowpack evolves chemically over time. We observe a seasonal gradient in ion concentrations in
the snowpack, with the highest concentrations for most ions observed in early season surface and
basal snow (group 1), and the lowest concentrations in samples collected in late spring, just prior to
melt (Group 3). Since melting can occur at air temperatures below 0°C when solar radiation is
sufficiently intense and penetrates into the snowpack (Kuhn 1987) causing the top snow layers to
melt first, the surface layers gradually become less concentrated as the season progresses. The
photochemical reactivity of surface layers also contributes to changes in ion concentrations, with
snowpack impurities photolyzed to release reactive trace gases such as NO,, HONO, CH,0, BrO and
Hg® to the boundary layer. These processes appear to be ubiquitous and the significance of their

influence varies according to background concentrations of radicals (Grannas et al. 2007b).

Our results are consistent with those of Goto-Azuma et al. (1994), who observe higher ion
concentrations at the base of an Arctic snowpack as a result of percolation and snowpack
metamorphism (Goto-Azuma 1994). The surface and basal samples in group 5 had the highest ion
concentrations among all groups, including the meltwater group. This is surprising since meltwater
mobilizes solutes and contaminants within the snowpack, thus becoming enriched relative to the
snow (Kuhn 2001; Meyer and Wania 2008). The samples in group 5 carry a strong marine salt signal,
as determined by the different ion to CI ratios (Table IlI). It is likely that the surface sample of this
group (sample date 19/04/2009) contained sea-spray or was enriched by marine air masses. The
signal of this event may have been retraced later in the basal samples following snowfall and elution.
It is also possible that the highly concentrated basal samples may consist of older snow that had

undergone similar deposition events from marine air masses.

Mid-season surface snow samples (group 2, May 9" to May 30™) had high levels of glutaric acid, MSA
and NO3,, in addition to the highest SO,* to CI" ratio among all groups. Glutaric acid, a Cs dicarboxylic
acid commonly found in aerosols and as cloud-condensation nuclei, is derived from a variety of
sources including anthropogenic emissions such as motor exhaust, as well as biogenic emissions from
the ocean (Kawamura and lkushima 1993; Kawamura and Kasukabe 1996). Senescent marine
phytoplankton cells release lipidic cell components (chlorophyll, chlorophyll phytyl chain,
carotenoids, sterols, unsaturated fatty acids (e.g. oleic acid), alkenones and unsaturated alkenes)
(Rontani 2001) that can be photooxidized to shorter diacids. Among the diacids, oxalic acid is

generally the most abundant reported in aerosols, followed by succinic and malonic and glutaric acid
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(Kawamura and Kasukabe 1996). This has been observed in diverse environments worldwide,
including the Arctic. Another pathway involved in diacid production is the reaction of O; with
cyclohexene, a symmetrical alkene molecule (Rontani 2001). The presence of diacids in the marine
environment is therefore the result of two major processes: long-range transport from industrialized
continents and in situ photochemical production. Legrand et al. (2007) reported seasonal differences
in diacid concentrations for a coastal site, with high oxalic acid and low Cs and C,; concentrations in
the winter. This was suggested to be the result of the ageing of air masses during transport that
favored the production of short-chain diacids through the successive oxidation of Cs and C, diacids
(Legrand et al. 2007). This is consistent with our data, where the early season snow oxalic acid in the
first sample of group 5 seems to result from older marine air masses having travelled over the Arctic
Ocean (SCIAMACHY air mass trajectory model, data not shown). Glutaric acid was almost
undetectable at the beginning of the season, but concentrations were high in samples from group 2,
collected in surface snow during the month of May. In the summer, Legrand et al. (2007) reported
peak concentrations of Cs and C, acids in a mid-latitude marine atmosphere, which may be attributed
to unsaturated fatty acid degradation. The fact that we observe high glutaric acid concentrations
relative to oxalic acid suggest a close source of marine emissions accompanied by fatty acids, during
which the succession of oxidations to shorter diacids did not have enough time to lead to total Cs and
C, depletion. Glutaric acid is also significantly positively correlated to MSA, which further supports a
close marine source for organic acids. MSA is indeed a photo-oxidation product of DMS, which itself
is a derivative of dimethylsulphoniopropionate (DMSP) produced by phytoplankton (Bentley and
Chasteen 2004). DMSP is known as both an osmoprotectant and cryoprotectant for microorganisms,
as well as a carbon and sulfur source. It is released from senescent or stressed cells (Kiene et al.
2000). MSA has been shown to exhibit a distinct seasonality that is linked to biological activity in
Arctic waters and the importance of the phytoplankton bloom to DMS concentrations has also been
reported (Leck and Persson 1996a). The most recent published data available on algae blooms in
Svalbard were collected in 2007 and report that the bloom occurred in May (Narcy et al. 2009).
Although the data for the 2008 period are unavailable, it is likely that the bloom occurred at the

same time period.

The chemical changes of a snowpack and runoff are influenced by the chemical composition of the
snow and wintertime refreezing processes of the meltwater (Colbeck 1981), (Davies 1982), (Bales et
al. 1993). The first flush of meltwater is usually highly concentrated, with the preferential elution of
certain solutes over others leading to a pulse ((Colbeck 1981),(Goto-Azuma 1994)). Meltwater
samples had mean ion concentrations that were comparable to those reported for early seasonal

snow (group 1), with the exception of K*, Mg®* and Ca®" concentrations, which were much higher. In
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addition, the Mg:Cl, K:Cl and Ca:Cl were also significantly higher than in the early season samples.
These elevated ratios may reflect the contact between the meltwater and the soil, since meltwater
can be modified by soil processes due to infiltration and leaching (Williams et al. 2009). Although
concentrations in the first meltwater sample are high, it is likely that the pulse occurred before the
formation of meltwater rivers and that we only measured the tail-end of the pulse, since we were
unable to detect preferential elution. However, it appears that we did observe fractionation of
mercury species. MeHg is preferentially eluted to BioHg, followed by the dissolved fraction. The

remaining Hg, likely bound to insoluble particles, was eluted last.

Snowpack Hg dynamics

While AMDEs have been shown to lead to high deposition of Hg onto snow surfaces, the post-
depositional fate of Hg has yet to be completely clarified. The consensus among researchers now is
that a large portion is reemitted back to the atmosphere following an event (Poulain et al. 2004); and
others. We recorded an AMDE at the beginning of the field season that led to high concentrations in
the snowpack (max value 90 ng.L™) that then dropped rapidly. At the beginning of the field season,
basal snow sample Hg concentrations were low, around 1-2 ng.L™, yet they increase almost 8 fold
following the AMDE-induced peak in surface snow concentrations. The mechanisms responsible for
this increase are unclear, but it is likely that Hg was transferred into deeper layers of the snowpack
from the surface, possibly bound to particulate matter or percolated in a mobile chemical form (Daly
and Wania 2004; Johnson et al. 2008). If the Hg levels in the basal layers of the snow result from
AMDEs, then the quantity retained represents roughly 10% of the initial loading. These results
suggest that although a large portion of Hg deposited by AMDEs returns to the atmosphere, a non-
negligible quantity is trapped within the snowpack, from which it can then be transferred to other

systems upon melting.

In a review on Hg microbiogeochemistry in polar environments, Barkay and Poulain (2007) outline
possible methylmercury sources and methylation pathways in arctic ecosystems. These include
atmospheric and aquatic sources with either abiotic or biotic methylation pathways (Barkay and
Poulain 2007). In terms of snowpack MeHg concentrations, the most plausible sources are: 1) an
atmospheric source of MeHg due to the photodegradation and deposition of plankton-derived
dimethylmercury, 2) in situ methylation of BioHg in the snowpack (microbial), 3) biotic or abiotic

methylation in the atmosphere, and 4) phytoplankton MeHg production.
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Based on a positive correlation between MeHg and chloride in snow collected from Ellesmere Island,
Nunavut, Canada, St. Louis et al. (2005) suggested that MeHg was bound to seasalt aerosols (i.e.
source 1). Constant et al. (2007) also reported a similar correlation in subarctic snow. This led to the
hypothesis that MeHg originated from gaseous dimethylmercury formed by phytoplankton in the
water column (St. Louis et al. 2005; Constant et al. 2007), whose production has been reported in
Arctic waters (Kirk et al., 2008). Since dimethylmercury is highly volatile, it can flux from the seawater
and be oxidized to MeHg in the atmosphere by radical species such as OH and Cl (Niki et al. 19833;
Niki et al. 1983b) before being deposited onto nearby snow surfaces (St. Louis et al. 2005). However,
no such correlation exists in our data set, even when the different snow types and groups are
analyzed individually. This has also been previously reported in snow samples collected in Resolute
Bay, Canada by St Louis et al. (2007), who attributed MeHg concentrations to dimethylmercury
production and subsequent photodegradation based on the proximity of their sampling sites to the

water despite the absence of correlation to CI” (St. Louis et al. 2007).

