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Abstract

The goal of this project was to developvel bacterial biomarkefsr usein an industrial
context. These biomarkers would be useddterminealuminiumindustryactivity impacton a
local ecosystemSediment bacterial communitiesf the Saguenay Riveare subjected to
industrialeffluent prodiced byindustryin Jonquiére, QQn-situ responses dhese communities
to effluent exposure were measured andluated as potential biomarker candid&egxposure
to past and present effluent discharge.

Bacterial community structure and compositlmetween control and affected sites were
investigated Differences observed between the communitiese used as indicators @f
response to industrial activity through exposure to effluerprbgucts. Diversity indicewere
not significantly different bsveen sites with increased effluent expostitewever, dferences
were observed with the inclusion of algae and cyanobactémi&rac analyses indicated that a
control (NNB) and an affected site (Site 2) were more similar to one another with regard to
community structure than either was to a medially affected site (S{feid)re 24). We did not
observe a signature of the microbial community structure that could be predicted with effluent
exposure.

Microbial community functia in relation to bacterial mercury resistance THgasalso
evaluated as a specific responsethte mercurycomponentpresent in sedimentiNovel PCR
primers and amplification conditions were developed to ampliéyP, merT and merA genes
belonging to themeroperon which confers Hig(Table 56). To our knowledge, the radeof
merPandmerT have notbeen explored as possible toolsctmfirm the presence of the operon.
Hg" gene abundance in sediment microbial communiti@ssignificantly correlatedp < 0.05)

to total mercuryevels(Figure 34) butgene expression was not measuraidle.could not solely



attribute the release of Hgfrom sedimentsin bioreactor experiment® a biogenic origin
However, here was a 1000 fold difference in measurefiidipase between control and affected
sitessuggesting that processes of natural remediation may be taking place at contaminated sites
(Figure 37).

Abundance measurements of Hglated genes represeatstrongresponse targeo the
mercuryimmobilized in sedimentBiomarkers built on this responsan be used by industry to
measurdong termeffect of industrially derived mercury olocal ecosystem3.he abundance of
meroperongenes in affected sites indicatdse tpresence of a thriving bacterial community
harbouringHg™ potential. These communities have the capacity to naturally remediate the sites
they occupy. This remediaticould be further investigateddditional studieswill be required
to develop biomarkers that amoreresponsive to contemporairydustrialactivity suchasthose

based orthe integrative oxidative stress respanse



Résumeé

L'objectif de ce projet était de développer de nouveaux biomarqueurs bactarians
de déterminer l'impact des activités de l'industteel al umi ni um sur | 6®cosys
Les communautés bactériennes des sédiments de la Riviere Saguenay sont exposées a des
effluents provenant des établissements industriels de idneq@C. Nous avons mesuré les
changements, isitu, descommunautésnicrobiennee x pos ®es aux effl uent s
potentiel en tant que biomarquedréxposition awactivitésprésents et passés.

Nous avons évaluealstructure et la composition desmmunautés bactériennes entre les
sites controles et les sites affectés. Les différences observées entre les communautés ont été
utiistesc omme i ndices de r ®p onNsoeu s’ nlp@asamaeniédei t ® i n
différence significative entre leadices de diversité des sitaectés par le complexe industriel
et les sites contrélekes analyses UniFraant démontrées que la structure de la communauté du

site de contrtl e (NNB) et doéun des si tres aff

ellesg u 6 aun site moyennemenaffecté (Site 5)Kigure 24) . Nous nbavons pas
signal di stinct de | a communaut® microbienne
effluents.

Nous avons ausdmercrprésent @and lds séaipenty la résistance
microbienne au mercure (B De nouvelles amorcee PCR ainsi que des nouvelles conditions
déoamplification ont ®t ® dmmerPened pt@&A @ds ifarsantd 6 a mp |
p ar t bpérdnener lubconfére la HG (Table 56). A notre connaissance, le role derP et
merTen t anitl qpedromett t ant | 6®t udemerdleanisa | diewtvi ir lount
nbavait, jusqud- cet.tleda®omdance¢ amn®ssmgl@Bn®s e xg

communautés microbiennes était corrélée de facon significative (p < 0.05) avec les



concentrationgn mercure totalKigure 34) mai s | 6expression des g n

La producion de HJ estimée d 6 a i d ériendedcernduyites ebioréacteurs contenant des

Ss®di ment s n 0 aniquament t ruen ea tstoruirlcte® bi og®ni que, ma |

facteur de 1000 ‘%destsites afféctéRamndusite icantrlecil®us iHarte a

croire quobébun assainissement nathkigure37). pourr ait
Léabondance des g nes de r®sistance au me|

immobilisé dans les sédiments. Des bdogueurs qui exploitent ce principe pourraient servir a

| 6industrie afin de mesurer | es effets ~° 1long
®cosyst mes | ocaux. L 6 a b onerddans te® sédinersts dgs sites s d e
contaminésingjue | a pr ®sence dbébune communaut® micr o
résistance au mercure Ces communaut ®s ont | a capacit® dboé

capacité pourrait étre étudiéeav@ntage. Des études supplémentaires sont nécesgaires
développer des biomarqueurs qui sont plus sensibles a I'activité industrielle contemporaine telle

gue ceux basées sur la réponse intégrative au stress oxydatif.
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1.0 Introduction



1.1  Industry and the Environment

Theindustrial revolution brought with it advancesnmanufacturing, mass productiand
economic growthClark, 2007. Manual labour was replaced with automated machinery, plant
material was replaced by coa$ a fuel sourgeandthe growth of GDPsurged(Clark, 2007.
Arguably, the expansion of industrial practice proceeded to impttowdiving standardsof
peopledue to the benefits of increased household income and access to affordable commercial
goods(Clark, 2007. Industry and related processes have continieegrow since the dawn of
the revolution The effects of such growth haveluenced a multitude of factgrisoth positively
and negatively. Bvironmentalintegrityis one factor that has been negatively affected

The environmentatonsequences of unremhedindustrializationhave been brought to
light in the past half centuryPublic awareness of environmental degradation was generated in
part due tcsocialenvironmental movements. Literary titles suctBdsnt SpringCarson, 196p
bolstered public outcries against the destruction of the environment for economic acdalfinan
gain. Ultimately, thesevocal protest led to the establishment of government agencies and
departments charged with the protection of the environi@ogta, 200Y. In theUnited States,
theNixon administration foundedh& United State€nvironmental Protection Agen€yS EPA)
in 1970 One year latethe federal government &@anadaestablished its own department of the
environment (Environment Canada).

Agencies and depanents of the environmenipheld new regulations enacted to protect
the naturaknvironment from future harm. To therd it was necessary to characterize shape
and form of the damage inflicted. Initially, the damages characterized pertiiedly to the
human perspectivesing classical toxicology as a guifian-Straalen, 2003 ecotoxicology as

originally defined by René Truhguencompassed effects upon humgfisuhaut, B77).



Contemporary definitions take a holistic approach in determining the effect of industrial activity
on the entire ecosyste(@i-Giulio & Newman, 200Y. Ultimately, regulatory efforts serve to
prevent future degradation using the descriptives of past oversight. For historically perturbed
contexts, reclamation and renewal of the ecosystem is the primary objective.

Endeavarrs to protect the environment afacilitated whenindustry and controlling
corporations themselvesnthusiasticallytake part in the procesBublic pressure, once directed
atgovernmentis now targeting private enterpriseuccess has been generateth@pushfor an
agenda of @rporate sociaandenvironmental responsiily ; many industrial companies anew
seeing environmental protection atite sustainable use afiatural resourceas a necessary
component of their business modelhis project repesents a collaboratve effort between
academia and industry. Together with our partners, we sought to determine and characterize the
effects ofaluminium industry processes the local envonment.

Our industrial partners belong to the mineral procgssimdustry in Canada. Their
operations focus on the production of primary aluminium through the refinement of ores and
smelter operationdt is understood thandustrial undertakingdo not comewithout an element
of environmentablisturbanceThe collalration was established for this reasomd we worked

to develop biological markerg exposureto effluentby-products.

1.2  Canadian Mining & Mineral Processing Industries
Mining, mineral processing and metal manufacturing represent a significantnpoftio
the Canadian economy. In 2009 the industry employed over 300 000 individuals and had
production activity valued at over $32 billion, or roughly 2.7% of total Canadian(G2Rwny
& Pearce, 2000 Despite the negative impacts of thelml recession and a strong Canadian

dollar the industry still accounts for 17% of total Canadian trade (import and export) with metal



exports alone totalling $49 billion in 20@9relawny & Pearce, 2009With worldwide demand

for raw mateial resources increasing, most notably from Chinkhe wor | dbés f astest
second largest economyanada is solidifying its role as a global resource produoér

Canadian exports to China, minerals and metals comprise neaflgiahef the tota(Trelawny

& Pearce, 2000 As such, industry growth is projected to increase by 6.4%oreryear from

2010 to 2013Trelawny & Pearce, 2009

1.2.1 Canadian Aluminum Industry

Aluminum is the third most abundant eleménn t he Earthdés crust
silicon (Turekian & Wedepohl, 1961 It is used extensively by society due to its ready
availability, high stragth, good conductivity, light weight, malleability, ductility, resistance to
corrosion and ease of recycling. Its use can be seen in many industries seeking to exploit these
favourable properties, including building and construction, automotive, aemmmantl aviation
(Jones & Haynes, 20)1At the close of 2009, world production of primary aluminum stood at
over 36 million tonnes (Mt) with Canada contributing roughly 12%, through a national
production capacity of over 3 Nier annun(Sass, 2000 This placed Canada as the third largest
producerof aluminum in the world after China (13.3 Mt) and Russia (3.3(Mihes & Haynes,
201]). The Canadian aluminum produced during that year accounted for approximately 15% of
the $32 billion totaimineratindustry production Vae (Sass, 2009Jones & Haynes, 20)110f
national production capacity, over 90% of Canadian aluminumpnasuced in the province of
Quebec with onghird of national output being further situated in the Saguenay Fjord region
(Figure 11) (Sass, 2000 The industry has been attracted to the Saguenay region due to its

relatively cheap hydropower capacitgéseauTransAl, 200 Hydro-Québec, 2011which has



been able to eet the requirements of the aluminum smelting industpyimary aluminum

production requires a large supply of electric power.

1.3  Industrial Processes

The production of primary aluminum begins with the extraction of bauxite, the mineral
form of aluminum, from bauxite mines Thesemines are located in close proximity to the
equator(Mimna, et al, 201J). Bauxite a heterogeneous mixture of alumina arlderoxides of
aluminum, silica and iron, among other impuritissused as the feedstock to generate alumina
(Al,03) by the BayeProcesgJones & Haynes, 201Mimna, et al, 201]). The purified alumina
is then subsequently processed Via HallHéroult Process, producing the primary aluminum

metal(Habashi, 2006

13.1 Bayer Process

The Bayer Process serves to dissociate aluminum oxide from bauxite ore impurities
through alkaline chemicaligestion which solubilizes aluminuoxide Caustic soda (NaOH) is
applied to milled bauxite at high temperatures (~175°C). This produces aqueous aluminum
hydroxide ([AI(OH)]) and separable nemo | ubl e ore i mpurities, kna
mu d(dones & Haynes, 20)L1After the red mud has been removed by filtration, aluminum
oxideis precipitated in the form of alumina trihydrate {&4-3H,0) by cooling the solution and
seeding it with pure alumina which aids crystation (Habashi, 2006 The crystals are then
dehydrated via calcination at temperatures greater than 1,100°C leaving pure &dlunfina,
dry, white powde(Trelawny & Pearce, 2009

The Baer Process produces approximateteto two tonnes of red mud waste for each
tonne of alumina producg#limna, et al, 201). Thus, the remnant can pose a problem due to

its alkalinity and compositionindustrial teatment of red mud usually consists of storing the



waste slurry in tailings ponds adjacent to refineriedere they are allowetb dry prior to

disposal.

