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ABSTRACT

The Greater Sudbury Region (GSR) is one of the mosibgically disturbed regions of Cana
Recent studies have shown tBatula papyrifera accumulate metals in roots or leaves. The n
objectives of the present study were to 1) detegnthre effects of copper treatment Bn
papyrifera under controlled conditions and 2) assess thd Evexpression of genes associa
with copper resistance inB. papyrifera populations from metal-contaminated a
uncontaminated areas. Significant differences famage rating were observed among cof
dosages after eight days of treatment. There wss altrend of reduced plant growth as

dosage increased. RT- gPCR analysis showed 2&xdan2rease in leaves compared to roots
the expression of the gene for Multi-drug resiséaassociated protein (MRP4) belonging to
subfamily of ATP-binding cassette (ABC) transpastek significant upregulation (ranging fro
3x to 8 x increase) of the Metallothioneins (MT2@ne in leaves compared to roots was

observed in three of the five sites studied. Theeee significant differences in expression
MRP4 and MT2 genes among sites, but no associbgbmeen metal contamination and ge
expression was identified. Likewise, no differemte@xpression of targeted genes was obse

among the copper dosages used in growth chamberiggnts.
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1.INTRODUCTION

The Greater Sudbury Region (GSR) is one of the mostbgically disturbed regions of Canada.
It has been documented that more than 100 millmmes of sulfur dioxide and tens of
thousands of tonnes of cobalt (Co), copper (Cug, mickel (Ni) as well as iron ores were
released into the Earth’s atmosphere [1]. TheageeCu and Ni content in organic horizons in
distant reference sites normally range betweero®tmg/kg and 20 to 30 mg/kg respectively,
but it reached 9,700 mg/kg and 6,960 mg/kg for @d Hli, respectively in sites surrounding
smelters [2]. Recent analysis showed that the amou@u within metal — contaminated sites
varied between 650 mg/kg to 1, 330 and from 60Q,800 mg/kg for Ni [3-6]. Analysis of

nickel toxicity and plant responses Betula papyrifera has been reported [7-9]. Detailed

information on effects of Cu on this species ikiag.

Copper (Cu) is an essential micronutrient requatedery low concentrations for normal growth
and development. On average, plants maintain Celdeat 10ug / g (DW) but this differs

significantly between plant species [10]. Coppercfions as a structural element in regulatory
proteins, participates in photosynthetic electramsport, mitochondrial respiration, oxidative
stress responses, cell wall metabolism and hornstgrealling. It is also a cofactor in many
enzymes including Cu/Zn superoxide dismutase (S@ifapchrome c oxidase, amino oxidase,
laccase, plastocyanin, and polyphenol oxidase.tlsrreason, Cu functions in signalling of
transcription, protein trafficking machinery, oxid@ phosphorylation and iron mobilization

[11].

Uptake of Cu in plants is primarily achieved frome troot system and like other metals, it moves

to shoots via the xylem using complexing ligand&hdugh little is known about the specific



10

11

uptake of Cu, there has been evidence that itasmaplished competitively with Fe and strongly
associated with organic matter [12]. White birdBet(la papyrifera Marsh.) is a major
component of the boreal forest of North Americasltonsidered a pioneer species because of
its rapid growth and its intolerance for shadeyrefme it is the first to rapidly colonise open
areas after deforestation. Recent studies have rstibat resistanB. papyrifera genotypes

accumulate nickels in roots while susceptible ggped translocate and store Ni in leaves [9,13].

The main objectives of the present study were tdet¢rmine the effects of copper treatment on
B. papyrifera under controlled conditions and 2) assess thel lefeexpression of genes
associated with copper resistanceBnpapyrifera populations from metal-contaminated and

uncontaminated areas.
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2. MATERIALS AND METHODS

2.1 Copper toxicity analysis

B. papyrifera seeds were harvested from trees growing at theebéian University research
field site in the Region of Greater Sudbury (RG3)tario (Canada) and stored at 4°C (Fig. 1).
They were germinated at 27°C on wet filter papelPatawawa boxes. Seedlings were then
transplanted into containers with a mixture of tolyseat moss. They were left to grow for four
months at 27°C being watered and fertilized as e#dten transplanted into a 50:50 mix of

guartz sand/peat moss.