MeHg is significantly anti-correlated to BioHg in our snow samples, which suggests that a fraction of
the BioHg is being transformed into MeHg. This supports the second hypothesis outlined by Barkay
and Poulain (2007). Bacteria have been isolated from Arctic snowpacks (Amato et al. 2007) and
microbial activity has been measured at temperatures down to -20°C (Christner 2002). Poulain et al.
(2007) reported the presence of Hg resistance (merA) gene transcripts in Arctic biofilm samples;
therefore it is likely that the microbial populations in Arctic environments are able to metabolize
mercury (Poulain et al. 2007). Whether Hg methylation can occur in the snow remains uncertain.
Constant et al. 2007, reported increases in the MeHg:THg ratio and positive correlations with
bacterial colony counts and particles. These results led to the hypothesis that MeHg was being
formed within the snowpack, despite the absence of correlation with sulfate-reducing bacteria (SRB),
the principal methylators in anoxic environments (Constant et al. 2007). Since the snowpack is most

likely oxygenated, this would suggest that other species able to methylate Hg aerobically may exist.

Hg methylation has been linked to sulfur and iron metabolism in bacteria (Fleming et al. 2006; Kerin
et al. 2006). Early research into the mechanisms involved in Hg methylation is based on anoxic
sediments (Compeau and Bartha 1985; Berman et al. 1990) and quickly focused on anaerobic, sulfate
reducing bacteria. Choi et al. (1994) used radio-labeled *C incorporation and enzyme activity
measurements to propose that methylation involves the tetrahydrofolate (THF) pathway in
Desulfovibrio desulfuricans.  In their model, the methyl group is transferred from CH;-
tetrahydrofolate via methylcobalamin with either serine or formate as the original methyl donors

during the acetyl-CoA synthase pathway (Choi et al. 1994).
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In our samples, MeHg is positively correlated to MSA, a by-product of DMSP and an important
molecule in the marine microbial sulfur cycle (Kiene et al. 2000). DMSP can be metabolized via
several different pathways in the water column (Figure 5), one involving enzymatic cleavage to
produce DMS, but also by demethylation and demethiolation to produce methylsulfate in bacterial
cells. Methylsulfate can then undergo thiol transmethylation to produce DMS (Bentley and Chasteen
2004). The initial demethylation (and a possible second demethylation) has recently been shown to
be THF-dependent and catalyzed by an amino-methyltransferase enzyme in aerobic bacteria (Reisch
et al. 2008). The similarities to anaerobic Hg methylation are striking, and it is not unlikely that BioHg,
upon entering the cell, may undergo methylation by aerobic bacteria able to demethylate or
metabolize DMSP. A total of four methyl transfer reactions occur at various stages of DMSP
metabolism, and BioHg may serve as a methyl group acceptor at some point throughout. BioHg is
also negatively correlated to MSA, which further suggests DMSP implication (or the implication of
another product of DMSP metabolism) in the methylation of Hg. This is compounded by the fact that
neither MeHg nor BioHg are significantly linearly correlated to glutaric acid, a biogenically produced
dicarboxylic acid. Finally, this hypothesis is reinforced by the recent results evidencing Hg

methylation in the oxic oceanic water column (Cossa et al. 2009; Sunderland et al. 2009).
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Figure 5: (modified from (Bentley and Chasteen 2004)): Sulfur cycle. The pathways represented here
focus on biogenic transformations and the numbered pathways represent those discussed in the
text. Other transformations occur, but are not addressed in this paper. The pathways are: 1) DMSP-
lyase. 2) Demethylation. 3) MMPA demethylation. 4)  Thiol transmethylation. 5) Thiol
transmethylation. The star symbol represents reactions where BioHg could potentially be
methylated.
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Whether the methylation is occurring within the snowpack, in the water column or both
simultaneously remains under debate, however, methylation appears to require a substrate involved
in DMSP cycling. Therefore coastal sites may be especially at risk for MeHg contamination, since they
are reported to contain higher Hg concentrations relative to inland sites (Douglas and Sturm 2004;
Brooks et al. 2008) and are close to a DMSP source. In addition, the run-off during springtime melt

may return concentrated water back to the aquatic ecosystem.

Although the case for biologically-produced MeHg is strong, the data from the snow pits sampled on
April 30" and May 19" point to a combination of sources for MeHg in remote areas. Since the fjord is
situated at a 40 km distance from both sampling sites, its effect on chemical composition is less
important as reflected by the 1-3 order of magnitude lower Na" and CI concentrations measured in
our pit samples. MeHg profiles in the snowpits had concentrations that were generally higher than in
the surface waters of the fjord (seasonal average 10.1+4.0 pg.L", unpublished data) and higher than
average MeHg levels in the seasonal snowpack excluding the peaks measured towards the end of
May. In addition, BioHg and MSA concentrations were generally below detection limit in these
samples, which would exclude the biotic methylation mechanism outlined above. THg levels were
also low, and neither THg nor MeHg were significantly correlated to CI' concentrations. Taken
together, these results suggest alternative sources for MeHg. It is possible that some form of abiotic
methylation may be occurring in the atmosphere involving methyl donors such acetate and reactive
mercury (not strongly bounded) in aqueous phase as proposed by Hammerschmidt et al.
(Hammerschmidt et al. 2007). Kinetics obtained by Gardfelt (2003) suggest a reaction pathway where
Hg”" is bound to organic complexes. However, this does not exclude an oceanic source for MeHg,
since the layers with marine organics also exhibit the highest MeHg concentrations. Finally, the
elvated levels of MeHg in the Konsvegen basal layer may point to biotic methylation. Amato et al.
(2007) found higher concentrations of bacteria in the summer layer in a pit dug on the same glacier
and this may reflect microbial growth and metabolism. These potential sources may have been
masked at the coastal site due to the influence of the fjord and it is likely that different pathways that

lead to MeHg inputs are occurring simultaneously in Arctic environments.
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SECTION IV

In Section Il we outlined the development of a molecular tool that allowed us to access new
information on mercury speciation in Arctic snow. The results obtained with the biosensor led to a
novel model for mercury methylation in oxic environments. Having determined that biotic
methylation is probably occurring and that bacteria are present in the snow environment, we
decided to explore the interactions between chemistry and microbial community structure and

function in more detail.

In Chapter 6, we model the interactions between snow chemistry and community structure to
elucidate potential relationships. To follow the dynamics of microbial community structure, we used
a 16S microarray approach on snow and meltwater samples collected during a two-month field
campaign in Ny-Alesund (Svalbard, Norway, 78°56'N, 11°52'E) in spring 2008. We related these
results to the chemical data presented in Chapter 5 of the previous section using co-inertia analysis.
We then discuss the nature of these relationships and explore functional community changes due to
mercury contamination of snowpacks. Based on our results, community structure and snow
chemistry are linked and certain types of relationships are unidirectional, while some are
interrelated. Mercury also affects community structure and function at concentrations lower than

previously reported.

In Chapter 7, we present an overview of microbial community function based on results obtained by

pyrosequencing.
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CHAPTER 6: INTERACTIONS BETWEEN SNOW CHEMISTRY, MERCURY CONTAMINATION
AND MICROBIAL POPULATION DYNAMICS IN AN ARCTIC SNOWPACK.

Manuscript in preparation for publication

Catherine Larose, Sebastien Cecillon, Emmanuel Prestat, Sibel Berger, Delina Lyon, Cédric Malandain,
Aurélien Dommergue, Christophe Ferrari, Dominique Schneider and Timothy M. Vogel

Abstract

This study focuses on the interactions between microbial community structure, snowpack chemistry
and mercury (Hg) contamination of Polar Regions. We used a 16S rRNA microarray to follow shifts in
microbial community structure during a two-month field study in a high Arctic site, Svalbard, Norway
(79°N). Snowpack chemistry (inorganic and organic ions), and more specifically mercury (Hg)
speciation measurements, were determined in all samples. We linked changes in microbial
community structure to snowpack and meltwater chemistry using co-inertia analysis (CIA) and
explored changes in community function due to Hg contamination by Q-PCR quantification of Hg-
resistance genes in metagenomic samples. Based on the CIA results, chemical and microbial data
were linked (p=0.019) and bioavailable Hg and methylmercury (MeHg) both constituted important
vectors in determining the ordination of samples. Mercury was shown to impact community
function, with increases in merA gene copies.ngDNA'1 at MeHg concentrations above 30 pg.L'l. Our
results show that snowpacks can be considered as dynamic habitats whose components respond

rapidly to environmental changes.
Introduction

The Arctic environment is undergoing change due to climate shifts, long-range transportation of
contaminants and increased human activity. An important feature of the Arctic is seasonal snow-
cover, which extends over a third of the Earth’s land surface, covering up to 47 million km? (Hinkler et
al. 2008), and can be considered as a dynamic habitat of limited duration (Jones 1999). Snow cover
influences global energy and moisture budgets, thereby influencing climate (Hinkler et al. 2008), and
is also a receptor surface and storage compartment for nutrients, soluble inorganic or organic matter
and contaminants, such as mercury (Hg) that are delivered by wet and dry deposition (Kuhn 2001;
Daly and Wania 2004). Hg is a toxic metal whose concentrations are increasing in the Arctic food
chain (Muir et al. 1999) and can undergo transformations to form methylmercury (MeHg), a potent
neurotoxin. Far from inert, seasonal Arctic snowpacks are chemically dynamic and interact with

different environmental compartments such as the atmosphere, soil and meltwater-fed ecosystems.
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Due to the cold conditions and the limited supply of liquid water, snow and ice have long been
considered as no more than entrapment and storage systems for microorganisms that were thought
to enter as vegetative and resting cells, transported by wind-blown particles, aerosols and ice crystals
(Cowan 2004). However, this view has begun to change with the publication of a number of studies
that examine the impact of microorganisms on the dynamics, composition and abundance of
nutrients (Hodson et al. 2008), on their role in shifting surface albedo of snow and ice (Thomas and
Duval 1995) and on hydrochemistry (Tranter et al. 2002). Microorganisms also impact the
transformation of contaminants, such as Hg (Poulain et al. 2007) through detoxification processes
that convert inorganic Hg to its volatile elemental form and methylation/demethylation processes

that convert inorganic Hg to MeHg and vice versa (Barkay et al. 2003).

