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ABSTRACT 

Herbivores ingesting polycyclic aromatic hydrocarbon (PAH) contaminated 

plants may be chronically exposed to P AHs through their diet. This P AH exposure, can 

result in toxic, mutagenic, carcinogenic, and teratogenic effects. However, little is known 

about how differences in morphology and physiology between plant species alters P AH 

environmental accumulation and release in the gastrointestinal tract after ingestion. 

Bioaccessibility of P AHs was examined in six different sub-arctic plant species 

[black spruce (Picea mariana); labrador tea (Ledum groenlandicum); bog birch (Betula 

glandulosa); green alder (Alnus crispa); water sedge ( Carex aquatilis); and little-tree 

willow (Salix arbusculoides)] from a reference and PAH impacted site near Inuvik, 

Northwest Territories, Canada. Plants were digested using a simulator of the human 

upper digestive track and toxicity tested using the Aryl Hydrocarbon Receptor Assay (Ah 

assay). 

Results show that there is a significant difference in bioaccessible P AH 

concentration between the plant species tested (p < 0.05) in new growth. New growth of 

green alder contained the highest, with 0.425 mg (SE = 0.1) benzo[a]pyrene (BaP) 

equivalent per gram of wet weight plant tissue, and black spruce contained the lowest 

BaP equivalent concentration of 0 mg BaP per gram of plant tissue. Of the plants species 

that exhibited bioaccessible P AH concentrations, those that were growing on the P AH 

contaminated site had accumulated up to 1.24x higher PAH concentrations. New growth 

plant tissue had on average a 69% and 3 8% greater bioaccessible P AH concentration than 

old growth for the reference and impacted site respectively. 
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Nominal additions of BaP with digested plant extracts revealed that black spruce, 

labrador tea, water sedge, and willow all contained endogenous Ah antagonists (p < 

0.05). No correlation was elucidated between chemical and physical plant parameters 

such as % lipid content, cuticle thickness, and leaf surface area (p < 0.05). The lack of a 

correlation between the plant physical properties and BaP equivalent concentration may 

be a result of the antagonist effect some of the digested plant extracts had on the Ah 

assay. Understanding plant uptake and bioaccessibility of P AHs in ingested plant 

matrices will aid in determining toxicological risk to herbivores inhabiting P AH 

contaminated sites. 
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1.0 Introduction - Polycyclic Aromatic Hydrocarbons in the 
Environment 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic molecules 

comprised of two or more joined benzene rings in linear, angular, or cluster arrangements 

(Figure 1.1 ). They are non-polar, with low water solubility, high lipophilicity, and have 

large octanol to water and organic carbon partitioning coefficients (Kow and Koc 

respectively) (Walker, 2001). Although there are over 100 different PAH molecules, 

there are only 17 P AHs that are primarily considered with regards to environmental 

contamination (Table 1.1 ). These 17 compounds receive focus in the environment for 

one or more of the following reasons: ( 1) there is more information available on these 17 

PAHs than any others; (2) they either are more toxic than other PAH molecules; (3) there 

is a greater chance of human exposure to these P AHs in the environment; and finally ( 4) 

these 17 P AHs were identified in the highest concentrations in National Priority List 

hazardous waste sites in the United States (U.S. Department of Health and Human 

Services, 1995; Volkering, 1996). The majority of these 17 PAHs have also been 

identified as P AHs of concern in contamination in the Canadian arctic (Table 1.1) 

(Macdonald et al, 2000). 

Figure 1.1: Schematic diagram of the five ring polycyclic aromatic 
hydrocarbon benzo[ a ]pyrene. 

1 



Polycyclic aromatic hydrocarbons are formed through both anthropogenic activity and 

natural processes such as forest fires, volcanic activity, organic geochemical reactions 

(e.g. fossil fuel generation), and through synthesis by microorganisms and plants. 