To assess the toxicity of copper Bnpapyrifera, plants averaging 45 cm in height were treated
under in growth chambers. Commercial salt of Cu,fS@s used for treatments. The trial was
arranged in a completely randomized block desigth i replications per treatment. The
dosages included 9.16 mg and 1,312 mg of Cu peg dflkdry soil which are equivalent to
bioavailable and total Cu in contaminated soil&BR, respectively. Three times the amount of
total Cu (3,936 mg/ kg) was also used as a treatmétater treatment (0 mg Cu per 1 kg of dry
soil) was used as a control. Potassium sulfatsSQ) treatment was used to control for the
sulfate concentrations. The 9.16 mg/kg, 1,312 mgégl 3,936 mg/kg of Cu corresponded to
0.063 mmol, 10 mmol, and 30 mmol, of Cu. The sam&anty was used for SO, salts. All the
treatments were administrated in water. Damagagsitivere measured using a 1 (no damage) to
9 (dead plants) scale. Details of the damage rattade have been described in Therigukl.

[9]. Plant growth was taken as the difference iighiebetween measure on first and last ddy (8

day after the treatment) of the experiments.
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2.2 RNA extraction and RT-gPCR

Total RNA was extracted from root and leaf sampigisg the methods previously described in
Theriaultet al. [7]. Root RNA was extracted from 15 individualsr gite, and then quantified
using the Qubi®’ RNA BR Assay kit by Life Technologies (Carlsbadnitdd States). The
quality of the RNA was verified on a 1% agarose @ate microgram of RNA per site from

samples of the same treatment/site was poolediegahd used for downstream processes.

RNA from three metal — contaminated sites (KellyjkéalLaurentian, and Wahnapitae Hydro
Dam) and uncontaminated areas (Capreol, St. Chantes Onaping Falls) were used for gene
expression analysis. The RNA was treated with DNRg#ENO0521) from Life Technologies.
Several genes associated with copper resistano®del and non-model plants were targeted in
this study (Table 1). PCR primers were designednlayching gene sequences to Bienana
genome (dwarf birch) [14]. When possible, primeesavdesigned to span the exon-exon border
of the gene. Primers were then BLASTed usingBheana genome. Primers were checked for
hairpins, self, and hetero-dimers using the Oligalfper 3.1 by IDT

(https://www.idtdna.com/calc/analyzerThe cDNA was synthesised using the High-Capacity

cDNA Reverse Transcription Kit by Life Technologié®egular PCR was performed on b&h
papyrifera DNA and cDNA. The size of the amplicons derivednir amplification with the
primer pairs was verified on agarose gels. Onlynprs that showed a reproducible single band
of the appropriate size were used for RT-gPCR. Riig|PCR was performed using the Dynamo
HS SYBR Green gqPCR Kit by Life Technologies anddtarted according to the manufacturer’s
protocol. Each sample was amplified with the MJ ddesh PTC-200 Thermal Cycler in
triplicates. The process includes (1) initial demigig at 95 °C for 15 min; 2) denaturing at 94 °C

for 30 s; 3) 30 s annealing; 4) elongation at 7X6C30 s ; 5) read; 6) repeat step 2 — 6 for 41

6
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cycles; 7) final elongation at 72 °C for 7 min;r@glting curve 72 — 95 °C, every 1 °C, hold for
10 s; and 9) final elongation at 72 °C for 3 mimisTgPCR was run three separate times with

each sample in triplicate. This resulted in a tofaline data point for each bulked sample.

The data were analyzed using the MJ Opticon Mor8té by BioRad and C(t) values were
determined. C(t) values were only normalized tohbasekeeping genes. Housekeeping genes

led to the same results therefore only anéupulin) was used for simplicity.

2.3 Statistical analysis

The data for damage ratings, plant growth, and g&peession levels were analyzed using SPSS
20 for Windows, with all data being lggtransformed to achieve a normal distribution.
ANOVA, then Tukey's HSD multiple comparison analysevere performed to determine
significant differences among means. The StudetasT was performed for field experiment to

compare means between roots and leaves)p5).
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3. RESULTS AND DISCUSSION
3.1 Copper toxicity
Significant differences for damage rating and pmoivth were observed among copper dosages
after eight days of treatment based on Tukey meawparison tests. Overtime plant reactions to
Cu treatments are summarized in Table 2. Theren@asgnificant damage caused by Cu at 9.16
mg/ kg dosage (amount of bioavailable Cu in themmrgtsite) throughout the experiment (Table
1). Significant differences in plant damage ratingse found between the 9.16 mg/kg and 1,312
mg/kg dosages. The highest dose of 3,929 mg/kdteesin severe damage on plants two days
after the treatment and almost all the plants wlea within four days of Cu application. There
was a trend of reduced plant growth as the dosageadsed. No significant difference in plant
growth was observed between 9.16 mg / kg and theadoand 1,312 mg/kg and 3,936 mg/kg

dosages (Fig. 2).