In turn, chemistry can impact the microbial community structure in different environments. Yergeau
et al. (2007) recently reported the impact of soil vegetation cover on microbial communities in
Antarctica and also showed that latitude has an effect on biodiversity, with increased latitude leading
to decreased biodiversity. In field and laboratory studies, Duran et al. (2008) determined that Hg
contributes to altering community structure and function with the enrichment of resistant
populations and changes in contaminant metabolism in sediments (Duran et al. 2008). However, the
dynamics of change in complex systems remain to be examined. A recent report on a seasonal Arctic
snowpack showed that the chemical environment evolves rapidly along a seasonal gradient and that
Hg transformations were occurring within (Larose et al. In preparation). If the chemistry of the

snowpack is dynamic, then it is likely that the communities inhabiting this system are as well.

In order to gain insight into ecosystem functioning, it is essential to understand how the components
that make up this system interact. While Arctic snowpack chemistry has been studied in detail
(Dommergue et al. 2009; Larose et al. In preparation), knowledge about microbial community
structure is lacking, despite the fact that microbial communities are key to understanding ecosystem-
level processes (Schimel 1998). Here, we report the results of a two-month field study in a high Arctic
site, Svalbard, Norway (79°N) where we used a 16S rRNA microarray to follow shifts in microbial
community structure and link these changes to snowpack and meltwater chemistry by co-inertia
analysis. We also explore changes in community function due to Hg contamination using Q-PCR to

quantify resistance genes in metagenomic samples.

Methods

The spring research campaign was held between April 16", 2008 and June 8", 2008 at Ny-Alesund in
the Spitsbergen Island of Svalbard, Norway (78°56'N, 11°52'E). The field site, a 50 m? perimeter with
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restricted access (to reduce contamination from human sources), is located along the south coast of
the Kongsfjorden, which is oriented SE-NW and open to the sea on the west side. The Kongsfjorden

was free of sea ice throughout the campaign.
Sampling

Twice a week, a shallow pit was dug and both surface (3 cm) and basal samples (10 cm above the
ground) were collected for ion, mercury and microbial analyzes. A total of 38 samples were collected.
Samples for ion measurements were collected in sterile acuvettes and stored at -20°C until analysis.
For Hg analyzes, snow was collected in acid-washed 250 mL glass Schott bottles (see cleaning
protocol outlined in Ferrari et al. 2000 for more details) and subsampled for dissolved and
bioavailable Hg. Samples for MeHg were collected in 125 mL acid-washed Teflon coated low-density
polyethylene bottles and stored frozen until analysis. Meltwater was collected in acid-washed 250
mL glass Schott bottles from streams that formed the 1% of June, 2008. Snow and meltwater
chemistry is the subject of another report (Larose et al. In preparation) and sample handling and
analysis is detailed therein. Samples for microbial analyzes were collected in three 3 L sterile
sampling bags (a total of 3 L water equivalent) using a sterilized Teflon shovel. To avoid
contamination, Tyvex® body suits and latex gloves were worn during sampling and gloves were worn

during all subsequent handling of samples.
Microbial sample processing

Samples were processed immediately after collection in the field laboratory. Surface snow samples
were left to melt (6 hours) at room temperature prior to being filtered onto sterile 0.22 uM 47 mm
filters (Millipore) using a sterile filtration unit (Nalge Nunc International Corporation), while
meltwater samples were filtered immediately. Filters were stored in sterile bead-beating tubes at -
20°C until further analysis. Procedural blanks were carried out by filtering Nanopure water (Siemens)

using the same procedure.
DNA extraction

DNA was extracted as previously described (David et al. 2009). Briefly, filters were chopped and
placed in a Fastprep® bead-beating tube (Lysing matrix E, MP Biomedicals) to which 1 mL of DNA
extraction buffer (David et al. 2009) and 20 mg ml™ lysing enzyme (Trichoderma harzianum, Sigma
L1412) were added. Tubes were left at room temperature for 1 hour and then frozen at -20°C
overnight. The frozen tubes were incubated at 65°C for 30 minutes and placed in a Fastprep® bead-
beater (MP Biomedicals) set at speed 5.5 for 30 seconds. DNA was extracted from the water phase

with an equal volume of chloroform:isoamyl alcohol (24:1) and precipitated with isopropanol.
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DNA taxonomic microarray analysis

The Agilent Sureprint Technologies microarray format was used, and consisted in 8 identical blocks of
15,000 spots each on a standard glass slide format 1” x 3” (25mm x 75mm). Each spot is formed by in
situ synthesis of 20-mer oligoprobes that occur at least in triplicate within each block. A total of five
slides were used for the hybridization of all samples. Probes were designed to target the rrs gene and
to cover different taxonomic levels from a wide part of the Bacteria and Archaea phylogenic tree
using the ARB software package. We chose to design 20mer long probes, with melting temperature

range of 65+5°C and with a weighted mismatch less than 1.5.

The rrs genes were amplified by PCR from total DNA extracted from each sample, using universal
primers pA (5 TAATACGACTCACTATAGAGAGTTTGATCCTGGCTCAG 3’) and pH-T7 (5
AAGGAGGTGATCCAGCCGCA 3’) (universal for most Bacteria and some Archaea can be amplified) and
the illustra Hot Start Mix RTG (GE Healthcare) PCR kit. The 25 pL volume PCR reaction mix contained
0.6 uM of each primer, 2 ul DNA or 2 ul sterile water for the negative control. The PCR conditions
used were 3 min at 94°C, followed by 35 cycles of 45 s of denaturation at 94°C, 45 s of annealing at
55°C, and 90 s of elongation at 72°C. After a final 5-min extension at 72°C, PCR products were
separated by 1%-agarose gel electrophoresis, purified using the NucleoSpin® Extract Il kit (Clonetech)
and transcribed. In vitro transcription was carried out at 37°C during 4 hours in 20 pl reactions that
contained 8 pL of the purified PCR product (50 ng.uL™") and 12 L of the following mix: T7 RNA buffer
(5X), DDT (100 mM), 10 mM of each of the four NTPs, RNasin (40 U.uL"), T7 RNA polymerase (1 uL)
and UTP-Cy3 (5 mM). During transcription, Cy3-UTP (a fluorescent dye that emits light at 532nm) is
incorporated to label RNA. RNA was purified using the Quiagene RNeasy mini Kit according to the
manufacturer’s instructions and quantified with a nanophotometer before undergoing chemical
fragmentation by addition of 5.7 uL of a Tris Cl (ImM) and ZnSO, (100mM) mix. Samples were
incubated for 30 minutes at 60°C and fragmentation was stopped by placing the tubes on ice. EDTA
(500mM) was added to each tube (1.2 uL) followed by 1 pl RNAsin (40 U.uL™) after a minute
incubation period at 25°C. The RNA solution was then diluted to 5 ng.uL™ and a hybridization mix was
prepared (v/v ratio) in a 50 pL reaction with 2x GeX Hyb Buffer (Agilent). A total of 100 ng of RNA

were then placed on the slide and incubated at 60°C for 4 h in the Agilent Hybridization Oven.

Microarray scanning and data processing

An Innoscan 700 (Mapix) scanner was used for scanning microarray slides according to the

manufacturer's instructions. Raw hybridization fluorescence signals for each spot were determined
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based on the signal-to-noise ratio (SNR), which was calculated using the following formula: SNR =

(signal intensity — background)/standard deviation of background.

Hybridization fluorescence signals for all probes including negative controls were log,transformed.
Since at least three replicates exist for all oligonucleotide probes, outliers were eliminated when any
individual spot was greater than 2 standard deviations from the average of all replicates. Data was

subsequently normalized by using the quantile approach.