1.3.2 Hall-Héroult Process

The HallHéroult Process involves reductive electrolysis of alumina dissolved in cells of
molten cryolite (NgAlF¢) which conducts electrity at roughly 970°C(Habashi, 1998 The
electron flow is introduced into the cell through a carbon anode and propagates through the
cryolite solution to the cathodgiabashi, 1998 Alumina in the shution then reacts with the
anode forming aluminum anchrbon dioxide €O,) which volatilizes ouifHabashi, 1998 The
molten aluminum sinks to the bottom of the reduction cell to be subsequently siphoned,
transported and castto final primary metal produc{siabashi, 1998

Reduction cells are lined with material rich in carbon and during the electrolytic process
the lining is penetrated with sodium fluoride and cyar(ilgrawal et al, 2004. After some
time, the pot lining becomes exhausted as penetration of these noxious chemicals becomes
sufficiently high (Agrawal et al, 20094. The spenpotlining (SPL) is then dug out and
replaced. Depending on the facility, 20 to 40 kg of sodium fluoride and cyanide rich SPL waste
is generated for each tonne of aluminum produGkzhes & Haynes, 2011Other waste
products from this process include hydrogen fluoride gas, polycyclic aromatic hydrocarbons

(PAHSs) and fluorocarbon@®grawal et al, 2004 Friesen et al, 2007.

1.3.3 Castner-Kellner Process

As caustic soda digestion of bauxite ore is scaledoumdustrial level operations,
production of sodium hydroxid@NaOH)to meet industry needs follows suite. NaOH stocks are
replenished by chlealkali plants These plants areften located in close proximity to bauxite

refineries to facilitate the replesmment of caustic soda stocks. The preferred method of



production is through the mercucgll processi otherwise known as the Castr¢elliner
Processi which works similarly to the HalHéroult electrolytic procesfHabashi, 198). A
sodium chloride (NaCl) brine solution is subjected to an electric current; electrons flow from the
anode, where chlorine is oxidized forming chlorine gas, to the mercury (Hg) cathode where
reduced sodium forms an amalgam with (Higbashi, 1998 The amalgam is reacted with water
producing hydrogen gas, NaOH and Hg to be recycled in the process ondéiatmashi, 1998

The mercurycell process is preferred as it yields a caustic soda mixfextar chlorine
impurities(Habashi, 1998 However, as a result of the industrial use of tHg risk of exposure
to this toxic element in an environmental context is ever pregagnon et al, 1997 and
proper management is required to mitigate releAseexample of poor management can be
found in the area of the St. Lawrence River near Cornwall, Ontario, Canadavallasnce
hosted pulp and paper mills and a ckdtkali plant(Delongchampet al, 2009. Here, industrial
activities contaminated the local watershed with mercury ultimately forcing the zone to be
classified as arfiArea of Concera by the International Joint Commission (IJC) in 1985

(Delongchanp, et al, 2010Q.

1.4  Project Context

There exist many industrial fyroducts of aluminum smelting and bauxite refining, such
as PAHSs, fluoride, aluminium and other metdlsegault, 1996 Mimna, et al, 201)). While
proper safeguards and measures are usually implemented to mitigate the production and release
of these chemicals, accidents have occurred in the(@attncseret al, 2011 Ruyters et al,
2011). Somefacilities may see accidents consisting of caustic soda spillage, release of untreated
water and hydrocarbon leakage. These &veseriously disrupt the health of both the local

ecosystem and the local populatidimis project will focus on thgast andgoresentday activities



of the Jonquiére smelter and refinery complex of the Saguenay River réggure( 12).
Because of the nature of pagieratiols some contaminants still remain river sedimers and
may influence the findings of this projg&Gagnon et al, 1997%.

The river stretches approximately 165 km and drains waters from LaeJ8aminto the
Saint Lawrence River at Tadoussac, QC. The SagdemaySaintJean region is home to
approximately 275 000 peopksStatsCan, 20)2spread across various townships and cities
around the lake and along the river. In 1926 the smelter plant became operational in Arvida (now
Jonquiere). As production was scalgul a chloralkali plant was constructed on sitethe late
1940s to meet the growing demand for caustic sddawever, the plant was later
decommissionedn 1976 (Gagnon et al, 1997. Thus, anyHg within effluents derived from
currentindustrial activity isnolonger attributed to this process

Presently, mdustrial effluent produced by the Jonquiére complex is discharged through
channels that empty into Saguenay Riveig@re 12). While the effluentis eithertreatedor
recirculatedwithin the industrial processthe region has seen accidental spfiltsn red mud
tailings ponds Spills can arise due damage in piping systemgdhmnical errors resulting in
overflows Additionally, the effluent treatment process may not be entirely effiateimoving
all traces of remaining contaminanBecause othe accidens, and because contaminamsy
still be releasedrom contemporary activitieshe presence of tseby-products(e.g.Hg) within
the sediments and water colurahthe riveris suspectedLoring, et al, 1983 Gagnon et al,
1997. It should be noted that th@uminium industry currently operates within established
provincial regulations. Any trace contaminant releeseffluentsshould beat concentrations

under the levieput forth byenvironmentaguidelines.



1.5 Project Rationale
The use of aluminum is not forecasteddexlinein the near future. Thus, the mitigation
of any negative environmental impact of aluminum production will not consist of diminished
industrial activity. Rather, improved environmental stewardship, safe practice and responsible
safeguards to prevenpills will serve to this end. Appropriate environmental monitoring of the
local environment will ensure that the health of the ecosystem andatsitaufits are maintained.
Contaminant release into watersheds often triggers the oxidative stress response (OSR) of
aquatic organisms residing thg(dalavandis, et al, 200§. The OSR is characterized by the
inability of cellular antioxidant systems to cope with the imbalance of reactive oxygen species
(ROS). Currently, fistbased biomarkers of the OSR are used for aquatic toxicological
assessments of iodtrial impact (Miller, et al, 2009. This approach in ecotoxicological
assessment is well established. However, limitations arise in experiments using ridimd-af
these organisms requires costly holding facilities, rigorous maintenance and strict adherence to
established ethics associated with animal eak useFor these reasonthe development of an
alternative approach to assess the influence ofsindb activity on local ecosystenns desired
In this projectthe effect of past and present industrial activity on the Saguenay River ecosystem
was assessed using environmental microbe derived biomarkers. Contemporary activity signifies
alumina refinig and aluminium smelting while past activities relate chiefly to processes related

to the CastnerKellner Process

1.6  Project Objectives
The development of novel microlbased biomarker alternatives carries great potential
for industrial use. Bacteri&iomarkers offer loweoperationacosts compared to fish and a wide

variety of reporting signals. For example, responses can be derived from the characterization of



gene expressiofSchaeferet al, 2004 or from the changes observed at a microbial community
level (Frostegarget al, 1993. Bacteria also parallel fish in their ability to exhibit thERwhen
exposed to heavy metals and polycyclic aromatic hydrocarbons (RE&$)& Kogoma, 1991

Orell, et al, 2010).

1.6.1 Bacterial Heavy Metal Resistance Mechanisms

Metals are required in trace amounts for normal bacterial growth, development and
vitality. However, problems arise when cellular concentrations of micronutrients exceed certain
thresholds. For iriance, divalent zinc cations (Dnare essential enzyme metal cofactors
(Sugarman, 1983ut too much zh disrupts aerobic respiratory chain metaboli@tynninen,
2010. Thus, in order to maintain cellular homeostasis for zinc or other micronutrients,
mechanisms to equilibrate lkgar concentrations are necessary. This is especially true for
microorganisms inhabiting environments with elevated metal lg&lger, & Phung, 2005
Gough & Stahl, 2011

Toxic metal ions have damaging effects on cellular function and health. Divalent
cadmium and lead (¢dand PB) ar e essenti al trace met al
metalloprotein micronient ions such as calcium (Qaand zi (Nies, 1999. This disrupts
enzymatic functionality that could harm cellular wellbeing. Toxic heavy metals such'@n@d
PH' enter cells using the same transport systems used for essential divalent(estionisen,
2010. Many cellular mechanisms used to contsdential trace metal concentrations in cells are
also used to resist toxic heavy metal equivalents.

A variety of metal tolerance and resistance mechanisms have been previously described
(Osborn et al, 1997 Nies, 1999 Hynninen et al, 2009. Intracellular complexation of toxic

metal ions with cellular pemtes is a primary eukaryotic defence mechaniBeralesvela, et
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al., 2009. Peptide metallothioneins that sequester toxic heavy metals are found in lagiter p
algae and fungi (Class Il and Class lll) as well as most vertebrates (QlBssalesvela, et al,
2009. Metallochaperone proteins buffer cellulaoncentrations of essential micronutrients
through sequestration and rele@dgnninen, 201}

Prokaryotes primarily detoxify intracellular heavy metals through active efflux channels
(Nies, 2003 Hynninen et al, 2009. While active efflux of toxic heavy metals is the most
common metal resistance mechanism among prokaryotes, other mechanisms involve enzymatic
reductionoxidation reactions thatransform toxic metal ions into less toxic or more easily
transportable forms. Bacterial arsenate reductase (ArsC) ofareperon facilitates the
reduction of arsenate (As®), which has an oxidation state of +5 {Asto arsenite (Asg) with
an oxidaion state of +3 (A%) (Silver, & Phung, 2005 This enzymatic reaction is followed by
the active efflux of arsenite to the cellular extefidynninen, 2010 Mercuric reductase (MerA)
and orgaomercurial lyase (MerB) of theeroperon respectively transform toxic Hg ions and
organic mercurials into the ultimate detoxified and volatile form, elemental H (Barkay et
al., 2003.

In environmental settings, bacterial isolates that hold metal resistancesyatege from
a few percent in pristine settings to nearly all isolates in metal contaminated c¢8tets &

Phung, 200p

16.2 Community Level ResponséBiomarkers

Community level bacterial responses to toxic metals and other contaminants have been
extensivelydescribed Cell macromolecular componengseu s ed t o Afingerprin
species and lineages within community assemblaides can be usefdor determining changes

in community structure and compositi@lue to toxicant exposuréFrostegard et al, 1993
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Muller, et al, 2002 Case et al, 2007). The Saguenay River hosttuminium industriesthat

have introducel chemicalsto the river systenn the form of effluent byproducts. Sediment
microbial communities along the banks of the Saguenay River are exposed to these emhplex
dynamicchemical mixtures. The response of these bacterial communities, as assessed through
changes in community structure and composition, can yield a response mavketaeffluent

mixture exposure

16.3 Mercury ExposureResponse Biomarkers

A component of the chemical {product mixture ismercury Hg). In the pastthe
aluminium industrysubjected the surrounding aquatic ecosystemgioer than ambient levels of
Hg due to the operation tie chlor-alkali plant(Loring, et al, 1983 Gagnon et al, 1997. With
the closure of the plant, the industrial complex currently operates within the guidelines set by the
provincial government.Yet trace amounts of Hg may escape the effluent treatment and
recirculation proces@igure 13). Additionally, the Hg released in the past is still preserih@n
receiving sediments.

The biological response the Hg component opast and presesffluents canbe usedo
indicatethe extent ofindustiial influence ovetthe Saguenay Rivethrough released effluent by
products The enrichment of bacteria harbouring the ability to detoxify mercurial compounds
from their surroundings is considered a biological respspseificto Hg exposuréMuller,, et
al., 200). Thus, enzymatically basedacterial mercury resistance (Fgwas used as a
biomarker targeted in this project to evaluate the influence of industrial activity.

Hg was chosen as the specific toxicant of intelbestiuse(i) it is an excellent model to

test for microbial responséo anthropogenic activities in the environmefj it is emitted from
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the alumina extraction process and hences asta tracer of this activity(iii) the analytical

facilities used to measurdg speciabn at trace levelare accessible at the University of Ottawa

1.6.4 Bacterial Mercury Resistance (H§)

Terrestrial and aquatic microorganisms are exposed to ambient concentrations of Hg
which has been present in these mediums since the formation Barthe Not all Hg is easily
accessible by biological systems. Terrestrial Hg forms complexes with organic molecules that
limits its bioavailability (Osborn et al, 1997. In saline seawaters, mercuric chloride anions
(HgCls and HgCi?) dominate over the more bioavailable forng®h (Barkay et al, 2010.
Particular environmental parameters such as redox potential, pH and salinity influence the
speciation of Hg and by extension alter liioavailability(Barkay, et al, 201Q. For instance, in
environments with high reduction potential Hg exists either a&ddgsoluble and insoluble
sulfur compexes(Barkay, et al, 2010. These forms of Hg exhibit limited toxicity to biological
systems. Hg typically exists in its most toxic oxidative state'JHiy oxygenated freshwaters,
soils and sedimen{8arkay et al, 2010.