According to the ministry of the environment OntafCanada), the background concentrations
of copper in Ontario soils are on average less #iamg/kg with exceptional circumstances at
85 mg/kg [15]. The average copper concentratio@anadian soil is estimated to be 20 mg/kg
with a range between 2 and 100 mg/kg (British CddiarMinistry of the Environment, Lands
and Parks 1992). European Union (EU) recommendsimgrlegislative limit of copper
concentration in soil is 50 mg/kg (Council Direei86/278/EC, 1986) [15]. Hence, the total
level of copper in GSR soil used in the presemtiyst(1,312 mg /kg) was 15 x to 50 x higher

than the concentration in other regions in Canada

Uptake of contaminants by plants and their mecinasisave been studied by several researchers

[13, 16, 17, 18]. Plants can act as both accunngatod excluders. The accumulators are able to
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survive despite the high concentrations of metadd are contained in their aerial shoots. They
biotransform the contaminants into inert formsheit tissue. The excluders limit contaminant
uptake into their biomass. Plants have developedip mechanisms to translocate and store
micronutrients. These mechanisms are involved enughtake, translocation and storage of toxic
elements [16]. Recent field studies have shown Bagiapyrifera growing in the GSR doesn’t

accumulate metal in leaves and the translocasiotof for copper from roots to leaves was only

0.076 [13].

The sensibility or resistance of plants to metagpehds on physiological and molecular
mechanisms that include uptake and accumulatianeséls usually by binding to extracellular
exudates and cell walls complexation of ions inglue cells. Some plants prevent metal ions
from entering the cytosol through the action ospia membrane [18, 19, 20]. The present study
shows that the 9.16 mg / kg of Cu correspondingit@available amount in the soil within the
GSR is not toxic td. papyrifera. At higher dose of 1,913 mg / kg (equivalent taktamount of

Cu in soils from GSR), there was a range of reastim B. papyrifera genotypes tested from
moderately resistant (damage rating of 4 to 6uszsptible (7 to 9). Analysis of Cu tolerance in
Mimulus guttatus revealed a single major dominant gene inheritd@te 22], but our recent
study indicated that Cu toleranceBnpapyrifera might be controlled by single recessive genes
[9]. Overall our understanding of relationship beémn metal toxicity and plant genetic response
is limited because of the scarcity of the limitetbkwledge on mechanisms of Cu homeostasis,

uptake, transport, and accumulatiorBirpapyrifera.

3.2Copper gene expression
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Primers that were used to amplify target genedisted in Tables 3 and 4. Two of the seven
primer pairs targeting housekeeping genes genesattelg bands. They includetubulin 1 and
cyclophilin 2. When all the samples from the fivites (Kelly Lake, Kingsway, Onaping,
Capreol, and Killarney) were tested, MRP4 and MTg&¥e a consistent and repeatable band.
For MRP4 there was 2 x to 25 x increase of expoessi leaves compared to roots in all the sites
(Fig. 3). The highest levels of expression in lsawere found in Onaping Falls (reference metal
— contaminated site) and Kingsway (metal-contarethaite) and the lowest level in Killarney.
For root, samples Kelly Lake (metal — contaminatsidpwed the highest level of expression
while the other four were statistically similar.rBdT2B gene, there was significant upregulation
(ranging from 3x to 8 x increase) of this geneaaves compared to roots in three of the five
sites (Fig. 4). The highest increase of this geq@ession in leaves was found in samples from
Onaping Falls followed by Kingsway and Capreol. Eegsion of MT2B in roots was the highest
in samples from Kelly Lake while the expressionsother sites were statistically similar. No
association between metal contamination and gemgession was observed. The lack of
amplification with primer pairs targeting RAN 1 a@®DPT 1 genes could have been due to the

absence of primer binding sites or weak primer inigsl

There was no significant difference for MRP4 and 2BTexpression when samples frdsn
papyrifera genotypes treated with different doses were coetparhis suggests that these genes

are not affected by Cu toxicity B. papyrifera.