Q-PCR screening for merA genes

Primer design

The primers were designed based on the alignments of known merA gene sequences. A total of 105

merA genes were retrieved from the NCBI data base (http://www.ncbi.nih.gov/blast) and aligned in

Clustal X. Non-degenerate primers were designed for two branches covering a total of 30% of the
known merA diversity, using Primer Select (DNASTAR, Inc., Madison, WI). Positive controls were
constructed for both primer sets by a gene shuffling technique outlined in (David et al. 2008). Briefly,
an initial PCR cycle was carried out with two long oligonucleotide primers but without the addition of
any other DNA template. Hybridization of the primer complementary regions led the polymerase to
synthesize double strands of DNA complementary to the whole targeted DNA region. The second
step involved the amplification of the synthetic sequence using the first reaction products as DNA
template in a conventional PCR reaction. The initial cycle was carried out in the presence of 50 ng of
each of the two long oligonucleotide primers, 1X Titanium Taq PCR Buffer, 0.2 mM deoxynucleoside
triphosphates, 1 pL Titanium Taq DNA polymerase (Clontech-Takara Bio Europe, Saint-Germain-en-
Laye, France) and 1 pL of T4 gene 32 protein (Roche Diagnostics S.A.S., Meylan, France). The PCR
amplification was performed as a single-tube reaction in a Thermal Cycler (Biometra T1 Labgene
scientific instrument, Archamps, France) programmed as follows: 6 min at 96 °C, followed by 35
cycles of 95 °C for 1 min; 53 °C for 30 s; and 68 °C for 40 s, with a final extension at 68 °C for 6 min.
The second reaction was performed using the same reaction mix as for the initial cycle, except that
50 ng of the first reaction product as DNA template and 0.5 uM of forward and reverse primers were
used (David et al., 2008). The primer sets for merA amplification and gene shuffling are listed in Table
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Table I: Short and long primers used for gene shuffling. The positive controls used for Q-PCR are also

listed.
Primer type 5'to 3'
Short primers MerA1lF ATCAGCGGATGTCTCCTACG
MerA1R CCGATAACCGAGTCCAGCTA
Long primers 1F ATCAGCGGATGTCTCCTACGCCAAGGGCAGCGCCAAGCTCGCCATTGAGGTCGGC
ACGTCACCCGACGCGCTGACG
1R CCGATAACCGAGTCCAGCTACAGCGGCCGTCAGCGCGTCGGGTGACGTGCCGACC
TCAATGGCGAGCTTGGCGCTGCC
Positive control  MerAl ATCAGCGGATGTCTCCTACGCCAAGGGCAGCGCCAAGCTCGCCATTGAGGTCGGC
ACGTC ACCCGACGCGCTGACGGCCGCTGTAGCTGGACTCGGTTATCGG
Short primers MerA2F GAAGCGGGTGAACTGATCC
MerA2R TCGTCAGGTAGGGGAACAAC
Long primers 2F GAAGCGGGTGAACTGATCCAGACGGCGGCTCTGGCCATTCGCAACCGCATGACGG
TGCAGGAACTGGCCGAC
2R ATCGTCAGGTAGGGGAACAACTGGTCGGCCAGTTCCTGCACCGTCATGCGGTTGC
GAATGGCCAGAGCCGCCG
Positive control ~ MerA2 GAAGCGGGTGAACTGATCCAGACGGCGGCTCTGGCCATTCGCAACCGCATGACGG
TGCAG

Q-PCR

Q-PCR analyzes were carried out in triplicate in 20 pL reaction volumes containing 10 plL of Quantace
SensiMix™ Plus SYBR® (Quantace), 0.5 pL of each primer (10 uM) and 2 pL of DNA (concentrations
normalized to 3 ng.uL?) on a Rotor-Gene 3800 (Corbett Research, Sydney, Australia). The
amplification protocol consisted of an initial denaturation phase (95°C for 10 min) followed by 45
cycles of denaturation (95°C for 15 s), annealing (57°C for 20 s) and elongation (72°C for 20 s). The
integrity of Q-PCR products was confirmed by melting curve analyses, from 50°C to 99°C. Standard
curves were calculated based on gene copies per uL using 10-fold increments and were adjusted
from 10® to 10" gene copies pL™. Q-PCR amplicons were sequenced in order to verify the specificity of

the primers.

Statistical analysis

Principal component analysis (PCA) was carried out on chemical and microbial data and results are
plotted in two dimensions based on the scores of the first two principal components. Data were
checked for normality and log-transformed. Co-inertia analysis (Dray et al. 2003), was used to study

the relationships between microbial community structure and chemistry. The objective of co-inertia
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analysis is to create a factorial plane deforming as little as possible the structure of each data set and
enabling a simultaneous ordination of them. Coupling of correlation of snow/meltwater chemical
characteristics and community structure data matrices produced new PC1 and PC2 co-inertia axes by
projecting variables and sampling plots in a new factorial map. Co-inertia analysis is described in
detail elsewhere (Dolédec and Chessel 1994; Thioulouse and Lobry 1995). A randomization test of
1000 permutations was carried out to verify the significance of the co-structure (Monte Carlo test).
PCA, Monte Carlo and co-inertia tests were performed in R (The R Project for Statistical Computing
http://www.r-project.org) using the ade4 software package (Thioulouse et al. 1997). Linear
regression analysis was carried out in JMP-IN (SAS Institute, 2003) in order to explore relationships

between specific probes and mercury species.

Results
Co-structure analysis between snow/meltwater chemistry and community structure

CIA analysis was carried out on snow/meltwater chemistry and community structure (Figure 1). The
permutation test revealed a significant co-structure between the microbial community structure and
snow/meltwater chemistry (p = 0.019, RV = 0.264). The RV-coefficient represents the correlation
between both data sets and varies between 0 and 1: the closer the coefficient to 1, the stronger the
correlation between the tables. The first two eigenvalues of the co-inertia analysis accounted for
51.8 and 19.4% of the explained variance, respectively, and both data sets were highly correlated

(0.62 for the first axis and 0.69 for the second).

In the graphical representation presented in Figure 1A, the sample is identified in the box; the start
of the arrow indicates the location of the sample in the chemical data set, while the tip of the arrow
represents the location of the sample in the microbial data set. The length of the arrow indicates
how well both data sets agree: a short arrow means that the data sets strongly agree, while a long
arrow means that they strongly disagree. Variables are represented on correlation circles and
correlations between the original data sets and the score or latent variable vectors are computed so
that highly correlated variables cluster together in the resulting graphics. Therefore, interactions
between two types of variables can be identified, in addition to identifying the relationship between

variable clusters and associated sample clusters.

The chemical parameters that had the most influence on the co-structure as observed by the lengths

of the vector arrows in Figure 1B (X canonical weights) formed five major axes: 1) BioHg; 2) THg; 3)

119



MeHg; 4) pH and organic acids; and 5) ions. There are less species in the Y canonical weights graph

(Figure 1C) when BioHg and MeHg levels are elevated.
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Figure 1: Co-structure analysis of the microbial and chemical data. (1A) Co-inertia output with
sample names in the box. The tip of the arrow represents the ordination of the sample in the
microbial data set, while the start of the arrow represents the position of the sample in the chemical
data set. (1B) Main chemical vectors that affect sample ordination. (1C) Probes with the greatest
influence. (1D) Co-inertia eigenvalues. (1E) Correlation circles showing the projections of the PCA
axes from the chemical data (X axes) and microbial data (Y axes) onto the axes of the co-inertia
analysis. These circles represent a view of the rotation needed to associate the two datasets. ESS,
ESB, LSS, MSB and MW represent the early season surface, early season basal, late-season surface,
mid-season basal and meltwater groups, respectively.

Based on the five major chemical axes described above, the samples can be clustered into 5 different

groups (Table Il): an early season surface group (ESS) with two late-season surface samples, an early
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season basal (ESB) group, a late season surface group (LSS), a mid-season basal group (MSB), and
finally a meltwater (MW) group. The oligonucleotide probes (positive hybridization of nucleotides
representing different taxonomic levels on the microarray) that had the most effect on sample
ordination as determined by CIA analysis were identified. The ordination of the ESS group was mainly
influenced by the Acidiphilum, Bacillus, Nocardiopsis and Streptomonospora genera, while
Flavobacterium, Photobacterium and Vibrio dominated in the ESB group. The ordination of the LSS
group was dominated by Nostoc, Moorella and Brevundimonas. The ordination of the MSB group was
most influenced by the Nostoc, Desulfovibrio and Achromatium genera and Legionella and Dietza

dominated in the MW group.