Bacteria have adapted mechanisms to tolerate or detoxify Hg comp@stutsn et al,

1997, UNEP, 2002 Barkay, et al, 2003 Barkay & WagnetDobler, 200%. Five methods of

bacterial mercury resistance (Fjdave been identifie@sborn et al, 1997.
1. Reduced uptake Cellular permeability to Hwas reduced ifEnterobacter aerogenes

preventing the entry of Hg into the cytoptagPanHouw, et al, 198]).

2. Demethylation of organomercurials followed by sequestration with sulfies
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Hg from demethylated organomercurials was sequestered through
reactions with hydrogen sulfide forming insoluble mercuric sulfide
(PanHou, & Imura, 198).

3. Sequestration of methylmercury with sulfate
Concentrations of methylmercury were kept at subtoxic levels in
Desulfovibrio desulfuricansthrough production of hydrogerulgate
(Baldi, et al, 1993. Sulfate reacts with methylmercury to form
insoluble dimethylmercury sulfide.

4. Hg methylation: Methylaion of mercury can be a protective mechanism for some
bacterial strains, although methylmercury is considered more toxic
than Hd (Osborn et al, 1997%.

5.  Enzymatic Hg™: Divalent Hd' cations are reduced to the less toxic and volatife Hg

Enzymatic H§ is the focus of this stly. Enzymatic His controlled by the genes of the

meroperon that encode various proteins involved the detoxification pat(Barkay et al,

2003 Barkay & WagneiDobler, 200%. The meroperon isfound in both grampositive and
gramnegative bacteri@Osborn et al, 1997. Most meroperons hold a regulatory gemadgrR

which encodes the MerR protein. MerR binds to an operator region (MerO) preventing
transcription ofmeroperon functional geng®arkay, et al, 2003. When in the inactie state,

MerR attracts RNA polymerase to the promoter region and bends DNA of the region away from
the polymerase forming a pieitiation complex(Barkay et al, 2003. Hg' present in cells

binds to MerR causing an allosteric change in the protein that liberates Mdr@nproves
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access of the RNA polymerase to the functional gene transcription sta(Baitay et al,
2003.

The process of Hgreduction begins in the extracellular or periplasmic space. Hete, Hg
is scavenged by the periplasmic mercury binding protein (MerP) eddndthemerPgene. HY
is sequestered by two cysteine amino acids of MerP which have thiol R d@sipsn et al,
1997). Through a redox exchange mechanism! Kgtransferred from MerP to two cysteine
groups of the cytosolic Hg transmembrane transport protein (MerT), wheaincoded bynerT
(Barkay, et al, 2003. Hd' is transferred to a cysteine pair on the cytoplasmic face of MerT.
Mercury resistance protein MerC is also mediate$ tignsport across the cellular membrane
(Barkay, et al, 2003. The gene encoding Mer@érQ is found inmeroperons fom bacteria
isolated from polluted environmental conteg@sborn et al, 1997. From the cysteine groups
of transporter proteins Hgs transferred to the amino terminal cysteine pair of the mercuric
reductase enzyme (MerA: EC 1.16.1.1) encoded by gene(Osborn et al, 199%. Hd' is
then moed to the MerA carboxyl terminal cysteine pair where association with active site
cysteine residues leads to 'Hgeduction using NADPH(Barkay et al, 2003. Not every
observed variant of theeroperon shares the same gene profile but each operon must encode
for MerA in order to be fully functionaglLiebert et al, 1997. Other genes observed imer
operons includemerBwhich encodes the organomercurial lyase enzyme (MerB: EC 4.99.1.2);
merEandmerFwhich encode additional membrainansport proteins; ansierG which encodes
a protein providing organomercurial resistance to gnagative bacteria lackingmerBin the
operon(Barkay, et al, 2003.

The enzymatic HY detoxification pathway is primordial and widespread given the

ubiquity of Hg in the lihosphergBarkay & WagneiDobler, 2005 Fritsche et al, 2008 Harris
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Hellal, et al, 2009. Themeroperon sequences have been identified in bacterial chromosomes,
plasmids, transposons (Class Il) and other mobile genetic elements (MG&g)rm et al,

1997, Barkay et al, 201Q. Physicochemical and biological parameters that determine Hg
bioavailability and toxicity also influencenerA gene sequence digtution and evolution
(Barkay et al, 201Q. Oxic environments typically favour Mg(Barkay et al, 201Q. This

would increase its bioavailability and toxicity in these particular contexts. Lineages of bacteria
inhabiting these environments undergo horizontal gene transfer (HGT) more extensively when
compared to otherideages inhabiting environments which do not induce greater Hg
bioavailability (Barkay, et al, 2010Q. Thus distribution through HGT is localized to where Hg is
most toxic such as oxygenated freshwaters or mercury contaminated soils and sediments.

The evolution ofmerAis driven further by intracellular thiol capacity. As mentioned
above, Hg disrupts cellular antioxidant levels. Bacteria having the capacity lemisépand
maintain high levels of thiol containing antioxidants would be able to tolerate Hg toxicity
(Barkay, et al, 201Q. The MerA enzyme has a variant wah70 amino acids appended to the
amino terminal (NmerA). This residue is similar in structure to MerP and improves the
effectiveness of Hgreduction(Barkay, et d., 2010. In lineages where thiol antioxidant levels
are high leading to increased Hg tolerance (Gnagatives), the NmerA mercuric reductase
variant is not commor{Barkay, et al, 201Q. However, in bacteria where thiol levels low

(Firmicutes), NmerA is seen at greater frequen@askay, et al, 2010.

1.7  Project Hypotheses
Initially, the collaboratiorbetween our laboratory and our industrial partriecsised on
the oxidative stress respon$®SR)of both microbesand fish However, the work presented in

this thesisemphasiesthe sedimentmicrobial communityregonseto effluentexposurefrom
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past and present discharg€®nsequently, my hypotheses related to the influendedofstrial

activity on the local ecosystem are as follows:

H1: Sediment microbial communities exposed to effluent discharge will exhaiifeaence in
community structure and composition when compared to unexposed sediment
communities.

H2: Sediment microbial communities exposed to effluent discharge will be enrighled

microbespossessingnzymaticmercury resistance (Hjypotential.

Through the outcome of this work it is expected that novel biomarkers based on the
microbial community responses mentioned above will be developed. The efforts detailed here
pertain to infield biomarker experimentsuilt using molecular tools tracking-situ responses.

It is anticipated that industry will find use ihdse biomarkers as todis tracktheir ecological
footprint Chapter 2 of this thesis focuses on the first hypothesis related to the response of
sediment bacterial communities to industeativity. Chapter 3 details resultsoncerningHg®
mediated by thener operon as a specific responseexposureto past and present industrially

derivedHg.
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Figure 11: Locations of Canadian aluminum smelter plants. IE&s 6 through to 9 are
situated in the Saguenay Fjord region. The image was takenHrdass
(2009).
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2.0 The effect of aluminium industry activity on the microbial community
structure of downstream river sediments
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2.1  Abstract

Measures ofmnicrobial community richness diversity and structure andwvere used to
assess the influence of aluminiundustryactivities on biological systenthatreceive effluent
by-producs. Hyper variable regions V1 through V5 of the bactediéS rRNAgene were
amplified from sediment commuity metagenomesSediments fromthree sites along the
Saguenay Rivewere usedo capture banges across a geographical range and across a gradient
of effluent exposureClone libraries were constructed using thene fragments taken from
affected (Site § medially affected (Site 5) andontrol (NNB) sites. It was estimated that
approximately half of each community was covered using tbeeclibray methodology.
Library sequences were used to determine measures of community richness (Chaol, ACE) and
diver sity (Shannonés Entropy, Simpsonbés I ndex)
calculators. Richness estimatgisl not exhibit any significant trend across experimental sites.
The diversity indicesdecreasedacrosssites with increasd effluent exposureHowever, this
trend is attributable to thgreaterpresence oflgae and cyanobacteri@hloroplast16S rRNA
gene identity markers were found high proportional abundance at Site 2 whichladed
diversity indicesA global phylogenetic tree of all sequces was used in UniFrac analyses to
determine if and how the three sites diffetadbughthe lineages found at eacGommunity
structures at Sites NNB and 2 were more similar than either was with the medially affected Site
5. Changes in community divetg, estimates of communitychness and¢hanges in community
structue were not indicative of industrial influencé. is concludel that a better indicator of
anthropogenic disturbance to microbial communities may lie in the measurement of bacterial

community function over community richness, diverstiystructure.
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2.2  Introduction

Microbes can be used as sensitive monitors of environmental perturldadion
anthropogenic activity. Parametessch as bacterial respiration and the mineralizébation
of carbon and nitrogen have been used to monitor the influence of metal pollution on bacterial
communities(Brookes, 199p Microbes equipped with recombinant reporter gene constructs
sensitive to specific stimuli have been used &b tee quality of aquatic ecosystems and arable
soils (Barkay, et al, 1998 Rasmusseret al, 2000. Additionally, changes imiversity, ichness
and structureof bacterial communities may come as a result of exposure to pollutdrgse
changes aabe considered a microbial community level response to pollution. Sediments, which
have been traditionally considerediak for pollutants released into aquatic systé@egnon et
al., 1997 Avramescu et al, 2011, host tlese microbial communitiesTheir response to
contaminant release is used as a measure ohffectthatthese chemical mixtures magve on
thegreaterecosystengJordan et al, 1995.

Cellular macromoleculess s ed t o fAfingerprintodo individua
community assemblages have been analyzed ettimate bacterial species richness and
community structurgMuller, et al, 2003. Cell membrane phospholipid fatty aci@PLFA)
profiles or genetic material can be used as the biochemical targets for determining the identities
of bacteria in a particular communitfFrostegard et al, 1993 Case et al, 2007%. In
environmental community contexts, these targets grant flexibility and sensitivity when analysing
bacterial assemblages as they are culiudlependent. Only a small fraatioof microbial
communities found outside of the laboratory settarg culturable in the lab0.01 to 10%
(Bruce et al, 1995. Thus the use of cultii@ependent techniques to determine community

structure and richness is lirad (Rasmusseret al, 2008.
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Environments which host industrial activity often see acute or chronic chemical stress
applied to soil microbial communities from effluentpsoducts(Bouskill, et al, 2010 Gough &
Stahl, 2011 While changes in structure and diversity due to contaminant exposure are
measurable, its often difficult to predict which pattern of change will be observed. Drops in
diversity are expected when chemical stressors affect all community actors €¢Gukly et al,
1998. Conversely, if stressors only impede competitive members of a commnibaityare
already established within a chie, diversity could increase as competition for resources
decreasefGiller, et al, 199§. Situations where community structure does not chantight of
toxicant exposurenay involvethe transmission of mobilgenetic element@MGES) associated
with heavy metaresistanceLiebert et al, 1997 Barkay et al, 2003 Hynninen, 201D For
instance, anewly identified metal resistance genenwrdH was found to be flanked by MGEs
induced bycadmium, nickel, and zin@aritha et al, 2009. Presumably, thedmizortal transfer
of genetic determinants of resistance betwescteriallineages would promote survival among
community members. Aius community functioal potential is changed while identity remains
consistent

Experimental observations involving toxic raketcontamination have seen instances
where exposed communities change in struc{Baath, 1989 Frostegardet al., 1993 Diaz-
Ravina & Baath, 1996and others where they do n@Bough & Stahl, 2011 Community
richness has been seen to decrédddler, et al, 2009 and even increas@ouskill, et al,
2010 in light of contaminant exposure. Predictions of changes to structure and richness
ultimately require insight into how the chemical or effluent mixture will effect indaid
community members, the functions they perform and the magnitude of deleterious effect that

pollutants such as metals have on th@arkay, 1987 Giller, et al, 1999. Additionally,
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community diversity and structure analyses using different biochemical markers may conflict. In
a bioremediation study involving soils contamimbteith oil, it wasfound that R.FA profiles
indicated the microbial community returned to a-@x@osure structure over timbowever,
PCRdenaturing gradient gel electrophoresis (DGGE) aealg$ a gene based identity marker
(16S rRNA indicated that an adapted microbial conmity different from the prexposed had
taken holdMacNaughtonet al, 1999.