Anthropogenic sources of P AHs include: P AHs formed during incomplete combustion 

of organic compounds (e.g. burning fossil fuels for energy), incineration of municipal and 

industrial waste, production and release of liquid or solid P AH -containing industrial 

waste, and use of PAR-containing petroleum products (Suess, 1976; Sims and Overcash, 

1983; Volkering, 1996). Prior to the industrial revolution, there was a balance between 

the natural production and destruction of P AHs through photodegredation and microbial 

transformation. However, the increased burning of fossil fuels as an energy source over 

the past century has tipped this balance so that P AHs are becoming more ubiquitous 

environmental contaminants (Sims and Overcash, 1983). 
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Table 1.1: The 17 polycyclic aromatic hydrocarbons (PARs) of most concern to public health and the environment along with their 
chemical abstract service number, molecular weight, water solubility, organic carbon partition coefficient (Log Koc, the ability of the 
PAH to absorb to organic carbon), octonal to water coeffiecient (Log Kow, the ability of the PAH to concentrate in lipids), and 
Henry's Law constant (a measure of the PAH equilibrium partitioning in the gas phase) (U.S. Department of Health and Human 
Services, 1995). The P AHs of concern in the Arctic are indicated with and astrix (*) (Macdonald et a!., 2000). 

PAH Chemical Molecular Solubility Log Koc LogKow Henry's 
Abstract Service Weight (mg L -t @ 25°C) LawConstant 
(CAS) Number (~mort) (atm m3 mort) 

Acenaphthylene* 208-96-8 152.2 3.93 1.40 4.07 1.45 X 10-j 
Acenaphthene* 83-29-9 154.2 1.93 3.66 3.98 7.91 X 10-3 

Fluorene* 86-73-7 166.2 1.68- 1.98 3.86 4.18 l.Ox104 

Anthracene* 120-12-7 178.2 0.076 4.15 4.45 1.77 X 10-~ 

Phenanthrene* 85-01-8 178.2 1.20 4.15 4.45 2.56 X 10-~ 

Fluoranthene* 206-44-0 202.3 0.20-0.26 4.58 4.90 6.5 X 10-6 

PYrene* 129-00-00 202.3 0.077 4.58 4.88 1.14 X 10-~ 

Benz[ a ]anthracene* 56-55-3 228.3 0.010 5.30 5.61 1 X 10-o 
! 

Chrysene* 218-01-9 228.3 2.8 X 10-j 5.30 5.16 1.05 X 10-o 
Benzo[ a ]pyrene* 50-32-8 252.3 2.3 X 10-j 6.74 6.06 4.9 X 10-/ 
Benzo[b ]fluoranthene* 205-99-2 252.3 1.2 X 10-j 5.74 6.04 1.22 X 10-5 

Benzo[ e ]I?TI_ene 192-97-2 252.3 6.3 X 10-j No data No data No data 
Benzo[j]fluoranthene 205-82-3 252.3 6.76 X 10-3 5.74 6.12 1 x10-6 

Benzo[k ]fluoranthene 207-08-9 252.3 7.6 X 104 4.7-4.8 6.06 3.87x 10-~ 
Benzo[g,h,i]perylene* 191-24-2 276.3 2.6 X 10-4 6.20 6.50 1.44 X 10-1 

Indeno[ 1 ,2,3-c,d]pyrene* 193-39-5 276.3 0.062 6.20 6.58 6.95 X 10-~ 

Dibenz[ a,h ]anthracene* 53-70-3 278.4 5 X 10-4 6.52 6.84 7.3 X 10-~ 

(Source: U.S. Department of Health and Human Services, 1995) 



1.1 Fate of Polycyclic Aromatic Hydrocarbons in the 
Environment 

Polycyclic aromatic hydrocarbons are relatively stable compounds in the 

environment. This stability is a result of the benzene ring arrangement. The persistence 

of P AHs in the environment increases with the increasing number of aromatic rings and 

angular structure in the compound's arrangement. With an increasing number of rings 

and molecular weight in the P AH structure, there is an increase in stability due to the 

resulting increase in the octanol:water partition coefficient (log Kow) (Table 1.1) (Sims 

and Overcash, 1983). Similarly, with an increasing number of rings, there is also an 

increase in the compound's carbon partition coefficient (log Koc) a measure of the 

compound's potential to bind to organic carbon in soil and sediments (Table 1.1 ). 