Table Il: Samples groups and their characteristics as determined by co-inertia analysis

Group nhame Sample type Sample dates

ESS Early season surface samples and 16/04/2008-09/05/2008
two late-season fresh snow samples 03/06/2008 & 04/06/2008

ESB Early season basal samples 16/04/2008-09/05/2008

MSB Mid-season basal samples 16/05/2008-30/05/2008,

LSS Late-season surface samples 13/05/2008-08/06/2008

MW 3 basal samples and meltwater 02/06/2008,06/06/2008
samples 01/06/2008-07/06/2008

Based on the CIA results, we identified probes that were correlated and anti-correlated to clusters in
the chemical data set. Linear regression analysis was performed and examples of significant results
are presented in Figure 2. For each of the main chemical vectors, certain probes increased with
concentration, while others decreased. Probes that target Flavobacteria were significantly correlated
to Cl concentrations (Flavobacterium1, r* = 0.49, p < 0.0001, n = 32, Flavobacterium2, r’ = 0.31, p =
0.0038, n = 29), while probes targeting Anabaena and Bradyrhizobium were significantly negatively
correlated to Cl concentrations (r2 =0.22, p = 0.037, n = 21 and r* = 0.39, p = 0.0038, n = 20,
respectively) (Figure 2A). Significant positive correlations with pH include probes that target
Aurantimonas (r2 = 0.76, p < 0.0001, n = 22) and Bizionia (r* =0.33, p = 0.0082, n = 20). Probes that
targeted Acidobacteria were anti-correlated to pH (r* = 0.45, p = 0.0033, n = 21) (Figure 2B). Probes
targeting Rhizobiales and Pseudomonas were significantly correlated to BioHg concentrations (r* =
0.32, p = 0.0084, n = 21 and r* = 0.52, p = 0.0007, n = 18, respectively) Probes targeting
Mesorhizobium and Caulobacteraceae were significantly negatively correlated to BioHg
concentrations (r* = 0.53, p < 0.0001, n = 27 and r* = 0.59, p = 0.0005, n = 16, respectively) (Figure
2C). Significant positive correlations with MeHg include probes that target an uncultured bacterium
(r* = 0.69, p < 0.0001, n = 18) and Clostridium (r* = 0.80, p = 0.0092, n = 8). Probes that targeted
Caulobacteraceae and Mesorhizobium were negatively correlated to MeHg (r* = 0.39, p = 0.0092, n =

16 and r* = 0.48, p = 0.0012, n = 12, respectively) (Figure 2D).
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Figure 2: Positive and negative linear correlations between the relative abundance of probes and
chemical parameters. Figure 2A: crosses are Flavobacterium1, open triangles are Flavobacterium?2,
open circles are Anabaena and closed circles are Bradyrhizobium. Figure 2B: open triangles are
Aurantimonas, closed circles are Bizionia and open circles are Acidobacteria. Figure 2C: closed
rectangles are Mesorhizobium, open triangles are Caulobacteraceae, open circles are Rizobiales and
closed circles are Pseudomonas. Figure 2D: closed rectangles are Clostridium, open triangles are
Caulobacteraceae, closed circles are Mesorhizobium and open circles are uncultured bacterium.

Presence of merA genes

Based on the observation that mercury has an influence on community structure, we performed Q-
PCR analysis on all samples in order to determine whether merA genes were present and their
amount. A significant linear correlation was detected between the gene copy number and the MeHg
concentrations (r* = 0.46, p = 0.0014, n = 19) but neither to BioHg (r* = 0.03, p = 0.49, n = 19) nor THg
(r* = 0.006, p = 0.76, n = 19). Both the relative abundance of probes targeting MeHg-resistant
phylotypes and the merA gene copies.ng™ of DNA were plotted against MeHg concentrations (Figure

5). The response curves of the resistant probes and merA gene copies.ng’ of DNA were similar.
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Probes that targeted non-resistant phylotypes were undetected in samples with MeHg

concentrations above 30 pg.L'l.
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Figure 3: Relative abundance (left scale) and merA gene copies. ng” of DNA (right scale) plotted
against log-transformed MeHg concentrations. The merA gene copy number is presented in red, and
the relative abundance of two probes targeting either an uncultured bacterium or Clostridium is
shown in green and blue, respectively. A MeHg concentration of -1.5 is equivalent to 30 pg.L™.

Discussion
Linking chemistry and microbial community structure

In order to elucidate the relationship between microbial community structure and
snowpack/meltwater chemistry, co-inertia analysis was performed. This analysis revealed a
significant co-structure as demonstrated by a Monte Carlo test with 1000 permutations (p =0.019).
Therefore, chemistry and microbial community structure are linked. The dynamic nature of the
snowpack in terms of both community structure and chemistry is revealed by the clusters that evolve
along a seasonal gradient and surface and basal samples evolve differently over time. However, do
microbial communities impact chemistry, or does chemistry drive population changes? Are these

interactions unidirectional or bidirectional?
Microbial interactions with chemistry

In terms of identifying the nature of these interactions, co-inertia analysis determined the major

chemical and microbial vectors that impacted the co-structure. Marine salts (inorganic ion axis) drove
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the ordination of samples in the co-inertia analysis and the relative abundance of certain probes
targeting specific phylotypes increased as a function of ion concentration (figure 2A). The genera that
had the most influence on the ordination of the ESB group were Flavobacterium, Vibrio and
Photobacterium. Members of these genera are commonly retrieved from polar marine environments
and are known to be halotolerant (Farmer and Hickman-Brenner 2006; Murray and Grzymski 2007).
Some strains of Flavobacterium isolated from Antarctic sea water even exhibited an absolute sea
water requirement for growth (Bowman et al. 2003). The LSS group was anti-correlated to high ion
concentrations and contains members that were negatively correlated to Cl (Figure 2) including
Anabaena, a freshwater Cyanobacteria, and Bradyrhizobium, a nitrogen-fixing bacteria, commonly
isolated from the cryosphere (Comte et al. 2007; Cooke et al. 2009). The effect of marine salts on
microbial community structure is probably unidirectional, with species that are able to acclimate to
osmotic stress via the accumulation of certain solutes (K+, glutamate, trehalose, proline and glycine
betaine), at concentrations that are proportional to the osmolarity of the medium by upregulation of

required proteins (Csonka 1989).

Organic acids and pH represented another important vector and were linked to the MW group. The
organic acids measured are short-chained acids with 1 or 2 carbons, and their concentrations
increased as the season progresses and the snowpack begins to melt. pH has been reported as one of
the main factors in determining community structure in soils (Lauber et al. 2009), but, to the best of
our knowledge, this is the first time that it has been reported as a driver of community structure in
snow samples. For example, the relative abundance of Bizionia (Flavobacteria class) and
Aurantimonas increased with pH, while that of Acidobacteria decreased. Members of both Bizionia
and Aurantimonas have growth optima between pH 6 and 8 (Einen and Ovreas 2006; Anderson et al.

2009).

Based on co-inertia analysis, MeHg and BioHg constituted important vectors in determining sample
ordination. Probe abundance along these axes was low, suggesting a negative effect on diversity
even at pg. L (MeHg) and ng.L™ (BioHg) levels. Only very few probes were significantly and positively
correlated to BioHg (less than 5% of the 140 most-influential probes) and among these were
Rhizobiales and Pseudomonas. Some probes were only detected in the ESS samples that were
collected at the beginning of the field campaign, and their relative abundance was negatively
correlated to THg and BioHg concentrations (Caulobacteraceae and Mesorhizobium, for example,
Figure 2C). At the beginning of the sampling period, we recorded several atmospheric depletion
events or AMDEs that deposited high concentrations of both THg and BioHg onto snow surfaces
(maximum values were 90 ng.L™ THg and 16 ng.L" BioHg) (Larose et al. In preparation). This implies

that although a large fraction of Hg is returned to the atmosphere following its deposition, AMDEs
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still impact community structure through the rapid loss of non-resistant phylotypes. In a laboratory
study with soil microcosms, Rasmussen and Sgrensen (2001) also reported an immediate decrease in
microbial diversity following the addition of 25 pg Hg®*.g™ to the soil. Although diversity was
recovered over time, this was due to a shift in community structure by enrichment of Hg-resistant
members (Rasmussen and Sgrensen 2001). Using protein-fingerprinting and automated ribosomal
intergenic spacer analysis (ARISA), Maron et al. (2007) also demonstrated that Hg was able to induce
changes in community functional and genetic structures. However, these results were obtained by
adding 8 mg of Hg.L™ (Maron et al. 2007), far above the values found in natural environments that
are typically in the ng.L™ range. This is to our knowledge the first time that environmentally-relevant

concentrations of MeHg and BioHg have been shown to induce a shift in community structure.

While Hg appears to impact community structure, this relationship is bidirectional. Based on a
significant anti-correlation between BioHg and MeHg, Larose et al. (in preparation) hypothesized that
biotic methylation of Hg was occurring within the snowpack. Therefore, microorganisms can alter
their chemical environment through the metabolism and transformation of elements or
contaminants. In order to cope with the toxicity of Hg and MeHg, bacteria have developed
specialized resistance mechanisms. For example, bacteria possessing the mer operon are able to
detoxify Hg via MerA (Barkay et al. 2003). The genes that encode MerA have been isolated both from
a variety of environments including soil (Oregaard and Sorensen 2007), Siberian permafrost (Mindlin
et al. 2005) and Arctic biofilms (Poulain et al. 2007) and from bacteria (Barkay et al. 2003) and
archaea (Schelert et al. 2004). Some bacteria are able to detoxify both BioHg and MeHg, while others
are only able to transform inorganic mercury via the mer operon resistance pathway (Barkay et al.