Despite limitations in a predictive capacity, the use of bacterial comynsimiicture
diversity and richnesare still good measueof the biolayical responséo complex chemical
mixture exposure The Saguenay River, Qtas accommodatetie aluminiumindustry forover
80 years. Three sitedong the rivewere characterized: @ntrol site (NNB); one site in direct
contact with effluent byroduct (Site 2); anda siteroughly 1 km downstreanfrom an effluent
discharge pointin contact with dilute effluents (Site 5). Patterns of community structure
between sites were assestedetermine if any majatifferencescould be seen and thus related

to the impact of effluent exposure.
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2.3 Material and Methods

2.3.1 Sampling Sites

Please refer t&igure 12 for a project site schematic mapite NNB was located on the
opposite shore of thimdustrial zoneand was not exposed to the effluent plurnikis site is
considered a controlracer experimestwere performed by our industrial partners to identify
the extent of theoplumerangedownstream of th various sites (data not shown). These results
confirmed that the north shore of the river is ootrently exposed to the pluméwo sites were
located on the south shor8ite 2is directly downstream of an effluent discharge pdsite 5
was locatedca. 1 km downstream of ather effluent discharge point. Sites 2 and 5 were

classified apossibleaffected sites.

2.3.2 Physicochemical Measuremerstof River Water

Water temperature, pH andonductivity were recorded using the YSI 556
Multiparameter Sysim (YS! Environmental Inc., Yellow Springs, OH, USA) between Jul{, 22
2011 and July 28 2011.Daily measurements were taken at NNB and SiteA2Site 2,
parameters fothe effluent stream as well as the effluent dischaing® water mixing zone were
recorded. The sonde was calibrated daily prior to wsk calibration solutions for pH and

salinity. Access to Site 2 was not possible on Jul§; 2011 due to weatheelated conditions.

2.3.3 Sediment and Water Sample Collection

River sediments andater samples were collected from the banks of the Saguenay River
in July and August of 2011. Sediment samples were obtained at low tide owing to the greater
ease of access to riverbed sediments. For sites in contactfiivitmedischarge streams (Size

andSite 5), low tide accessiblsediments were collected from points where effluent stream
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and river water formed a mixing zone at high tide. At each sampling site, sediments taken from
1-3 cm depths from the surface were mixed together from an &reaighly 3 nf. Sediment
samples were partitioned into multiple sterile DNase/RNase free 50 mL Falcon® tubes. Falcon®
tube sediments were frozen in liquid nitrogen and store@QiC prior to transport. Falcon®
tube sediment samples were transportechéoUniversity of Ottawa (Ottawa, ON, Canada) on
dry ice and stored aB0°C until processed.

Water samples were collected according to methods described bA\StBEA for trace
metal analyses in wat€EPA, 1996. River water was collected inidowashed 1L fluorinated
high-density polyethylene (HDPE) bottles from two of the three project HR8 and Site 2.
Water was sampled at three different time points between Jdly®d August B8, 2011 to
characterize temporal changes in water colwhamistry. Site Avater was collected where
effluent flow mixed with river water. Bottles were rinsed with site specific water three times
prior to collection. Thereafter, water samples were preserved by acidification with trace metal
grade 6970% nitric acid (HNQ) (OmniTrace® NX04072) to a final concentration of 0.7%
(v/v). Preserved samples wekept at 4°Cprior to processingFor laboratory quality assurance
and control (QA/QC)travel, laboratory and field water sample blankeere prepared in acid
washed 1 L HDPE bottles using deionized Miliwater (MilliPore, Billerica, MA, USA) The
blanks werebrought to their respective locations to determine basetineentrationsdr metals
measured in water sampléEPA, 1996¢. The blanksamples were acidified in the same manner

as experimental samples.

2.3.4 Chemical Analysis of River Water
Water concentration of metalBg, Na, Mg Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,

As, Se, Sr, Mo, Cd, Sb, Ba, Tl, P, U)were analysed in water ugj the Agilent Tech 7700
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Series ICPMS (Agilent Technologies, Mississauga, ON, Canada). General instrument
methodology followedpreviously publishedprotocols (Lewen et al, 2004. Calibration
standards (Environmental Calibration Standarf@art#51834688) and internal standard mixes
(Agilent Internal Standard Mix Part# 5188525) were purchased from Agilent Technologies
(Mississauga, ON, Canada). Internal standard elements (Se, Ge, Rh, Ln, Th, Bi, Er) were
analysed formatrix recovery rates. Calibration standards along with blamkpsss were run
intermittently throughout the course of the procedure.

Total mercury THQ) levds in river water vere measured using a separaiatocol. THg
concentration was measured using methods describé&tSHyPA Method 1631(EPA, 2003.
Prior to analysisbromine chloride BrCl) was used to oxidize all Hip water sampleso Hd'.
Following the subsequent reduction of thater samples by hydroxylamine, stannous chloride
(SnCh) was applied to convert Hgo volatile HJ. Hydroxylamine is used to destroy free
halogengBr) in water samples which may damage instrumentatiof wég purged from water
sampls using argon gaand was collected onto a gold trap.’ieps thermally desorbed from
this gold trap and carried via inert gas to a second (analytical) gold trap. Again, Hg was
thermally desorbed from the analytical trap and carried to theveqdur atomic fluorescence
spectrometer (CVAFS) for detection. The Tekran® 2600 (Tekran®, Toronto, ON, Canada) was
used for CVAFS analysis. Standard checks were perfofarezlrery10 samples processed. The
Tekran 2600® was calibrated with Hg Reference Solution 1000 ppm 1% (FiSiviid
100). Detection limits followed those put forth g EPA 1631 (minimum level of quantitation

= 0.5 ng/L; method detection limit = 0.2 ng/L).
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2.3.5 Statistical Analyses

Statistical analysesf metal concentrations in river water were performed gusiNiP
Software (JMP® 10.0.0, SAS Institute Inc., Cary, NC, USA). Water data was generated for two
of the three sampling sites (NNB and Site 2). Data was collected from replicate readings taken
from each of the three sample collection time points. Dataveasts defined by grouping the
measurement replicates from all collection time points by Jitee distribution of metal
concentratios was tested for normality using the Shaphdlk test. Homoscedasticity of the
data sets aseval uat ed u s i.Wherelnermaitgamd Isomoscedadticityvere
achieved, atwd ai | ed TStesuwlae petfansed to determine if therergsignificant
differences between NNB and Site 2 data sets. Where normality could not be achiavedtg
from sample variability pinsufficient sample numbé&rthe Wilcoxon non-parametricT-test was
used.When the datavas normallydistribuied and the variances weteot homogenous, V

T-test was usedresults from statistical tests were considered significant for p < 0.05.

2.3.6 Preparation of Laboratory Reagents and Materials

All laboratory aqueous stock and working solutions were formulated using@Milater
(MilliPore, Billerica, MA, USA) that was autoclaved after treatment with diethylpyrocarbonate
(DEPC) to a final corentration of 0.1% (v/v) following protocol¥etailed in literatur¢Hurt, et
al., 200). DEPC is used to inactivate RNase enzymes wtéchcompromise sediment sample
RNA extracts but must be decomposed by autoclaving prior to using treated water. All glassware
and utensils used for nucleic acid extraction were thoroughly washed, rinsed withviZdE&C

and subsequently autoclaved fon &t 128°C.

29



2.3.7 Sediment Sample Preparation and DNA Extraction

Sediments used in DNA extractionopocols were separated into 5pgrtitions, each
within sterile DNase/RNase 50 mL Falcon® tubes. Samples were washed with two to three
volumes of a salt btér (0.5 M EDTA, pH 8; 1 M TrisHCI, pH 8.0; 0.5 M NgHPO,, pH 8.0)
adapted fromliterature (Zhou, et al, 1999 and subsequently centrifuged at 90§@t 4°C.
Washing was performed three times prior to processing. The wash was performed to chelate
metals and mitigate the -@xtraction of soil humic substancéSigure 51). These chemicals
inhibit downstream enzymatic analyses of nucleic acid ext(&oigin, et al, 2004. Moreover,
high concentrations of divalent metal cations arenknto prematurely precipitate DNA which
may diminish extraction yield and efficien@@ough & Stahl, 201)1

Washel sediments were immediately processed with the commercial PowerSoil® DNA
Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA). Total DNA (metagenome) from
sediments was extracted according to the manufacturer specifications. All extractions were
pefformed under a laminar flow hood supplied with HEPA filtered air flow. Surfaces and
instruments were sterilized with U light, 70% ethanol and 10% bleach solutions. Following
the isolation procedureBNA extractconcentration was determined through apson spectra
analysis with the NanoDrop Spectrophotometer 2@3@acts were stored a20°C until further

use.

2.3.8 PCR Assays

PCR reactions targeting the#6S rRNAgene were performed using the Eppendorf
MasterCycler ProS (Eppendorf Canada, Missigega ON, Canada) and the Biometra T
Professional Basic Gradient (Biometra, Goettingen, Germasy.rRNAgene PCR assays used

t he 2-RAGAGIBIGATCMTGGCTCAG306) and t-GC& TOAOATRCATS 6
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TTG AG-3 0) pri mer. 88) bpmdmplicoa tfragoms of thel6S rRNAgene were
generatedirom sediment DNA (metagenome) extracted from NNEe 2 and Site 5. The
amplicon product encompasses hyper variable regions 1 to -¥%yYbn thel6S rRNAgene

(Kim, et al, 2017). Commercial enzyme Platinum® Taq Polymerase (Invitrogen, San Diego,
CA, USA) was used to generate these PCR amplicons. PCR reastoa carried out according

to the commercial kit recommendations with final per reaction reagent concentrations being: 1X
PCR buffer, 2.5 mM MgG| 0.2 eM forward/reverse primers, 0.2 mM dNTPs, 0.625 U
Platinum® Taqg Polymerase. For the determination mtineal PCR conditions in generating
specific amplicon products with maximized yields, Mg&ncentrations varied from 1.5 mM to

3.5 mM. The thermo cycling protocol began with an initial denaturation step at 94°C (10 min)
followed by a temperature cycle 88°C (30 s), 50°C (30 s) and 72°C (60 s) for a total of 35
cycles. The final elongation step was held at 72°C (5 min). Once generated, amplicons were

separated bgigarose getlectrophoresis and visualized under UV light.

2.3.9 Cloning and Sequencing ofl6S rRNA Gene Fragments

After separation by gel electrophoresis, PCR amplicons were extracted from agarose gels
using the Qiagen QIAEX Il Gel Extraction Kit (Qiagen, CAT #20021). The extracted amplicon
samples were used to generate clone libraries ugieg StrataClone PCR Cloning Kit
(StrataClone, CAT#240205) according to mautdirer protocols. To summarjsamplicons
were ligated imt the kit cloning vector (pS®-amp/kar). The vector§ each holding a copy of
the 16S rRNAgene fragmeni were used toransform StrataClone competeftcoli cells.
Competent cells were screened usingy 4 | -galactosfilase colour screening assays {blue
white screening). Positive clones were selected fowiiron LB-kanamycin broths. For every

clone libray, each represging one of the three sampling sites, 96 clones were randomly
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selected for growth in LEkanamycin broths. Broth growths were used in PCR assays targeting
the vector insert as seen previously. The PCR amplicons from each clone library (96 clones)
were shiped to Beckman Coulter Genomics (Danvers, MA, USA) for sequencing in accordance

with the commercial service requirements.

2.3.10 Sequence Analysis

Sequences generated from clone libraries were trimmed for vector and primer based
flanking sequences usinbe Ribosomal Database Project (RDP) Pipeline fungGuie, et al,

2009. This function also reoriented sequences in preparation for alignment. The Orientation
Checker program was used to determine where individual sequenced fragments fit along the
880bp16S rRNAgene amplicon stretafAshelford et al, 200§. Sequences were separated into

56 and 36 flanking groups based upon where th
and removed from groupgs using Mallard and Pintail progranashelford et al, 2005

Ashelford et al, 200§. Sequence alignents were performed thereafter using the RDP
Alignment tool(Cole, et al, 2009. The RDP Classifier function was used to determine major
groups of bacterial phyla and classes represented by operational taxonomic uni{ QOIE gt

al., 2009. OTUs were defined based on 97% sequence identity.