1.1.1 Aquatic Environments 

In aquatic systems, P AHs readily adhere to sediments and particulate matter 

present in the water due to their hydrophobic properties. Organisms in aquatic 

environments, particularly those lacking the enzyme systems that metabolize P AHs (e.g. 

mullosks ), can also accumulate P AHs in their fatty tissues from their diet, water, or 

sediments. Polycyclic aromatic hydrocarbons that do not adhere to the sediments, 

particles, or aquatic organisms in the water are free to either volatilize into the 

atmosphere or degrade as a result of exposure to ultraviolet light from the sun 

(photolysis) (U.S. Department of Health and Human Services, 1995). As well, some 

microorganisms in the water and sediments can degrade certain P AHs by using them as a 

carbon source (Sims and Overcash, 1983). 

4 



1.1.2 The Atmosphere 

Polycyclic aromatic hydrocarbons exist in the air in the gaseous phase or 

associated with particles. In general P AHs with two to three rings are present in the air 

predominantly in the vapor phase. P AHs with four rings can be in either the vapor phase 

or the particulate phase, and P AHs with five or more benzene rings in their structure are 

usually found in the particle phase. However, these phase distributions depend on several 

physical factors including vapor pressure of the P AH; temperature and relative humidity 

of the surrounding atmosphere; P AH concentration; particle affinity of the P AH (Koc), 

and the nature and concentration of the atmospheric particles themselves (Smith and 

Jones, 2000). 

The distance that particle-adsorbed P AHs can travel in the atmosphere is a 

function of their residence time in the atmosphere which is determined by the size of 

particle the P AH is adsorbed to. The particle sizes that adsorb P AHs the most range 

between 0.1 and 3.0 J..Lm and have residence times of a few days or greater. This permits 

a large amount ofPAHs to travel long distances from their source (Baek et al., 1991). As 

well, Simonich and Hites (1994) state that semivolatile organic compounds (SOCs) such 

as P AHs preferentially move into the atmosphere at high temperatures and back to earth 

at low temperatures resulting in P AH movement towards the north and south poles. 

Several studies have traced P AHs found in the remote areas of the arctic and Antarctic, 

back to fossil fuel burning in more heavily populated, temperate environments (Halsall et 

al., 1997; Halsall et al., 2001; Slater et al., 2002). Macdonald and coworkers (2000) state 

that the lighter P AH compounds fluorene, phenanthrene, fluoranthene and pyrene, are the 

dominant P AHs that are transported to the arctic each year. 
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Particle-associated PAHs eventually fallout to the earth's surface, a process 

known as dry deposition. In addition, both gaseous and particle P AHs can be 

precipitated-out through the action of rain and snow (Franz and Eisenreich, 1998; 

Cereceda-Balic et al., 2002; Garban et al., 2002). As in water, PAHs that do not bind to 

particles in the atmosphere can be photolyzed by the sun. The proportion of P AHs 

associated with atmospheric particulate matter is dependent on the compound's vapor 

pressure, the surrounding ambient air temperature, and relative humidity, and the rate of 

exchange with the sorbing surface. The rate of exchange with the sorbing surface of the 

particles is influenced by the nature (size, shape, physical composition, etc.) and 

availability of the atmospheric particulate. 