2003).

Based on our Q-PCR results, low levels (pg.L™) of MeHg elicit a response in community function. The
merA gene copy number was positively correlated to MeHg concentrations in the snowpack, but no
correlation existed with other forms of Hg, such as BioHg. Probe abundance for Clostridium and an
uncultured bacterium mirrored the increase in merA gene copy numbers, suggesting that these
bacteria carry the resistance gene. At a putative level of 30 pg.L™ of MeHg, merA gene copy numbers
increase, similar to the increase in abundance of the resistant phylotypes. In parallel, the relative
abundance of probes targeting non-resistant MeHg phylotypes decreased at this concentration,
suggesting that 30 pg.L™"of MeHg may constitute a threshold level for toxicity in the snowpack (Figure
2D). Based on these results, it appears that bacteria are more sensitive to MeHg than inorganic Hg
and that mer induction may be initiated by MeHg, possibly via MerB, at lower concentrations than

for BioHg. This may explain the results reported by Poulain et al. 2007, who observed merA
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transcripts in biofilms despite low Hg concentrations. Two competing phenomena likely carried out
by different members of the same community were observed in the snowpack: some
microorganisms were methylating Hg to MeHg, while others, possible in response to high MeHg
levels, were demethylating MeHg via merA. Therefore, potential MeHg accumulation by organisms is

dependent on the methylation/demethylation reaction rates (Schaefer et al. 2004).

Atmospheric effects

Although there was generally a good agreement for both data sets overall (p=0.019), certain samples
had long arrows, showing disagreement among data. Based on arrow length, the chemical and
microarray data in the MSB group were in poor agreement. The tips of these arrows seemed to
converge while their starts were divergent. The location of these samples in the chemical data set is
similar to that of the ESS group and yet in terms of community structure, both groups are different. It
is likely that the MSB group was chemically enriched by early season surface snow due to meltwater
percolation to the base of the snowpack, since melting had begun (melt began around the 20" of
May, see Larose et al. (In preparation) for more details). Therefore, the presence of a larger quantity
of water may have contributed to changes in community structure in this group with increased
detection of Achromatium, Nostoc and Desulfovibrio genera. Nostoc is a genus of Cyanobacteria that
has the ability to remain desiccated for months or years and fully recover metabolic activity within
hours to days after re-hydration with liquid water (Walter et al. 1995). Moreover, the flooding of the
basal layers of the snowpack may have reduced the oxygen content, which could explain the
emergence of the genera Achromatium, sulfate reducers that are tolerant to anoxic conditions (Gray
et al. 1997), and Desulfovibrio, which are anaerobes cabable of syntrophic metabolism (see review by

Mclnerney et al. 2008).

Long arrows were also detected in the ESS group. Again, the sample positions in the microarray data
set converged while their positions in the chemical set were different. During April, when the ESS
samples were collected, several AMDEs occurred (19" and 25" of April), in addition to periods of
strong winds and snowfall events (16" of April). Therefore, the poor agreement between microarray
and chemical data are likely due to differences in chemistry arising from atmospheric processes
(deposition from different air masses, precipitation) that either do not or need longer time periods to
significantly alter the community structure. The ESS group also contains two late season surface
samples. These samples correspond to fresh snowfall events that occurred on the 3" and 4" of June.
Fresh snow has been shown to deliver high levels of BioHg (Larose et al. Submitted), which would

explain the ordination of these samples in the ESS group.
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Conclusion

We have shown that snowpack/meltwater chemistry and microbial community structure are linked
and that the snowpack is a dynamic habitat that undergoes rapid changes during the spring. In
addition, mercury in its bioavailable and methylated forms impact microbial community structure,
even at low doses. MeHg appears to induce a change in community response with an increase in
merA gene copy numbers at concentrations above 30 pg.L™. Finally, linking a 165 rRNA microarray
approach to chemical data allows us to gain access to information on interactions in complex
ecosystems between bacteria and environmental parameters without the need for cultivation. While
our results are specific to one particular field season and may not be extrapolated to other
environments, they provide a basis for further studies on the interaction between chemistry and

microbial community structure.
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CHAPTER 7: A PYROSEQUENCING APPROACH TO EXPLORE COMMUNITY STRUCTURE AND
FUNCTION IN ARCTIC SNOW

Introduction

The Arctic snowpack is chemically dynamic and interacts with different environmental compartments
such as the atmosphere, the soil and meltwater. Each of these compartments probably supports
unique ecosystems. Snowpacks store nutrients, soluble inorganic or organic matter and
contaminants, such as mercury (Hg) that are delivered by wet and dry deposition (Kuhn 2001; Daly
and Wania 2004) and are dynamic habitats able to sustain microorganisms (Jones 1999). Despite the
cold conditions and limited water supply, microbial communities inhabiting the snow cover are
dynamic and changes in community structure are linked to chemistry. In turn, microorganisms also
have the potential to alter their chemical environment (Chapter 6). Microorganisms impact the
dynamics, composition and abundance of nutrients (Hodson et al. 2008) and impact the
transformation of contaminants, such as Hg (Poulain et al. 2007) through detoxification processes
that convert inorganic Hg to its volatile elemental form and methylation/demethylation processes

that convert inorganic Hg to methyl mercury (MeHg) and vice versa (Barkay et al. 2003, Chapter 6).

We used a pyrosequencing approach to uncover genes involved in microbial metabolism, nutrient
cycling and contaminant transformation to provide insight into functional community structure in
Arctic snow. Pyrosequencing also provided taxonomic data. An early spring season sample with low
methyl mercury concentrations was compared to a late season sample with high methyl mercury
concentrations in order to determine whether functional community properties varied. Here, we
provide an overview of functional community structure within snowpacks and attempt to relate

differences in functional community data to snow chemistry.

Methods

Samples were taken during a 2008 springtime field campaign in Ny-Alesund (Svalbard, Norway,
78°56'N, 11°52'E). Samples were collected in three 3 L sterile sampling bags using a Teflon shovel
sterilized for microbial analyzes from shallow pits (depth 35 cm) on the 19" of April and the 2" of
June. The samples will be hereafter referred to as ESS (early spring sample) for the sample collected
on the 19" of April, and LSS (late spring sample) for the sample collected on the 2™ of June. To avoid
contamination, Tyvex® body suits and latex gloves were worn during sampling and gloves were worn
during all subsequent handling of samples. Snow chemistry was analysed in detail and is the subject
of another paper (Larose et al. In preparation). However, a table with the major chemical parameters

is presented as a basis for comparison between samples (Table 1).
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Table I: Chemical parameters measured in each of the samples.

Parameter ESS LSS
date 19/04/2008 02/06/2008
pH 4,93 6.39
Total mercury (ng/L) 1.9 3.34
Methylmercury (ng/L) 0.014 0.245
Bioavailable mercury (ng/L) 1.6 <0.5
Formate peq/L 0.05 0.22
Acetyl Glycine peg/L 0.41 2.64
Propionate peq/L 0.00 0.35
MSA peg/L 0.00 0.57

Cl peq/L 156.13 1456.69
NO, peq/L 0.17 0.00

Br peq/L 0.25 3.97
NO; peq/L 2.16 1.88
Glutaric acid peq/L 0.00 0.04
SO, peg/L 11.61 76.41
Ox peq/L 0.00 0.97

Na peq/L 141.78 1258.22
NH, peg/L 1.27 14.18

K peg/L 2.52 24.03
Mg peq/L 31.98 276.12
Ca peg/L 7.15 88.64

Microbial sample processing

Samples were processed immediately after collection in the field laboratory. Samples were left to
melt at room temperature prior to being filtered onto sterile 0.22 uM - 47 mm filters (Millipore)
using a sterile filtration unit (Nalge Nunc International Corporation). Filters were stored in sterile
bead-beating tubes at -20°C until further analysis. Procedural blanks were carried out by filtering

Nanopure water (Siemens) using the same procedure.