The jModelTest program (v0.1.1) was used to determine és¢ fmodel of evolution
between sequence alignmer{Rosada, 2008 The selected models were used to construct
phylogenetic trees through the FastTree program using maximum likel{Rdod et al, 2010.
Distance matrices for sequence alignments were made using tbesent the PAUP program
(v4.0). These mates were imported into MOTHUR for richness (Chaol and ACE) and
diversity estimates of samples (Shanid@ntropyand Simpsod éndex) (P. D. Schlosset al,

2009. Goodods cover age (Good, s195% and oarefaitn| carves avere d
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constructed(Figure 52) to further investigate the proportion of diversity covered by clone
libraries from each sample sidughes et al, 2007).

A batch sequence alignment containing all sequences not separated by clone library was
analysed for its model of evolution (jModelTest) in order to build a global tree (FaytTre
encompassing all sequences generated in this projeettree was built usinGeneralized Time
Reversible model of sequence evoluticBTR) (Lanave et al, 1989 with gamma rate
heterogeneity distributio(G) (GTR+G) (Shapirq et al, 200§. GTR models assign a separate
substitution rate for albossible nucleotide changesz LC; Az G; AZ T;Cz G;CZz T; Gz T.

The treewas rooted using th&6S rRNAgene sequence @fquifex pyrophilusas an ougroup.
This species represents an early phylogenetic braficin domain BacteriagHuber, et al,
1992.

The global tree was used in UniFrac analyses to determine if differences between
sampling sites existely the types of bacterial lineages foundeaich(Lozupone & Knight,

2005. The UniFrac Significance tool was used to analyse the significance (p < 0.05) of the
difference observed between site pairs. Aiajue matrix detailing paiwise comparison
significance was generated. The reporteslalpes for the UniFrac Significance paitise
comparison represented the fraction of permuted trees that have a UniFrac value equal to or
higher than the true observed tree. Reportelpes were multiplied by the total number of
pair-wise comparisons beingade (Bonferroni Correction).

The UniFrac Jackknife Environmental Clusters tool was used to visually represent the
pattern of differences observed between sites. The Lir@pgeific analysis tool was performed

to determine which lineages of bacteria cifmited significantly to differences observed between
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environments. Individual sequence identity was determined using the BLAST function on the

NCBI website.

2.3.11 Description of Richness Estimators and Diversity Indices
MOTHUR richness and diversity callators were used to determine characteristics of
community diversity(P. D. Schlosset al, 2009. The extent of diversity covered in each clone

|l i brary was calculated using the Goodbés cover

(1)C=1i( Number of OTUs sampled onte) 6 (Tot a

Thus the greater hnumber of singletoris OTUs represented by just one sequence in a
library i the lower the coverage would be. If each sequence in a sample represented distinct
OTUs, Goodbébs coverage would equate to zero. |
sanpling efforti the total number of sequencésthe population from which the sample was
derived was of high richness and that the scope covesety clone librariesvas low.

Richness was evaluated using the Chaol and ACE (Abunttasee Coverage

Estimata). Chaol was calculated using the following formula:

(2) Richness = Observed OTU Number + (Number of singlétdns)( 2 ( Number Dbf doul

where doubletons are OTUs represented by two sequences in the @dngbies et al, 2001)).
Richness increases with an increasing number of singlelthgls doubleton counts in a sample
could deflate the Chaol richnesstimate. Therefore,Chaol is strongly influenced by the

number of rare OTUs in a sampleith rare OTUs being defined as singled@nd doubletos
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(Hill, 1973). OTUs represented by three or more sequences are not incorporated into this
estimdor. The ACE richness estimator is similarly influenced by rare OTUs but has a broader
definition of rarity: representation by 10 or fewer sequences in a sample. The equatlon for t
ACE estimation is described in literatyi¢ughes et al, 2001)).

Richness estimators use the number of rare OTUs in making estimates for the expected
total number of OTUs. No direchfierence can be made of the dominant OTUs observed in a
sampl e. Bntrapy(Ho n Gasn d 18dexi(p) sre sedskive to the relative abundance
of OTUs in a | i brEatropyis latedpgol semple @dntéyrnpredictabilgy. The
greater he number of OTUseach found in equivalent relative abundandbe greater the
uncertainty in predicting the identity of the next sampled sequghitel973). Si mmdeo n 6 s
of diversity measures the concentration of dominance exhibiteoss observed OTUSsthe
evenness of relative abundance. The indexaDe represents the probability of sampling two
sequences from the population which represent the same OTU. Sinoptdtionaldominance
be concentrated in a single OTU within a conmityy the probability of sampling two sequences
from this dominating OTU becomes high. If dominance is shared, or if there is a high degree of
richness wih no one OTU presiding over others relative abundance, the probability of
sampling sequences fraitme same OTU diminishéslill, 1973).

Richness estimates and diversity indices measure two different properties of a sampled
community. Therefore it is important to consider both when characterising community structure

in an effort to makeamparisons between different communities.
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2.4 Results & Discussion

2.4.1 Water and sediment chemistry

Chemical analysis of river water taken from NNB and Site 2 was performed to determine
if differencesexisted inwater column chemistry between theotgites. Increased concentrations
of metals in Site 2 river watavould be attributed to industrial effluent dischar@gnificanty
increasedmetal concentrationgp < 0.05)in Site 2 river water for beryllium, copper, zinc,
selenium, cadmium, antimonwyercury and leadvere foundwhen compared to NNBTable
2.1). Valueswere averagedover the three separate collection daysl separated by sit€he
greatest ififerences between control and affected aiteragemetal concentrations weseenfor
mercury(56.88 ng/L)and lead(1187 ng/L) However, thequantitiesobserved did not exceed
levels permitted by Health Canada. Maximum acceptable concentrations in drinking water are
10000 ng/L for lead and @O0 ng/L for mecury (HealthCanada, 19861ealthCanada, 1992
Higher metal concentrationat Site 2 river waterarose either from dischargedeffluents or

resuspensiofrom the sediments.

2.4.2 Coverage of Community Diversity

Clone libraries consisting of 96 randomly selected clones were constructed for each
project site (NNB, Site & Site 5). Elimination of putative chimeric sequences yielded workable
16S rRNAgene sequences: 79 (NNB), 72 (Site 2) and 63 (@it€Chimeric sequences are
corrupt artificial anomalies formed during PCR amplificati@shelford et al, 2005. The
estimated percentages of the bactermntmuni ty captured at all Sit e
52% (NNB), 53% (Site 2) and 54% (Site Bhe rarefaction curves generated for each library are

presentedis sipplementarynformationin Chapter 5The curves represent the average number

36



of OTUs expeted to be observedfter resamplingRarefaction curves that reaahstableOTU

sampling plateau would indicate that a sufficient number of sequence®btaneedfrom the
community population No rarefaction curve reacted a visible plateau(Figure 52). This
supports esti mat es nfBadle22)fandindicatéstbhad sdinsent baoterialr a g e
communitieswere notsampled to exhaustioft is very likely that rare community members

were not incorporated into the UniFrac analyses. Thuslestribing how industrial effluents

affectwhole community structureaution must be used.

2.4.3 Community Richness

ObservedOTU numbers werél2 at Site 2 44 at Site 5and 58 at NNB using the 97%
sequence similaritgefinition. Estimates of OTU richnessewe highest at Site 2 with 136 and
145 OTUs estimated using the Chaol an@Rindices respectively. OTU richness was lowest
at Site 5 with 75 and 82 OTUsstimated using th&ame respective indice§gble 22).

Site 2 experiencethe highest concentration loading of effluerdts it is directly
downstream of a discharge poifite 5 is in contact with more dilute effluets Chaol ad
ACE estimations are sensitive to the occurrence of rare spgtigghes et al, 200J), these
richness analgsmay signal thagreater exposure to industrial effluent yields a greater number
of rare OTUsHowever, the 95% confidence intervals overlap between all sites. Moreover, NNB
richness estimatés93 and 112 OTU&om Chaol and ACE, respectivélyfall between those
of Site 2 and Site SNNB is considered a control site with no current exposure to effluents.
Thereforeno significant trend in richness can be disedrfrom these results.

If it was observed that richness estimates increased significanttgnjunction with
increased exposure to effluentsgould be argued thatdustrial activities have opened up new

niche spacesrhese new niche spaces coptfdmote the growth of a greater variety of microbes
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increasing community richneggloreover,dominant communitynemberamay behindereddue
to deleterious effects of greater effluent exposure. This would reduce compfetiti@sources
allowing raer players to flourisi{Giller, et al, 1999. The pattern of increasing species richness

in light of metal contamination has been obsetvelre(Bouskill, et al, 201Q.

2.4.4 Community Diversity

Shannod s  E n(i) vadupsywere highest at NNB (3.99 + 0.15), lowest at Site 2 (3.14
+ 0.33)andintermed i at e at Site 5 (3.69 N 0.19). Recip
followed the same significant trend@igble 22). Thus, bacterial communityiveersity, as defined
by the respective indices (see SectbB 11), dedhed with increased xposure to industrial
effluent. However, this trend may be influenced by the inclusiomalghewhose presence and
abundance are related to Aimdustrial activitiesA large fraction of total sequences in the Site 2
clone lbrarywere16S rRNAgene markers belonging to chloroplast organéfegure 22). The
inclusion of thesesequences in diversity analysedlated theSite 2 diversityindices(data not
shown) This generatd a falsedecreasingrend in bacterial community diversity.

The Site 2 effluent discharge point lies adjacent to a private golf course (Club de Golf
Saguenay, Arvida) and water from the greens is drained into the Saguenay River. The use of
fertilizers and pdgcides on the golf course is likely to influence the nutritmx of Site 2
sediments. Aboost in primary productiomnvould be triggered with increased nutrient loads
(Goldman, 1988 This in turn has influenced the proportion of the clone library that represents
ribosomal identity markers from the chloroplast of primary producers. Therefore, it is not
industrial activity influenang the diversity indiceat Site 2 but a secondagyternal factor.

Without the addition of moreediment samplingites alongthe Saguenay River, it is

difficult to determine ifdeclining community diversity is indicative of increased exposure to
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industral effluent. In this experiment itcannot be said that the observed declining trend is

directly related to the activity of the aluminium industry.

2.4.5 Phyla Observed at Project Sites

The relative abundance of phyla observed at each site was takenpesdentage of total
sequence numbers they represeigure 21 to Figure 23 detail the types of phyla observed and
their proportional abundance. Exact percentages of each phylum out of the totar mfmb
sequencesbserved are listed i@hapter 5 Table 51).

Proteobacteria, represent the largest and most diverse division among prokaryotes
(Gupta, 200Rn It was themost abundant phylum at all sites withProteobacteriaas the
dominant classSequencesorresponding to phyla Acidobacteria, Bacteroidetes and Chloroflexi
were also observed at each site at comparable levels.-@rsitive phyla (Actinobacteria,
Firmicutes) and the Nitrospirae phylum were eved only at NNB site. Cyanobacteria and
sequencegepresenting chloroplad6S rRNAsequences were seen at NNB and Site 2 but not at
Site 5. The chloroplast sequences were seen in the higtexirtionalabundance at Site 2.
Gemmatimonadetes was not ebg&ed at Site 2 but was seen at the remaining two sites.

Patterns of phyla extant at particular sites but not at others may be attributable to
influences exerted by industrial activiia effluentexposure For instancegram-positive phyla
(Actinobactela, Firmicutes) were only observed at NNB sitéetal contaminated soils have
been observed dmving a greater abundance oamgrnegative bacteriéFrostegardet al,, 1993
Sandaaet al, 1999 Hynninen, 201D Deficiency in representation lgram-positives at Sites 2
and 5 may haveome due tanetal ontaminants released into the environment through effluent
by-product. Grampositive Actinobacteria represent one of the largest taxonomic units within

domain bacterigVenturg et al, 2007). Finding no representativeof this phylum in sediments
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of Sites 2 or 5 maybe indicative of the influence industry has on sediment microbial
communities. With this said underepresentation by rgm-positive bacteria in tle® clone
libraries mayhavecome simply as a result of the greater difficulty in DNA extraction from cells
of grampositive bacteria when compared goamnegatives. A thicke peptidoglycan layer
provides gam-positive cell walls with greater resiliencagainst standard DNAisolation
techniques.