Toxic levels of Cu in plants are well known to cawxidative stress from increased production
of oxygen free radicals. More specifically, Cu ¢gas the formation of hydroxyl radicals (QH
inducing changes in antioxidative pathways inclgdirascorbate peroxidase (APX),

monodehydroascorbate reductase (MDHAR), dehydrobate reductase (DHAR), glutathione

10
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reductase (GR), superoxide dismutase (SOD), andacplaperoxidase. These antioxidant
responses are dependent on Cu concentrations grabwee time. The main target of Cu
transport has been discovered to be the photosy$t@énslil). Both the acceptor and the donor
side are highly sensitive to the toxic action of &ud this action is highly dependent on Cu
concentrations [23]. Several families of HM trandgprs have been identified that are involved in
Cu transportation including 1) P-type ATPase Cudperters, which use ATP to pump a variety
of charged substrates including“Cacross biological membranes; 2) Cu chaperonesngielg

to a family of cytosolic, soluble, low-molecular-ight metal-receptor proteins named

metallochaperones, involved in intracellular trasrsgtion of Cu [23].

Copper resistance mechanisms include avoidan@ratale and hyperaccumulation. Avoidance
mechanisms of Cu toxicity in plants involve thedirg of organic acids excreted by the plant by
certain mycorrhizal species, inhibiting metal ugtg4]. Different uptake mechanisms in plants
are directly related to different mechanisms ofahtdlerance at the whole plant level [25]. If Cu
successfully enters root cells, metal-binding prateallow their transportation from roots-to-

shoots. In excess, Cu is often transported to theuole, apoplast or to specialized cells
(epidermal cells, trichomes) for storage to avoiidity [23]. A second tolerance mechanism of
Cu in plants involves the accumulation of organwmds in the xylem, facilitating metal

complexing. This would enhance both the mobilityCaf in the xylem and the chemical gradient
for metal ions [23]. Genes that have been hypatkedsto play a role in Cu tolerance include
copper-transporting ATPase (RAN1), multi-drug resise associated protein (MRP4), copper

transporter protein (COPT1), and metallothioneiT28).

Response to antagonist 1 (RAN1) belongs to thepB-&yTPase Cu-transporters and is classified

as the subtype 1B ATPase. RANL1 is involved in wehalar transportation of Cu to chloroplasts

11
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and is localized at the post-Golgi compartment [2BANL1 is also involved in the delivery of
Cu to ethylene receptors A thaliana, a hormone which plays a crucial role in plant gtowt

[11].

Multi-drug resistance associated protein (MRP#Jongs to the subfamily of ATP-binding
cassette (ABC) transporters, which are ATP-dependmmd an integral part of plant
detoxification. MRP4 has been demonstrated to mmeilé-purpose membrane protein, suggested
to be involved in vacuolar sequestration of potdhtitoxic metabolites and highly up-regulated

in roots and shoots of Cu-tolerdhtpendula [26].

Metallothioneins (MT2B) are cysteine-rich proteth&t bind metals including Cd, Cu and Zn.
MT’s protect plants from oxidative stress by detgixig hydroxyl radicals. MT2B is proposed to
be involved in the distribution of Cu via the pho@and have a role in Cu tolerance, homeostasis

and long distance transport of @UA. thaliana [27].

Copper transporter protein (COPThbglongs to a family of putativérabidopsis copper
transporters (COPT1-COPTH}OPTL1 is involved in the uptake and accumulatiofofvia the
root apical zone i\ thaliana. It is expressed in root tips and pollen graind famctions in root
elongation and pollen development. In leaves, COREkpressed exclusively in trichomes and

stomatal guard cells, suggesting a role in Cu ditation [28].

It has been established that some plants prevetal rnas from entering the cytosol through the
action of plasma membrane [17, 18, 20]. The lacassbciation between MRP4 and MT2B gene
expression and copper contamination suggestedhtaegulation mechanism of selected copper

resistance genes is different from species to epedverall the scarcity of knowledge on

12
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mechanisms of Cu homeostasis, uptake, transpattaecumulation irB. papyrifera limit our

understanding of relationship between metal toxiaitd plant genetic response.