DNA extraction

DNA was extracted as described previously (David et al. 2009). Briefly, filters were chopped and
placed in a Fastprep® bead-beating tube (Lysing matrix E, MP Biomedicals). A mixture of 1 mL DNA
extraction buffer and 20 mg.ml™ lysing enzyme (Trichoderma harzianum, Sigma L1412) was added.
Tubes were left at room temperature for 1 hour and then frozen at -20°C overnight. The frozen tubes
were incubated at 65°C for 30 minutes and placed in a Fastprep® bead-beater (MP Biomedicals) set
at speed 5.5 for 30 seconds. DNA was extracted from the water phase with an equal volume of

chloroform:isoamyl alcohol (24:1) and precipitated with isopropanol.
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Pyrosequencing

The DNA (2pg/50ulL) extracted from environmental samples was pyrosequenced by GATC (Constanz,
Germany) using a Roche 454 Titanium pyrosequencer. For the ESS sample, 38,129 sequences of
average 378 bp lengths were subsequently analyzed by the MG-RAST system (Meyer et al. 2008) and
36% of sequences were phylogenetically classified using the SEED database, while 29.2 % were
classified into different microbial metabolic subsystems due to their similarity to known functional
genes. For the LSS sample, 16,222 sequences of average 331 bp lengths were analyzed and 44% of
the sequences were phylogenetically classified while 29.6 % were classified into metabolic
subsystems. The e-value cutoff was set at 1e-5 for all analyzes and a minimum alignment length of

50 bp was used for phylogenetic assignment.

The relative number of sequences classified in different metabolic subsystems is shown as
percentages of the total. In order to compare different samples, the normalized numbers of
fragments in each subsystem are compared. In addition, the relative abundance of fragments in each
subsystem was determined by adding the number of all fragments from all samples that are classified

in a subsystem and dividing by the number of samples included in the comparison.

Results and Discussion

Microbial community structure in pyrosequence samples

The samples chosen for pyrosequencing analysis differ chemically (Section Ill, Chapter 5) and also in
terms of community structure (Section IV, Chapter 6). The sequences in the ESS and LSS
metagenomes covered four domains of which Bacteria dominated (> 90% for both metagenomes)
and 17 different bacterial groups. In the ESS metagenome, the Bacteriodetes/Chlorobi (37%) and
Proteobacteria (34%) groups dominated (Figure 1A), consistent with other studies in polar
environments (Skidmore et al. 2005; Cheng and Foght 2007). In the Bacteriodetes group the most-
represented class was Flavobacteria (70%), members of which are common in cold environments and
are often cold-adapted (psychrophilic or psychrotolerant) (Bowman et al. 2003). In the LSS
metagenome, Proteobacteria (70%) was the most-represented group, of which 93% were
Gammaproteobacteria (Figure 1B). The predominance of Gammaproteobacteria has been reported

in Everest snow samples (Liu et al. 2009) and Arctic sea ice (Brinkmeyer et al. 2003).
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Domain Bacteria Bacteroidetes/Chlorobi group

»0

B Plasmids 0.01% (1) B Bacteroidetes 1.87% (238) B Bactercidetes 97.76% (4622)
M Eukarvota 5.61% (773) B Cvanobacteria 12.70% (1620) M Chiorobi 2.24% (106

W cacteria 92.64% (12760) B environmental samples 0.01% (1)

B viruses 0.33% (46 B Thermotogae 0.44% (56

B Archaes 1.41% (194) B Fusobacteriz 0.13% (16)

Actinobacteria 1.81% (231)

M squificae 0.06% (8)
Chlamydiae/Verrucomicrobia group 0.68% (87)

B Protecbacteria 33.73% (4304)
Planctomycetes 0.92% (117)

B spirochaetes 0.55% (70)
Chloroflexi 1.61% (205)

B Eirmicutes 5.16% (6591
Synergistetes 0.31% (39

B unclassified Bacteria 0.10% (13)
Fibrobacteres/Acidobacteria group 2.66% (339
Bacteroidetes/Chlorobi group 37.05% (4728)
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Figure 1: Taxonomic profiles for the ESS (A) and LSS (B) metagenomes. Sequences were classified
using the SEED database in MG-RAST. The e-value cutoff was 1e-5 and a minimum alignment length
of 50 bp was used.
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The class distribution of both metagenomes was compared (Figure 2). In both samples,
Cyanobacteria (Nostocales, Chroococcales) represented approximately 10% of the classes. The
community structure differed, with higher percentages of Gammaproteobacteria, Metazoa and Fungi
in the LSS metagenome, while Acidobacteria were detected only in ESS. Based on the SEED
classification, the most common bacterium in the Gammaproteobacteria class was
Pseudoalteromonas haloplanktis TAC125, a cold-adapted marine organism isolated from Antarctica
(Giordano et al. 2007). The increased abundance of marine Gammaproteobacteria in the LSS sample
may be linked to the higher salt concentrations. Among the Fungi species, Neurospora crassa was the
most abundant. It is possible that this Fungi may contribute to the higher MeHg concentrations
observed in the LSS sample, since it is able to methylate Hg in laboratory studies (Barkay et al. 2005).
The lower pH in the ESS sample may explain why the Acidobacteria class was only observed in the

ESS meteagenome.
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Figure 2: Taxonomic distribution in ESS and LSS metagenomes. A total of 17 bacterial classes are
presented in addition to two members of the Eukarya domain (Metazoa and Fungi).The bars
represent the percentage of each class in each library, with black and gray bars representing the LSS
and ESS samples, respectively.
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Community functional genes
Common functions

The pyrosequencing of snow samples allowed us to access a diverse set of functional genes. Genes
common to both samples belong to a wide range of functional categories listed in Table Il. Most fall
into basic metabolic activities such as amino-acid and protein biosynthesis, membrane transport,
respiration and DNA metabolism. Functional genes common to metagenomes from both samples
also include genes encoding capsular and exopolysaccharides (EPS) (Table Il). Both EPS production
and increases in capsular wall thickness have been described as survival strategies to cold
environments (Price and Sowers 2004). EPS production favors attachment (Junge 2004) and protects
against freezing, dessiccation, viral and bacterial attacks (Mueller et al. 2005). Particle-associated
bacteria producing EPS were shown to be more active than free-living cells as temperatures dropped

(Junge 2004).

Table Il: Metabolic functions common to both samples

Level 1

Level 2

Amino acids and derivatives

Carbohydrates

Cell Wall and capsule

Clustering-based subsystems

Cofactors, Vitamins, Pigments

DNA metabolism

Fatty Acids and Lipids
Membrane Transport
Motility and Chemotaxis
Nitrogen metabolism
Protein metabolism
Regulation and Cell signaling
Respiration

RNA metabolism

Stress response

Sulfur metabolism
Virulence

Arginine; urea cycle, polyamine metabolism

Branched-chain amino acid biosynthesis

Osmotic stress choline/betaine uptake and betaine biosynthesis
One-carbon metabolism serine/glyoxylate cycle

Central carbohydrate metabolism

CO;, fixation (CO, uptake, carboxysome)

Capsular and extracellular polysaccharides

Gram-Negative cell wall components

Purine metabolism

DNA methylation

Translation

Biotin biosynthesis

Tetrapyrrole (Heme/Siroheme, colbalamin, chlorophyll) biosynthesis
DNA replication

Phospholipids

Membrane transport (potassium homosynthesis, zinc transport)
Flagellar motility in Prokaryota

Nitrogen metabolism (nitrate, nitrite ammonification)

Protein degradation in Eukaryotes

Regulation and Cell signaling

Electron accepting reactions (cytochrome C)

Cytochrome C biogenesis

RNA processing and modification

Stress response (copper, SigmaB response)

Cold shock

Inorganic sulfur assimilation

Resistance to antibiotics and toxic compounds (mercury)

Iron scavenging mechanisms

Ton and Tol transport systems

135



Common functions also include tetrapyrrole biosynthesis (Table Il). Tetrapyrroles are ringed
compounds that act as cofactors and vitamins (e.g. methyl cobalamin) and as pigments (e.g.
chlorophyll). They are implicated in electron transfer, redox and a variety of metabolic reactions
(Frankenberg et al. 2003). Due to the high irradiance of the snowpack, it is likely that increased

pigment production could provide a protective mechanism for bacteria (Mueller et al. 2005).

Both samples contained genes involved in stress response and virulence. Among the stress response
genes, cold shock and SigmaB response factor genes were identified. The SigmaB factor is required
for the transcription of a subset of genes/operons that confer general stress resistance to the cell
(Marles-Wright and Lewis 2007). The presence of stress resistance genes was not surprising
considering the range of environmental stresses, including temperature, pH, osmolarity, radiation
and the concentration of nutrients and contaminants to which bacteria are exposed in the snow.
Among the virulence genes, genes encoding resistance to antibiotics and metals such as mercuric

reductase were also identified (Figure 3).
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Figure 3: Differences in metabolic functions between the LSS and ESS samples. Squares in the upper
part of the graph (positive values) represent genes identified more frequently in the LSS sample. Red
squares represent stress response genes, orange squares represent ABC transporter genes, blue
squares represent carbohydrate metabolism, yellow squares represent aromatic compound
metabolism, green squares represent vitamin/cofactor metabolic genes, purple squares represent
DNA repair and light blue squares represent protein biosynthesis.
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Differences in community function
General metabolism

The metagenome from the ESS sample contained a higher proportion of genes involved in the
biosynthesis of proteins (light blue squares, Figure 3) and vitamins/cofactors (green squares, Figure
3) than the LSS sample. In addition, genes involved in DNA repair (purple squares, Figure 3) were also
more frequent in the ESS sample. Other differences include carbohydrate and aromatic compound
metabolism, with a greater number of genes in the ESS sample. These metabolic differences may be
due to differences in community structure, since the ESS sample contains a wider range of bacterial

classes (Figure 2).