Sequencedelonging to phylum Armatimonadetes were only observed at Sil6<.
rRNAgene sequences belonging to this phylum have been observed in diverse environments and
certain specieare associated with thegladation ohalogenated aromatic compour{d@amaki
et al, 201). Hydrocarbon contamination of Site 2 sediments as a result of industrial activity has
been okerved (data not shown) and may contribute to this observation.

Bacteroidetesvere observed at all sites. This phylum is known for having malleable
genomes allowing fonorizontalgene transfer among its membérsomas et al, 2011). Some
geneticdetermirants ofmetal resistance, Fgor example, are found on mobile genetic elements
(MGEs)(Haritha et al, 2009 Barkay et al, 201Q. It is possible that members of this phylum at
contaminated sites all share these molgknetic resistanceelements This would allow
Bacteroidetes to be found across control afidcted sites, even though functional capabilities

exhibited by phylum members maybe very different.

2.4.6 Community Structure Analyses

UniFracwas usedo compare the community structure among the sites sanmiiede
metrics represent the branch léngh aphylogenetidreethat isunique to a given environment
According to the UniFrac definitions of significance, tha&rwise comparisop-value matrix

showed asuggestivesignificant probability(0.05 < p < 0.1pbetweerNNB and Site 2 in the true
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phylogenetic tree. PaiWwvise comparisong/ith Site 5 yielded amarginalsignificance(0.01 < p <
0.05) Figure 24).

Clustering of environments, visualized using the UniFrac Jackknife tool, were hased o
the pvalue distance matrigenerated from pawise comparisons. The robustness of cluster
nodes was tested using jackknife based resamphingure 24). Node A, signifying the
clustering of Site 5 sequences, away from both NNB and Site 2, was recaovanmadeaof 100%
despite smaller sampling sizes. The recovery rate of node B, representing the split between NNB
and Site 2, became smaller as the resampling size was decrdasexver, Node Becovery
from jackknife resampling tests did not fall below?87The resampling sizes were chosen to be
equal to or less than tmeinimum number of sequences generated at a sampling site (Site 5: 63
sequences).

Chloroplast16S rRNAgene sequencesontributed most tdhe observed clustering of
sites. The difference btween the expected and observed numbechtdroplast 16S rRNA
sequences for all sampling sites was significant (p < Oligu e 24). Chloroplast sequences
were removed froma subsequent UniFrac analgsto determine if the s@e pattern of site
clustering would arise. Chloroplastl6S rRNA sequences are derived from autotrophic
eukaryotes. Inclusion of these sequences may conflict with the bacterial nature of this study.
Additionally, as mentioned in Section 2.4.4, chloroplasjugnce abundance may reflect the
influence of a separate anthropogenic activity besides indugiry.separate factor may have
affected attemptto characterize the influence of the aluminium industry at SiterizFrac
analysis excluding chloroplast semces yielded the same pattern of site clustering (data not

shown).
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Studies ocommunity structure suggested that NNB and Site 2 were more closely related
than either was to Site 5. This is counter to what was expeltéB and Site 2 represent
extremecaseswith regard to thehemical relationship each site has with efflgeateased from
industry. NNB is a control site with no detectable contact with effluemrbgiuct while Site 2 is
in close proximity to an effluent discharge point. The strongeétass of NNB and Site 2 was
found to be significant even after analyses using jackknife resampling from reduced sample
pools Figure 24). River water at Site 5 was not analysed for total metals but water column

chemistry shouldepresent a diluted influence oftdurstry when compared to Site 2.

2.5 Conclusion

Results from richness estimatasow no significant trendcross sites. iDersity indices
showeda declining trend with increased effluent exposure across sites. Howlegeras due to
the inclusion chloroplast sequences that are found in high proportional abundance at Site 2. The
presence and abundance of chloropldmee are likely influenced by higher nutrient loads
introduced by an adjacent private golf course (ClalGalfi Saguenay, Arvida). The inclusion
of chloroplast sequences has thus deflated diversity indices at thisnsiteporating more
sediment samples from sites along the effluent exposure gradiateristudies would confirm
potential trends seen tree

UniFrac analyses indicated that structural differences between a control site (NNB) and
affected site (Site 2)vere minimal. Comparisons with Site 5 community structure yielded the
greatest difference among sit&$us,exposure to industrial effluedbes not appear to influence
sediment bacterial communyistructure.Because bacterial communities are known to differ at
even small spatial scalgslughes et al, 200) it is possible thatiny observed differences

community structure may simply reflect natural variations independent of industrial activity.
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Once againthe incorporaton of more sediment samplesoa the effluent exposureagient
could illuminate community structudifferences drived fromindustrial activity.Additionally,
boosting community coverage in UniFrac analyses would integrate the rarer members of each
community. This would grant greatsensitivity in elucidating community differencésproved
coverage of OTUs could be achievaglboosing sequencing output. Sampling effort would see
a 100 fold increase through pysequencing o16S rRNAgene tags from a particular site, over
traditional Sanger sequencing methoddargulies et al, 2003. However the use of this
technique is not without its faults as high sampling effort has been slowragrichness
estimates and diversitgdices(Gihring, et al, 2012.

Despitetheseadditional efforts,tiis posgle that no changsm community structurenay
be observed In a recent publication, neariation in bacterial community structureas seen
across a wide range of zinc concentration in anoxic wdosigh & Stahl, 2011 In these
instances the functiorigy of different communities may be more representative of the changes
brought on by contaminant exposiytgéang, et al, 201]). For examplemercury Hg) exposure
selecs for bacteria holding a genetic determinant of mercury @asist, theaneroperon(Barkay,
et al, 2003. This genetic determinant can be found on mobile genetic elements that allow its
transfer between bacterial lineages and spebi@szpntalgene transferfHaritha et al, 2009
Barkay, et al, 201Q. Thus, in Hg contaminated settings, no change in bacterial community
structure may be seen, as measured 16 rRNA gene markers.Differences between
communitiesvould be discernable througheir functiorality in the form of H§ as conferred by
mobile meroperons.

From this work, communityichness, diversity anstructue analyses by themselves lack

the resolution required toelate industrial influence uporsediment bacterial communities
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Greater resolution may be afforded by delving deeper into the functional capabilitiessef

communities as opposed to strictly lookindheidentities oftheir members.
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2.6 Tables

Table 21: Metal concentrationan NNB and Site 2river water. Samplestaken from three
separate time points were &red. Threeday average(+SD) were calculated using
daily meansMercuryconcentratiorwasdeterminedusingseparate protmls. Ratios
of Site 2 to NNB averageoncentrations are listedigiificant differencs (p < 005)
in concentratia between sites are markiedbold print

Site .
Element Samplinglg; Mean SamplingltDeai Mean Site 2:NNB
1 2 3 (SD) 1 2 3 (SD)
Be (ng/l) 19.9 137 6.7 (16%‘; 17.3 436 296 (i(z):i) 2.25
Na(mgll) 212 1124 2.6 (Z:gé) 347 150 156 ((13_11"2‘) 2.14
Mg (mg/l) 1.33 3.17 1.43 (01_5989) 0.992 1.82 2.06 (ol.fgé) 0.823
Al (mg/ll) 0.968 0.723 0.345 (8:3(,5;% 0.344 1.14 0.755 (gzgg‘;’) 1.09
K(mgll) 0.385 141 0.718 (8:?13% 0.400 1.09 1.28 (8:?1%2) 1.10
Ca(mg/l) 513 147 7.28 (Z:gg) 566 134 165 (411.152) 1.31
V (19g 1.33 141 0781 (01_51‘171) 0.853 2.77 2.58 (55475) 1.77
Cregl) 0.897 0.964 0.489 (8222) 0.525 1.47 1.06 (01_'4?227) 1.30
Mn (gl) 335 244 13.7 (2937'1%% 146 375 32.0 ég:g) 1.17
Fe (mg/l) 0.972 0.702 0.381 (8:(258?) 0.361 1.14 0.826 (8:;71% 1.13
CoEgl) 0.449 0.418 0137 (8?33) 0.141 0.483 0.338 (8:?;;) 0.904
Ni(egl) 1.19 0.968 0.563 (8:288) 0.705 1.88 1.37 (01_5’320) 1.45
Cu(egl) 131 1.40 0.829 (01"31586) 235 120 126 g:ig) 7.62
Zngl) 6.08 519 4.30 (‘:_’:éi) 570 115 9.60 (g:g% 1.72
As €gl) 0.176 0.203 0.164 (8:(1)2%) 0.147 0.250 0.233 (g:gég) 1.16
Se(ng/l) 414 37.9 325 ?47.:8 529 642 63.9 (66%3; 1.62
Sr(mg/l) 345 159.1 445 (gg:g;) 23.94 50.72 59.42 (fg‘g& 0.563
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Mo (ng/L) 89.6 370.9 164.5 (123%5_‘1) 159.4 350.1 418.4 (fgij) 1.49
Cd(ngll) 102 119 8.4 (11992) 11.7 236 214 (155."7% 1.85
Sb(ngll) 141 17.8 142 (115_53 26.4 454 41.1 (397.'163 2.46
16.4 206 125 (411_653) 117 237 225 (é_‘c’g%) 1.17
Hg (ngll) 227 229 217 (02_'02;4) 21.36 78.84 (3?133) 25.4
279 222 151 (261_'27) 533 25.0 ééjg) 1.47
Pt (ng/L) 313.0 224.7 96.7 (29191..15) 403.8 1905 (éég_g) 5.61
P’ (ng/L) 278.4 207.2 88.5 (18981.(.345 370.6 1719 (éfg_%) 5.67
Pt (ng/L) 293.8 214.0 91.7 (1993?'19; 380.7 1767 (32191_%) 5.55
30.9 431 245 (39?;8 339 131.0 79.1 (%:g) 2.27
51.4 120.0 62.7 (;;g) 50.1 94.3 117.0 (2(7):(15) 1.12




Table 22: Data derived from the MOTHUR programithout the removal chloroplast sequencéstal 16S rRNAgene clone
numbersgenerated from clone librias are listed with chimeric sequences remove@TUs derived fronthese gene
clones are listedRichness estimates and diversity indices slr@wnwith respective 95%ower confidence intervals

(LCls) and upper confidence intervals (UCIs)

SpecieRichness Estimates Badices ofCommunityDiversity

. Total # of Number of Coverage ~ . . ~
Site Sequences  OTUs (%) Chaol ACE Estimate Shannoif s ReciprocalSimpson s
Estimate (LCI, UCI) Entropy, H Index
(LCI, UCl) ’ (LCI, UCl) 1/D (LCI, UCl)
NNB 79 58 52.00 93(74,137) 112 (98,130) 3.99 (3.844.15) 142.86 (250100)
Site 2 72 42 53.00 136 (78, 286) 145(82,30) 3.14(2.81, 3.48) 10.53 (29.41, 6.45)
Site 5 63 44 54.00 75(56,122) 82 (59, 135) 3.69 (3.50, 3.87) 83.33 (166.67, 52.63)
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2.7  Figures

NMNB Community Structure Chioroflexi

Bacteroidetes

Cyanobacteria

Chloroplast

Firmicutes Actinobacteria

Gemmatimonadetes
Nitrospira

Acidobacteria

Unclassified

Beta Proteobacteria
Proteobacteria

Gamma
Proteobacteria

Delta
Proteobacteria

Figure 21:  Graphic representan of the bacterial community phyla observed in New North
Beach sediments. Phylum abundance is represented by the fraction of total
sequences which fall under each phylum. Expanded slices correspond to observed
classes of Phylum Proteobacteria.
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Site 2 Community Structure

Chloroflexi

Bacteroidetes

Armatimonadetes
Chloroplast

Acidobacteria

Unclassified
Bacteria

Cyanobacteria Unclassified

Alpha Proteobacteria

Proteobacteria

Delta Proteobacteria
Beta Proteobacteria

Figure 22: Graphic representation of the bacterial community phyla observed in Site 2
sediments. Phylum abundance is represented by the fraction of total sequences

which fall under each phylum. Expanded slices correspond tovaaselasses of
Phylum Proteobacteria.
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Site 5 Community Structure