4. CONCLUSION

The analysis of copper toxicity under field andwgtto chamber conditions has been performed.
We also investigated whether genes known to playeain copper resistance in other species are
involved in B. papyrifera responses to soil copper contamination. Signifiddifferences for
damage rating were observed among copper dosapeseafht days of treatment. There was
also a trend of reduced plant growth as the dosageased. RT- qPCR analysis showed 2x to
25x increase in leaves compared to roots of theesspn of the gene for Multi-drug resistance
associated protein (MRP4) belonging to the subfanaf ATP-binding cassette (ABC)
transporters. A significant upregulation (rangingni 3x to 8 x increase) of the Metallothioneins
(MT2B) gene in leaves compared to roots was alsemed in three of the five sites studied.
There were significant differences in expressioiM&P4 and MT2 genes among sites, but no
association between metal contamination and gempeession was identified. Likewise, no
difference in expression of targeted genes wasreedeamong the copper dosages used in the
growth chamber experiments. Transcriptome analy&iB. papyrifera genotypes treated with
different copper dosages is being completed totiijegenes that are actually expressed under

copper contamination.

ACKNOWLEDGEMENTS

We would like to thank the Natural Sciences andiiggying Research Council of Canada

(NSERC) for financial support.

13



10

11

12

13

14

15

16

17

18

19

20

COMPETING INTRESTS

Authors have declared that no competing interestt.e

References

1.

Freedman B, Hutchinson A. “Pollutant Inputsnfirthe Atmosphere and Accumulations
in Soils and Vegetation near a Nickel-Copper Smelt&udbury, Ontario, Canada.” Can

J Bot 1980; 58:108-32.

Hazlett PW, Rutherford GK, Loon GWV. Metal Camiaants in Surface Soils and
Vegetation as a Result of Nickel/Copper Smelting Gainiston, Ontario, Canada.

Reclamat Reveg Res 1983; 2: 123-137.

Dobrzeneicka S, Nkongolo KK, Michael P, BeckttGenetic Analysis of Black Spruce
(Picea mariana) Populations from Dry and Wet Areas of a Metal-@omnated Region

in Ontario (Canada). Water Air Soil Pollut 201152117-125.

Theriault G, Nkongolo KK, Narendrula R, Beckd® Molecular and Ecological
Characterisation of Plant Populations from Limedl dfletal-Contaminated Sites in
Northern Ontario (Canada): ISSR Analysis of WhitercB (Betula papyrifera)

Populations. Chem Ecol 2013; 29:1-13.

14



10

11

12

13

14

15

16

17

18

19

20

21

22

10.

11.

12.

Theriault G, Nkongolo KK, Michael P. GeneticdaMetal Analyses of Fragmented
Populations oBetula papyrifera (Marsh) in a Mining Reclaimed Region: Identifiaati

of Population-Diagnostic Molecular Marker. Ecol E2014; 4:3435-3443.

Tran A, Nkongolo KK, Mehes-Smith M, Narendrula Bpiers G, Beckett P. Heavy
Metal Analysis in Red OakQuercus rubra) Populations From a Mining Region in
Northern Ontario (Canada): Effect of Soil LimingdaAnalysis of Genetic Variation. Am

J Environ Sci 2014; 10:363-73.

Theriault G, Michael P, Nkongolo KK. “Comprelsére Transcriptome Analysis of

Response to Nickel Stress in White Bir&8etUla Papyrifera).” Plos One 2016a;

11(4):e0153762.

Theriault G, Michael P, Nkongolo KK. “Decrypgithe Regulation and Mechanism of
Nickel Resistance in White BirclBé¢tula Papyrifera) Using Cross-Species Metal-

Resistance Genes.” Genes Genom , 2016b; 38(4):841-5

Theriault G, Nkongolo KK. Nickel and Copper Taky and Plant Response
Mechanisms in White BirctBgtula papyrifera). Bull Environ Contam Toxicol 2016c¢;

10.1007/s00128-016-1842-3.

Manara A. Plant Responses to Heavy Metal TogxiBilant and Heavy Metals. Furini A.

Ed. Springer 2012; 27-53.