Sulfur metabolism

Sulfur assimilation varied between both samples, with inorganic sulfur pathways observed in the ESS
sample and organic sulfur assimilation pathways observed in LSS. The LSS sample contained a higher
proportion of genes involved in using glutathione and taurine as sulfur sources, which is indicative of
sulfur starvation conditions (Viti et al. 2009). In addition, under sulfur starvation conditions, ABC
transport systems have been shown to be up-regulated (Colin et al. 2007), which is also observed in
the LSS metagenome (Figure 3). All living organisms require sulfur, which can be assimilated either
from inorganic sources like sulfate and thiosulfate, or from organic ones like sulfate esters,
sulfamates and sulfonates, for the synthesis of proteins and essential cofactors (Coppee et al. 2001).
A major source of sulfur for bacteria in the marine environment is dimethylsulfoniopropionate
(DMSP) (Howard et al. 2006). Larose et al. (Section lll, Chapter 5) reported high methylsulfonic acid
(MSA) concentrations in snow during the spring. Since MSA is a derivative of DMSP, the high
concentrations observed suggest a close source for DMSP. DSMP can either undergo direct uptake by
bacteria via specific transporters such as choline-betaine transporters (Kiene et al. 2000) or lysis by
extra-cellular enzymes. Genes encoding choline transporters were only found in the LSS sample,
suggesting that DMSP uptake is possibly occurring. Once inside the organism, DMSP is either retained
(probably for osmo/cryoprotection), or metabolized for bioenergetic purposes (Kiene and Linn 2000)
via two different pathways: the lyase pathway or the demethylation/demethiolation pathway
(Bentley and Chasteen 2004). Unlike the lyase pathway, the demethylation/demethiolation pathway
leads to sulfur assimilation (Kiene et al. 2000) and therefore, under sulfur-starvation conditions, this

pathway should be favored.

The demethylation/demethiolation pathway involves an initial demethylation of DMSP to MMPA (3-

methylmercaptoproprionate) and a methyl compound (Taylor and Gilchrist 1991). This reaction was
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shown to occur in both aerobic and anaerobic cultures and involves methyltransferase activity
(Bentley and Chasteen 2004). In the LSS sample, we observe the presence of aminomethyltransferase
(CBSS-87626.3 peg. 3639), which was not present in the ESS sample (Figure 3). Recently, Reisch et al.
(2008) demonstrated that aerobic demethylation of DMSP was THF-dependent
(THF=tetrahydrofolate). The enzyme that catalyzes this reaction, DmdA, is in the aminomethyl
transferase family (EC 2.1.2.10), which includes the T-protein of the glycine cleavage system (Reisch
et al. 2008). Methyl-THF is an intermediate in the oxidative acetyl CoA/CO dehydrogenase pathway.
Two clusters involved in THF synthesis (YgfZ-Fe-S) are more prominent in the LSS sample than in the
ESS sample. YgfZ-Fe-S is an unclassified gene that clusters with dihydrofolate reductase, an enzyme
that catalyzes the reduction of folate and 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF)
(Elizabeth 2005). Taken together, these results suggest that demethylation reactions could

potentially be carried out to a greater extent in the LSS sample than in the ESS sample.

Linking sulfur metabolism to mercury methylation

Early research into the mechanisms involved in mercury methylation was based on anoxic sediments
(e.g. Compeau and Bartha 1985; Berman et al. 1990) and quickly focused on anaerobic, sulfate
reducing bacteria. The isolation of mercury-methylating Desulfovibrio desulfuricans strains led to
studies on the pathway of methylation and the potential methyl donors (Berman et al. 1990; Choi et
al. 1994). Berman et al. (1990) suggested that the methyl donor in D. desulfuricans is likely closely
related to or identical to methylcobalamin based on selective inhibition assays with propyl iodide.
Choi et al. (1994) used radio-labeled *C incorporation and enzyme activity measurements to propose
that methylation involves the tetrahydrofolate (THF) pathway. In their model, the methyl group is
transferred from CHs-tetrahydrofolate via methylcobalamin with either serine or formate as the
original methyl donors via the acetyl-CoA synthase pathway (Choi et al., 1994). The parallels with
DMSP demethylation are striking: both involve the THF and acetyl-CoA pathways and
methyltransferases, except one occurs aerobically, while the other is anaerobic. Since these
pathways are so similar, it is not farfetched to imagine that bioavailable Hg, upon entering the cell,
may undergo methylation by aerobic bacteria able to demethylate or metabolize DMSP. Methyl
transfer reactions occur at various stages of DMSP metabolism and many of the genes encoding the

enzymes involved are present in the LSS, which is associated to high MeHg concentrations.

While these results are only preliminary, the LSS does appear to contain genes involved in
methyltransfer and tetrahydrofolate metabolism that are not present in the ESS sample. In order to

further explore the hypothesis that methylation is occurring, we have sent other samples for
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pyrosequencing. The results from the future pyrosequencing should shed some light on metabolic

pathways present in samples containing high levels of methylmercury.
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SECTION V: GENERAL CONCLUSION AND PERSPECTIVES

The Arctic climate is changing. A 20" century warming trend has been documented in the Arctic,
with air temperatures over land areas increasing by as much as 5°C and increased temperatures over
sea ice (AMAP 2009). In addition, precipitation has also increased. Other changes include a 2.9% per
decade decrease in Arctic sea-ice extent (1978-1996), the thinning of sea-ice, an increase in melt
days par summer, the warming of Atlantic water flowing into the Arctic Ocean, the thinning of the
oceanic surface layer and the increase in ground temperatures and resulting permafrost melt
(Anisimov O 2001). Decreases in snow and ice cover, increased plant growth, increased primary
production of terrestrial algae in freshwater lakes, and the northward movement of the tree line in
the most-warmed Arctic regions have also been reported (AMAP 2009). While it is unclear whether
these changes are linked to natural cycles in climate or exclusively to global warming, human
activities are clearly impacting the climate, with arctic (and polar) environments subjected to

substantial warming and increases in precipitation over the 21* century.

Climate change is also expected to alter contaminant loading and transformations in the Arctic. The
predicted warming of air temperatures at lower latitudes will have direct effects on contaminants
through increased volatility, more rapid degradation and altered partitioning between phases
(Macdonald et al. 2005), while increased precipitation could lead to more scavenging of
contaminants by rain and snow, thereby augmenting inputs to aquatic and terrestrial ecosystems
(AMAP 2009). Extended ice-free areas in the Arctic Ocean may favor both atmospheric scavenging by
precipitation in addition to seawater partitioning (AMAP 2009) and certain contaminants might

evade from surface seawater more rapidly (Macdonald et al. 2005).

While it appears that microbial life is well adapted to cold ecosystems, the response of these
populations to changing environments is mostly unknown. Climate change may alter microbial
functioning by increasing growth rates and substrate use due to increased temperature. This may
lead to changes in process rates. Another impact could be the restructuring of microbial communities
(Schimel 1998). Biodiversity may increase as the Arctic warms and population shifts occur as non-
heat tolerant species disappear in favour of more heat tolerant ones. For example, a circumpolar
shift was seen in the fossil remains of algae and invertebrates in the mid to late 19" century probably
due to climate change. In order to predict how ecological processes will evolve as a function of global
change, it is essential to identify which populations participate in each process, how they vary
physiologically, and how the relative abundance, activity and community structure will change under

altered environmental conditions (Schimel and Gulledge 1998).
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This thesis sought to explore the relationships between chemical parameters in arctic snowpacks and
the microbial communities inhabiting them. Chemistry and community structure were shown to be
linked. Major results include the observation that precipitation may be a more important source for
bioavailable mercury inputs to arctic snowpacks than previously expected. This may have far-
reaching consequences in light of predicted changes due to global warming. Another important
finding is a possible link between the marine sulphur cycle and the biotic production of
methylmercury. Based on our results, biotic methylation occurs when the snowpack is melting, thus
warmer, wetter snowpacks, coupled with more productive surface waters, may lead to increases in
methylmercury. Both bioavailable mercury and methylmercury impact community structure at
concentrations lower than previously reported. In turn, microbial communities are able to modify the
chemical environment by transforming contaminants, and the rates of these reactions may
determine ecosystem contamination levels. Therefore, the role of microorganisms in ecosystem

functioning should not be neglected.

All the results presented here are derived from field studies. These data will now allow laboratory
studies to a) improve our knowledge on mercury speciation, especially in terms of organics; b) verify
the implication of DMSP in mercury methylation with the use of stable isotopes; and c) improve our
understanding of the interactions between individual species and chemical parameters using pure
cultures. Other future research directions should include functional gene analysis with

pyrosequencing technologies and RNA analysis to elucidate which genes are being transcribed.
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