Gammatimenadetes

Chloroflexi

Bacteroidetes

Acidobacteria

Unclassified Bacteria

Delta
Protecbacteria

Unclassified
Protecbacteria

Figure 23: Graphic representation of the bacterial community phyla observed in Site 5
sediments. Phylum abundance is represented by the fraction of total sequences
which fall under ach phylum. Expanded slices correspond to observed classes of
Phylum Proteobacteria.
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Site 2

NNB

0.04

Site 5

UniFrac Significance Distance Matrix

UniFrac Cluster Analysis

Lineage-Specific Analysis

Site NNB Site2  Site5 | Node n=63 n=55 n=50 Ch'ﬁ:;‘za“ NNB Site 2 Site 5
NNB - 006 <003 A 10 1.0 10 | Observed 8 28 0
Site 2 - <0.03 Expected 13.29 12.11 10.60
Site 5 - B 094 090 0.87 p-Value 8.63x10°

Figure 24: Visual

representation of UniFrac environmental

clustering. Clusters were

constructed using the UniFrac Significance DiséaMatrix values. Results from
Jackknife analysis of cluster significance with varying sample gipeare listed.
Lineage specific analyses concernamdproplast OTUs are indicated.
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3.0 Bacterial mer-operon genes as a tool to probe the respsa of microbial
communitiesto mercury exposure from aluminum industry effluent.
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3.1  Abstract

Genesof the meroperon areinvolved in the enzymaticalhpbasedbacterial mercury
resistance (HY redox pathwayThe meroperongenetic determinant of gvasusedto probe
microbial community responsdo sedimentmercury(Hg) exposure. Immobilized sediment Hg
was derived fronpastaluminium industry effluentHg may represent a component of currently
discharged effluentOpeon geneabundanceand expressionand the activity of the mercuric
reductase enzym@lerA) were assessedt was hypothesizd that the degree to which bacteria
with enzymaticHg® dominate a community reflecthe magnitude at which these communities
are exposed to bioavailable forms ldf). Sedimenttotal mercury THg) levels of effluent
affected sitesvere significantly higher when compared to control sjges 0.05. Using newly
designed primers, genes of timeroperongenesmerP, merT, andmerAwere quantifiedhrough
gPCR.Operon gneabundance correlated strongly to the distribution of Hxyer the project
sites. Linear regression modelindicate thaffHg was agood predictor ofmeroperon gene
abundance The merA gene showd the strongest relatiship (R* = 0.849, p = 0.003)
Transcipts associated with theneroperon in the sedimentwaere neitherdetectable nor
guantifiableevenin sedimentsexhibiting high Hg concentrations. Control site and affected site
sediments were assessed for their biological agpaf reducing H§ to volaile Hg® with
enzyme MerA. HJis the final product in enzymaticallyasedHg". Hd® released from affected
sediments was 1000 fold higher than in control site sedimentthéubiological basisof this

release could not be confirmed.
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3.2  Introduction

Bacterial life can bedetectedin most if not all environmentdound on Earth
(Fredrickson et al, 1988 Jordan et al, 1995 Liebert et al, 1997 FriasLopez et al, 2008
Niederbergeret al., 201Q Sylvan et al, 2012. Bacteriahave evolved many mechanisms from
which they are able to sustain themselwaghin their immediate environmen{Brock &
Gustavson, 1976Compeau & Bartha, 198Raphaelet al, 201]). In addition, bacteria ar@ble
to transformelementsin their immediate environmendt various spatiakcales: fermentative
metabolismin milk by Lactobacillus spyields lactic acid reducing pH levelarsen & Anon,
1989; the quality ofaquatic ecosystemsan be heavily disrupted through the production of
toxins originating from ganobacterial bloomg§Yoshida et al, 2009; and, the contemporary
oxygen rich atmosphere was established throogigenic photosynthesis carried out by
microbes (Holland, 200§. These biologically mediated changes can arise either as an indirect
result of bacterial activityHolland, 2006 Yoshida et al, 200§ or as a direct result of creating
an environment better suited to their surviftarsen & Anon, 1989Lovley, 2001 Orell, et al,
2010. The biological detoxificadn of xenobiotics and toxic metals like mercury (Hge
exampls of how bacteria carrying resistance determinants are able to change the chemical
composition of their environment to improve cellular survival and viab{Bgrkay, 1987

Rasmusseret al, 200Q Lovley, 2001 Poulain et al, 2007 Orell, et al, 2010.

3.2.1 Industrially Derived Mercury

Mercury Hg) is a constituent element in the crust of the earth with natural concentrations
ranging agwhere between 21 to 56 ng-gn the lower and upper portions of the crust
respectively(Wedepohl, 1995 In an average soil between 20 and 150 Wige§ Hg can be

expectedOsborn et al, 1997. A large fraction of tegstrial Hg is not bioavailable because it is

54



bound as organic molecule complex@&sborn et al, 1997. Hg bioavailability is dependent on

its oxidation statéBarkay, et al, 2003. Abiotic and biotic processes transform Hg between the
three most common states: divalent Hg '{(Hgnonovalent HgHg') and volatile elemental Hg

(Hg®) (Smith et al, 1998 Barkay, et al, 2003 Steffen et al, 2008. Elemental Hg (HY

exhibits low vapour pressure and is easily transported over large geographical scales through the
atmospheré¢Steffen et al, 200§.

In certain environmental contexttocal Hg concentrations are found well beyond
naturally occurring leels due to anthropogenic activiigarkay, et al, 2003. Coal fired power
plants incinerate fossilized organic matter liberating Hg bound(¥NEP, 2002Barkay; et al,

2003 Mimna, et al, 201]. TheHg within coals has been observed at concentrations between 20
to 1000 ng-g (Mimna, et al, 2013). Unlawful gold mining techniques that use Hg to extract the
precious metal account for roughly 23% of global anthropogenic Hg emig&idisP, 2008.
Chlor-alkali plants use Hg as an industrial scale chemical catalyst for the production of sodium
hydroxide and accidental spilver of Hg may occur as a result of its (S&NEP, 2002 Barkay,

et al, 2003. Alumina refineriesproduce red mud tailings as a-psoduct of processing bauxite
ores These tailinggontainHg (Figure 13) with actualconcentrations depeadton the origin of
source bauxite oreshat canvary from 202000 ng-g§ (Mimna, et al, 2011). However,
environmental quality controls establishedpatrticular alumina refiningplans prevent major

outputs of tailing based Hg.

3.22 Cellular Effects of Hg Exposure
Hg harns biological systems by disrupting protein structure and enZymaionality, as
well as through inducing oxidative strefSlarkson, 1997 Ercal et al, 2001 Valko, et al,

20095. Hg is a redoxnactive metal with an affinity for thiol group&rcal et al, 200J.
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Antioxidants such as glutathione (GSH) contain thiol groups.yiEez are involved in
maintaining the balance between cellular-pxadants and antioxidants leveBarr & Kogoma,
1991). Thus, Hg induces oxidative stress by deptetoellular antioxidant stores and by
rendering enzymes involved in the oxidative stress response (OSR)nutional (Ercal et al,

2009).

3.23 Bacterial Community Exposure to Mercury

Community level responses to increased Hg exposure exhibited by soil bacteria have
been previously documentgBarkay, 1987 Rasmussen & Sgrensen, 198&asmussenet al,
2000, Muller,, et al, 2001, Muller, et al, 2002. For instance, ephemerally exposed communities
may experience a drop in diversiirasmussenet al, 200Q Muller, et al, 2003. Community
diversity may recover in certain instandg&smussen & Sgrensen, 198&smussenet al,
2000, while in others it remains at a reduced lefMullery, et al, 200). This prenomenon is
related to the selective pressure Hg exerts on the community favduaateria holdingHg®
(Rasmussen & Sgrensen, 198&asmussenet al, 200Q Muller,, et al, 2001, Muller, et al,
2001, Barkay & WagneiDobler, 200%. Thus, recovery in community diversity may only reflect
an increase in richness among bacteria holding Hgtors (meroperon) (Rasmussen &
Sgrensen, 1998arkay & WagneiDobler, 200%. In environmentsvhere Hg exposure is low
and fluctuates, the fraction of the community holdimgr-operon elements can reduce its
toxicity to other microbegBarkay, 1987 Rasmussenet al, 2000. Presumably, consistent

exposure to high Hg concentrations will select for th€ bapteria in the community.

3.2.4 Objectives
The objective of this study is to test whether theplyducts ofpastand present

aluminium industry activities releasedo the enwonment contribute to shape microbial
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communities in the receiving ecosystems, particuldmigughenrichment in microbes resistant
to mercury. The Hg present in sediments along the rivekddeas historically been derived from
a now retired chlealkali plant within the smelter complex. While environmental guidelines are
respected in this industrial context, residual amounts of Hg in effluents may originate as a result
of processing bauxittMimna, et al, 2011).

The meroperonwas useds a model to probe the respon$éhe micobial community
to Hg exposure Gene marker abundance and expressionmefP, merT, and merA were
measured along wittMerA enzyme activity.lt was hypothesizd that the degree to which
bacteria holdingHg® dominate a communitywill reflect the magnitudeo which these

communities are exposed to bioavailable formsi@f
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3.3 Materials and Methods

3.3.1 Sampling Sites

Sampling sites were situated along the northern and southern banks of the Saguenay
River in Jonquiere (Québec, Canada) proxinmahluminium industryeffluent discharge points
(Figure 12). Two control sites were located on the opposite shofeorthern shorepf the
industrial complexand were not exposed to tmelustrialeffluent plume(NB andNNB). Tracer
experiments were performed by our industrial partners to identify the extent of the plume range
downstream of the various sites (data not shown). These results confirmed that the north shore of
the river is not currently exposed to the plurB& siteswere located on the south shavéh
threedirectly downstream ohdustrial effluent discharge points (SiteSite 3, and Site 4%ite
5was locatedta. 1 km downstream of an effluent discharge point.sSiteo 5 wereclassified as

affectedsites Contol sitesSB andNSB werelocated upstream @nd effluent discharge point.

3.3.2 Physicochemical Measuremerstof River Water

Water temperature, pH and conductivity were recorded using the YSI 556
Multiparameter System (YSI Environmental Inc., Yellow 8ps, OH, USA) between July
22nd, 2011 and July 28th, 2011. Daily measurements were taken aontrol sites (NNBand
NSB) and two effluent discharge sites (Siterid Site3) (Table 52). At eachaffectedsite,
measurements oheé effluent streanandthe effluent dischargaver water mixing zone were
recorded. The sonde was calibrated daily prior to use using calibration solutions for pH and
salinity. Access to NSB and Site 2 was not possible on July Z¥11 due to weatheelated

conditions
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3.3.3 Sediment and Water Sample Collection

River sediments and water samples were collected in July and August of 2011. Sediment
samples were obtained at low tide owing to the greater ease of access to riverbed sediments. For
sites in catact with smelter effluent discharge streams (Sit8i 3, Site 4, and Site5), low-
tide accessible sediments were collected from points where effitiem@mand river water
formed a mixing zone at high tide. At each sampling site, sediments takeri-Bacm depths
from the surface wergixed together from an area of roughlyn®. Sediment samples were
partitioned either into multiple sterile DNase/RNase freenfi0 Falcon® tubes or into four
ounce polyethylene sterile specimen cups. Falcon® tubmeats were frozen in liquid nitrogen
and stored a20°C prior to transport. Specimen cup sediments were kept at 4°C at all times prior
to laboratory use. Falcon® tube sediment samples were transported to the University of Ottawa
(Ottawa, ON, Canada) onydice and stored a80°C until processed.

Water samples were collectedcording to methods described by the US EPA for trace
metal analyses in wat€EPA, 1996. River water was collecteid acid washed 1 fluorinated
high-density polyethylenédHDPE) bottles from two control sites and tafiectedsites (NNB,

NSB, Site 2, and Site3). Water was sampled at three different time points between Jlign2il
August 8", 2011 to characterize temporal changesotal Hg (THg)concentrationwithin the
water column Table 53). Site 2 andSite 3 waterswere collected where effluent flow mixed
with river water. Bottles were rinsed with site specific water three times prior to collection.
Thereafter, water samples were presetygdcidification with trace metal grade-89% nitric

acid (HNQ) (OmniTrace® NX04072) to a final concentration @&.7% (v/v). Preserved samples
were kept at 4C prior to processingFor laboratory QA/QCtravel, laboratory andfield water

sampleblanks were prepared in acid washed_JHDPE bottles using deionized MH® water
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(MilliPore, Billerica, MA, USA). The blankswere brought to their respective locations to
determineambientbaseline level®f THg measured in water sampléEPA, 1996. The blanks

were acidified in the same manner as the experimental samples.