Yruela I. “Toxic Metals in Plants.” Plant plys2005; 17(1):145-56.

Ryan BM, Kirby JK, Degryse F, Harris H, McLalighMJ, Scheiderich K. Copper

15



10

11

12

13

14

15

16

17

18

19

20

21

13.

14.

15.

16.

17.

18.

Speciation and Isotopic Fractionation in Plantstddp and Translocation Mechanisms.”

New Phytol 2013; 199(2):367-78.

Theriault G, Nkongolo KK, Narendrula R, BeckettMolecular and Ecological
Characterisation of Plant Populations from Limed Btetal-Contaminated Sites in
Northern Ontario (Canada): ISSR Analysis of WhiteeB (Betula papyrifera)

Populations. Chem Ecol 2013; 29:1-13.

Wang N, Thomson M, Bodles WJA, Crawford RMM,ntitd V, Featherstone AW
al.. Genome sequence of dwarf bir@etula nana) and cross species RAD markers. Mol

Ecol 2013; 22: 3098-3111.

Canadian Council of Ministers of the Environt@CME). Canadian Soil quality
guidelines for copper: Environmental and Human Hhedttp://ceqg-

rcge.ccme.ca/download/en/263. 1997; Accessed, Mag@16.

Mehes-Smith M., Nkongolo KK, Narendrula R, (&wa E. Mobility of heavy metals in
plants and soil: A case study from a mining regimiCanada. Am J Environ Sci 2013;

9(6): 483-493.

Tangahu BV, Abdullah SR, Basri H, Idri M, AaruN, Mukhlisin M. A review on heavy
metals (AS, Pb, and Hg) uptake by plants throughiggemediation. International
Journal of Chemical Engineering. 2013; Volume 2@l pages. Hindawi Publishing

Corporation. DOI: 10.1155/2011/939161.

Kalubi KN, Mehes-Smith M, Narendrula R, Michd&el Omri A. Molecular analysis of

red maple Acer rubrum) populations from a reclaimed mining region in thern

16



10

11

12

13

14

15

16

17

18

19

20

21

22

19.

20.

21.

22.

23.

24,

25.

26.

Ontario (Canada): soil metal accumulation and toexagion in plants. Ecotoxicology
2015; 24(3): 636-47.
Benavides MP, Gallego SM, Tomaro ML. “Cadmiunxi€ity in Plants.” Plant Physiol

2005; 17(1):21-34.

Theriault G, Nkongolo KK, Michael P, “GenetiechMetal Analyses of Fragmented
Populations of Betula Papyrifera (Marsh) in a MmReclaimed Region: Identification

of Population-Diagnostic Molecular Marker.” Ecol &@\2014; 4(17): 3435-43.

Macnair MR. The genetic control of copper tatere in the yellow monkey flower,

Mimulus guttatus. Heredity 1983; 50: 283-293.

Smith SE, Macnair MR Hypostatic modifiers sauwariation in degree of copper

tolerance ifMimulus guttatus. Heredity 1998; 80: 760-768.

Liao M “Mechanisms of Copper Absorption. Phihiedsis. Massey University.New

Zealand 2000; 184 p.

Van Tichelen KK, Colpaert JV, VangronsveldEctomycorrhizal Protection of Pinus

Sylvestris against Copper Toxicity.” New Phytol 20050(1):203-13.

Baker RJ, Bickham AM, Bondarkov M, GaschaR, $1atson CW, Rodgers BE,
Wickliffe JK, Chesser RK “Consequences of Pollutédvironments on Population
Structure: The Bank Vole (Clethrionomys Glareola) Chornobyl.” Ecotoxicology

2001; 10:211-16.

Keinanen Sl, Hassinen VH, Karenlampi SO, Teawa Al. “Isolation of Genes up-

17



10

11

12

13

14

15

16

27.

28.

Regulated by Copper in a Copper-Tolerant Birch (BePendula) Clone.” Tree physiol

2007; 27(9):1243-52.

Guo WJ, Meetam M, Goldsbrough PB. “Examinimg $pecific Contributions of
Individual Arabidopsis Metallothioneins to Coppes@ibution and Metal Tolerance.”

Plant physiol 2008; 146:1697-1706.

Sancenon V, Puig S, Mateu-Andrés |, Dorcey E, Ehi2), Pefarrubia L.“The
Arabidopsis Copper Transporter COPT1 FunctionsantfRElongation and Pollen

Development.” J Biol Chem 2004; 279(15):15348-55.

18



1 Table 1.Candidate genes involved in Cu resistance in mawiéinon-model plant species

2
Gene Species Reference
RAN1 Arabidopsis thaliana Kobayashi et al., 2008
MRP4 Betula pendula Keinanen et al., 2007
COPT 1 Arabidopsis thaliana Sancenon et al., 2004
MT2B Arabidopsis thaliana Guo et al., 2008
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Table 2 Damage rating dBetula papyrifera treated with different doses of copper.

Soill
Treatment concentration Damage rating
(mg/kg)
Days after treatment

Day 2 Day 4 Day 6 Day 8

9.16 1.0+0.&x 1.0+ 0.0a 1.0+ 0.0a 1.0+ 0.0a
Copper

1,312 26+1.% 6.2+2.2b 7.3%+2.4b 7.8+2.1b
3,936 6.8+2.b 8.1+2.2b 8.5+ 1.6b 8.5+ 1.6b

ANOVA, followed by Tukey's HSD multiple comparisanalysis were performed to determine
significant differences among means. Means follolwgdlifferent letters are significantly differere<
0.05; n = 15).

20



Table 3 Sequences detula papyrifera primers, designed from housekeeping genes, scréenBI-qPCR

Target Melting Primer Expected PCR product PCR
temp (°C) amplicon in DNA (bp) product in
(bp) cDNA (bp)
a-tubulin 1 F: 65.10 F: TGTTGACTGGTGCCCACCG 187 187 187
R: 65.16 R: CACAAAGGCGCGCTTGGCAT
Cyclophilin2 F: 64.78 F: TGGGCGGATCGTGATGGAGC 370 370 370
R: 65.10 R: CACGACCTGGCCGAACACCA
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Table 4: Sequences of designed primer pairs targeting Sistamce genes using the dwarf birBetgla nana) genome

Target Melting temp  Primer Expected PCR PCR
(°C) amplicon product in product in
(bp) DNA (bp) cDNA (bp)
RAN1 F: 63.73 F: CCTTGTGCTTTGGGTCTGGC 337 None
R: 62.51 R: GCTATTGTTATCGGCATCCTTGG
MRP4 F: 63.46 F: GCTTGATCCTCTGCCTTTCTACTTG 380 380 380
R: 63.67 R: CCACTTCCTGTTCGACCAACAAC
COPT1 F:68.34 F: GCACATGACCTTCTTCTGGGGCA 303 None
R: 69.30 R: AACCCAACGGCGTGGCCAG
MT2B F: 65.83 F: CTTGTGGAGTTCAAAGGCGGAAAG 387 387 387
R: 65.02 R: GGCAGCCAAGCTGACAGTATGAAC
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Figure 1: Locations of Betula papyrifera sampling populations within the Greater
Sudbury Region in Northern Ontario. 1. Daisy LaReWahnapitae Hydro Dam; 3: Laurentian;
4: Kukagami; 5: Kingsway; 6: Falconbridge; 7: Capre3: St-Charles; 9: Onaping Falls; 10:

Airport.
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Figure 2. Mean growth ofBetula papyrifera plants treated with different doses of copper eiglays
after treatments in growth chamber screening testbBlOVA, followed by Tukey’'s HSD multiple
comparison analysis, were performed to determigaifsgtant differences among means<(P
0.05).Bar represents standard errors. The mean growhie idifference between height measures at day

1 and day 8 after treatment. Means followed bfediint letters are significantly different (P< 0.06=
15).
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Figure 3. Expression of MRP4 (Multi drug resistance assedaprotein 4) in white birch
(Betula papyrifera) for field samples from metal contaminated and exfee root and leaves.
Expression of MRP4 was standardized based on thsekeeping gene-tubulin 1. Significant
differences were found between root and leaf datagustudent-Tiest (P < 0.05).* indicates
significant difference between root and leaf exgiaslevels for each site.
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Figure 4. Expression of MT2b (metallothionein 2b) in whitech (Betula papyrifera) for field
samples from metal contaminated and reference radsleaves. Expression of MT2b was
standardized based on the housekeeping gembulin 1. Significant differences were found
between root and leaf data using studetdsi (P < 0.05)
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