3.3.4 Preparation of Laboratory Reagents and Materials

All laboratory aqueous stock and working solutions were formulated using@Milater
(MilliPore, Billerica, MA, USA) that was autoclaved after treatment with diethylpyrocarbonate
(DEPC) to a final concentration of 0.1% (v/v) following protoadégailed in literatur€Hurt, et
al., 200). DEPC is used to inactivate RNase enzymes which can compromise sediment sample
RNA extracts but must be decomposed by autoclaving prior to using treated water. All glassware
and utensils used for nucleic acid extractionengroroughly washed, rinsed with DER@ter

and subsequently autoclaved for 1 h at 128°C.

3.3.5 Sediment Sample Preparation

Sediment sampteused for Hg analyses were held in déeeze at-80°C and
subsequently lyophilized undeacuum pressurgs ATM) for 72 h at deefireeze temperatures.
Samples were homogenized prior IHg measuremest Sediments used in nucleiacid
extraction protocols were separated into 5 g partitions each within sterile DNase/RNake 50
Falcon® tubesThesesamples were washeuth two to three volumes of a salt buffer (06
EDTA, pH 8; 1M Tris-HCI, pH 8.0; 0.5M Na,HPO,, pH 8.0) adapted froriterature(Zhou, et
al., 1996 and subsequently centrifuged at 9ap@at 4°C. Washing was performed three times
prior to processing. The wash was performed in order to chelate metals and mitigate the co
extraction ® sedimenthumic substances which inhibit downstream enzymatic analyses of

nucleic acid extract@-igure 51) (Fortin, et al, 2004. Moreover, high concerdtions of divalent
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metal cations are known to prematurely precipitate DNA which may diminish extraction yield

and efficiency(Gough & Stahl, 2011

3.3.6 Total Hg Analysis

Lyophilized and homogenized sediments were processed for THg using the Mereury SP
3D Analyzer (Nippon Instruments Corp.). Samples were thermally decomposed releasing Hg
vapour (H@) which formed an amalgam with the instrument gold trap. Once liberated from the
gold trap, THg concentrations were obtained via cold vapour atomic absorption spectrometry
(CVAAS) (UOP Method 9380; 0.01ng Hg detection limit; range <100@ Hg). The Mercury
SR3D Analyzr was calibrated with the Hg Reference Solution 10pth +1% (Fisher
CSM114100). MESS3 (9119 ng/g) (NRC, Canada) was used as the reference sample.

THg levels in water were measured using methods described by US EPA Method 1631
(EPA, 2003. Prior to analysis, BrCl was used to oxidize all Hg to" Hig water samples.
Following the subsequent reduction of the water samples tisokylamine, stannous chloride
(SnCh) was applied to convert Mgo volatile HJ. Hydroxylamine is used to destroy free
halogens in water samples which may damage instrumentatiSwasgpurged from the water
sample using argon gas and was collected argold trap. Hywas thermally desorbed from this
gold trap and carried via inert gas to a second (analytical) gold trap. Again, Hg was thermally
desorbed from the analytical trap and carried to the -eafmbur atomic fluorescence
spectrometer (CVAFS) fadetection. The Tekran® 2600 (Tekran®, Toronto, ON, Canada) was
used for CVAFS analysis. Standard checks were performed after 10 samples were processed.
The Tekran 2600® was calibrated wily Reference Solution 10@pm +1% (Fisher CSM114
100). Detectionlimits followed those put forth byS EPA 1631 (minimum level of quantitation

= 0.5 ng/L; method detection limit = 0.2 ng/L).
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3.3.8 Sediment Metagenome DNA Extraction

Sediment samples washed with salt buffer were immediately processed with the
commercialPowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA).
Total DNA (metagenome)from sedimentswas extracted according to thenanufacturer
specifications. All extractions were performeddera laminar flow hood supplied with HEPA
filtered air flow. Surfaces and instruments were sterilized with@JWght, 70% ethanol and
10% bleach solutions. Following the isolation procedures, extract solution DNA concentration
was determined through absorption spectra analysis with the NanoDrop Sipetdnoeter

2000.DNA extracts were stored a20°C until further use.

3.3.9 Sediment Metatranscriptome RNA Extraction

Initial attempts in total sediment RNA extraction were performed using RNA
PowerSoil® Total RNA Isolation Kit (MoBio Laboratories Inc.ai®bad, CA, USA) following
salt buffer washing steps amplementedn sediment DNAextractions A maximum of5 g of
sedimentwas processed per extractitmboostyields. All extractions were performegndera
laminar flow hood supplied with HEPA filtedeair flow. Surfaces and instruments were
sterilized with UVC light, 70% ethanol, 10% bleach and RNase Away (Molecular BioProducts
Inc., San Diego, CA, USA) solutions. Following the isolation procedures, R)#act
concentration was determined throughsaiption spectra analysis with the NanoDrop
Spectrophotometer 2000 (ThermoScientific, Nepean, ON, Canada). Thé H6al extract
volume was aliquoted by 28_ into 0.5 mL Eppendorf tubes and stored-80°C until further
use.

RNA extractions using the RN PowerSoil® commercial kit proved insufficient in

obtaining high extract yield and quality. For this reason, sample preparation services provided by
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the Norgen Biotek Corp. (Thorold, ON, Canada) were employedlteredsediment samples
(NNB, NSB, Site 2,Site 3, and Site5) which were stored a80°C were shipped to Norgen
Biotek Corp. on dry ice. 1@ of sediment sample were processed. RNA extracts in a final
volume of 2x 100¢L per sample were shipped back to the University of Ottawa over dry ice and

immediately stored aB0°C upon arrival until further use.

3.3.10 cDNA Synthesis

To eliminate DNA carried over during RNA extraction procedures, DNase treatments of
RNA extractswere performed. The RQ1 RNaBeee DNase (Promega, Madison, WI, USA)
commercial enzyme kit was used accordingmanufacturerspecifications. DNA digestion
effectiveness was verified by referergene targeted PCR assays. DNase digested RNA samples
were sibsequently purified using the RNeasy® MinElute® Cleanup Kit (Qiagen, Valencia, CA,
USA) following listed protocols to remove salts from solutiémcess saltsould interfere with
cDNA synthesis. Once purified RNA extracts were deemed free from sublstartigover
DNA and excess salts, cDNA synt hesi-Srandva s
Synthesis System for RPCR (Invitrogen, San Diego, CA, USA). RNA samples were processed
according to kit specifications. Each sample was separated into &etiore vessels: one
containing the reversganscriptase enzyen(+RT) and the other without RT). This measure
was implemented to ensure that any enzased signal generateing reverse transcribed

RNA indeed represented cDNA and not caswer DNA.

3.3.11 Conventional PCR Assays
PCR reactions were performed using thepéfmlorf MasterCycler Pro$Eppendorf
Canada, Mississauga, ON, Canadafl the Biometra T Professional Basic Grad{@bmetra,

GoettingenGermany. Commercial enzyme Platinum® Taglfgoerase (Invitrogen, San Diego,
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CA, USA) was used tgeneratd®CR amplicos. Results of conventional PCR assays were used
to ensure assay specificity and quality prior to the application of PCR protocols in quantification
assays (qPCR) (QA/QC).

PCR reactins were carried out according to the commercial kit recommendations with
final per reactionreagent concentrations beingX IPCR buffer, 2.5mM MgCl,, 0.2 eM
forwardreverse primers, 0.2mM dNTPs, 0.625U Platinum® Taq Polymerase. For the
determination ofoptimal PCR conditions in generatingpecific amplicon productswith
maximized yields MgCl, concentrations varied fromd.5 mM to 3.5 mM. Once generated,
amplicons wereseparated by electrophoresis, amiialized under UV light.

Genes targeted in PCR ags and their associated PCR primers with respective
information on cycling conditionare presented iable 56. The results of conventional PCR

assays applied on extracted sediment metagenomes are présentédure 54 to Figure 515.

3.3.12 qPCR Assays

gPCR reactions were performed using the <co
Supermix (BieRad Laboratories, Hercules, CA, USA) according to manufacturer
recommendatio® Final per reaction reagent concentratiowere 1X SsoFast EvaGreen
Supermix and.2 eM ForwardReverse primersSamples and associated assay standards were
assayed in triplicate with each replicate having a final volume of 2@ WL.L samplemaster
mix solutions were created to reduce variability between sanmphkcates Samples and
asasociated assay standar dldmeWwER ystemylliumina® ina,g t he
San Diego, CA, USA) . Machine wuser -TimetPERTf ace

system qPCR Software v2.0.6.0 (lllumina® Inc., San Diego, CA, UBAg.software daulated
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assay reaction efficiencies and the standard curve regression coeffidreier,cgpt and slope.

This information idistedin Chapter §Table 57 andTable 511).

3.3.13 gPCR Assay Standard 2velopment

gPCR standards weoeeatedusingPCRampliconproductsderived from laboratorpure
cultures known to houdbe gene of interegiBustin, 2000. After the successfampification of
the partialgene segmertf interest the ampliconsverecloned within the vector pGEM Easy
Plasmid (Promega, Madison, WI, USA) and used to transform a competent stock of laboratory
culture E.coli strain XL10). The transformed cultumgas gown overnight and the vector
plasmid housing the amplicon of the gene of interest was extracted using the Wizard® Plus SV
Minipreps DNA Purification System (Promega, Madison, WI). Extracts were stor&20d®
until further use.

The standardcopy number &s calculated by determining the molar mass ofctbeed
plasmid which was derived from known sequence data. Quantification of the plasmid extract was
performed using the NanoDrop Spectrophotometer 2000 (ThermoScientific, Nepean, ON,

Canada)Gene standdrcopy numbepere L o f p | a wancattulaedstfolloave t

(DPI asmi d Con t)e Molar dass obtime Plagmmid§g/maet) Mol ar Cadpi es (1

(2) Copie moll) €ex Av ogadrCopy Sumbenahb er =

Concentration values for standard copy number veateredinto theE ¢ 0 E -Rmaea |

PCR system gPCR Softwalecased on the volume (elL)l0follput s i

based dilution series of the standard plasmid stamie generated to createdilution curve for
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the qPCR stattarcs. Standard quantés used in the generation of standard curves ranged from

10 copies to 10copies of gene specific amplicon.

3.3.14 Sediment Microcosms Analysis Mercury Vapour (Hg %) Release

Sediment samples that were stored at 4°C and never frozen were used to determin
biogenicproduction potentiabf Hg®. Biogenic production oHg® is mediated through the MerA
enzyme(EC: 1.16.1.1) Approximately40 g of sediment was mixed with sterilized and-tiee
water up to a final volume of 60®L. The sediment solution volumegere held in 1L glass
Erlenmeyer flasks and agitated with magnetic stir bars. The sediment solution was gassed with
Hg-free air supplied by a Tekran® Model 1100 Zero Air Generator (Tekran® Instruments
Corporation, Toronto, ON) through Teflon tubing. Gaseoutput from the sediment slurry
passed through a collector tube connected to a Tekran® Model 2537A/B (Tekran Instruments
Corporation, Toronto, ON). Hgeleasedy the microcosm was peoncentrated onto gold-
trap within the Tekran® Model 2537. The Hgas detected by CVAF&ethods The sample
volume from which Hg was collected onto the gold trapsn7.5L and measurements of Pig
were performed every 5 min. To assess-bimgenic production of Hy a secondmicrocosm
apparatus using the same sedimevras treated witlfiormaldehyde (Fisher BioReagents, Ottawa,
ON, Canada)to a final concentration of 1% (v/vin order to arrest bacterial activity.
Formaldehyde treated microcosms were held at room temperature for 24 h prior to the
initialization of HJ meaurements using the Tekran® Model 2537 A¥Bcrocosm bioreactors
were protected from lighdt all timesusing aluminium foil to prevent ligkdependent Hg redox

reactiongZhang, 200%
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