Polycyclic aromatic hydrocarbons can be transformed or degraded in the 

atmosphere through photolysis and radiation induced oxidation reactions with other 

atmospheric gases such as NOx, N20 5, OH, 0 3, S02, and PAN (peroxyaceyl nitrate). The 

resulting transformed products include a variety of· oxy-, hydroxy-, nitro- and 

hydroxynitro-P AH derivatives. P AHs can also undergo photochemical oxidation 

reactions forming nitrated PAHs, quinines, phenols, and dihydrodiols (Baek et al., 1991; 

U.S. Department of Health and Human Services, 1995). Some of these breakdown 

products are known to be mutagenic with nitro-P AH compounds in particular known for 

their mutagenic properties (Gibson et al., 1978, Baek et a/., 1991 ). Gibson and 

coworkers (1978) found that benzo[a]anthracene, benzanthrone, benzo[ghi]perylene, 

chrysene, fluorine, 2-methylphenanthrene, and 9-mehtylanthracene all tested positive for 

mutagenicity using the Ames test after irradiation. Benzo[ a ]pyrene, 1-

methylphenanthrene, and pyrene were characterized as being the most mutagenic after 
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irridation. The P AH and atmospheric gas derivatives have a persistence ranging from a 

few hours for OH-PAH derivatives to a few weeks for nitro-PAR derivatives produced 

from the reaction with dinitrogen pentoxide (N20 5) (Baek et al., 1991 ). 

1.1.3 Terrestrial Environments 

Nam et al. (2003) state that the major source of PAH contamination in the 

terrestrial environment is likely from diffuse sources by atmospheric deposition. The 

concentration of P AHs in soils and sediments increases by a factor of two to ten in 

proximity to anthropogenic activity such as cities and roads (Bakker et al., 2000). Even 

undisturbed environments contain a background concentration of P AHs from naturally 

occurring processes (Sims and Overcash, 1983). Polycyclic aromatic hydrocarbons are 

primarily found in the humus layer of soil because of their propensity to adhere to 

organic matter. They are removed from the soil to other environmental compartments 

through processes such as volatilization, erosion, leaching, and uptake by vegetation 

(Section 1.2) (Reilley et al., 1996). The sun can also degrade any unbound P AHs at the 

soil surface through photolysis. Microbial degradation, however is the most significant 

form of P AH degradation in the soil. The rate limiting step for most microbial 

degradation· of P AHs in the soil is the rate at which the P AH can dissolve into the soil 

pore water and hence its availability for microbial uptake (Sims and Overcash, 1983; U.S. 

Department of Health and Human Services, 1995; Volkering, 1996). This process may 

be slow as PARs with three or more benzene rings in their structure are usually strongly 

adsorbed to soils and have very low water solubility (Table 1.1) (Binet eta/., 2000; Nam 

et al., 2003). 
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1.2 Uptake of Polycyclic Aromatic Hydrocarbons by Plants 

Polycyclic aromatic hydrocarbons may enter vegetation by adsorption to roots, 

root uptake and translocation in the xylem, re-suspension of contaminated soil to plant 

foliage through wind and rain splatter, P AH volatilization from soil and uptake by 

foliage, wet gaseous and or particle deposition, and finally by dry gaseous and or particle 

deposition (Figure 1.2) (Smith and Jones, 2000). Many researchers have proposed that 

with their large surface area, plants play an important role in the movement of P AHs in 

the environment by scavenging P AHs from the atmosphere and transferring them into the 

terrestrial environment (Simonich and Hites, 1994; Wagrowski and Hites, 1997; 

Ockenden et al., 1998; Bohme et al., 1999). 

Dry/Wet Gaseous Deposition 

Root Uptake and! 
Translocation 

\ 
Dry/Wet Particle Deposition 

I 
\

Soil 
Contamination 

Adsorption to Roots 

Figure 1.2: Schematic diagram of the processes by which plants 
can take up polycyclic aromatic hydrocarbons from the environment 
(adapted from Smith and Jones, 2000). 
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Plants adsorb significant amounts of P AHs from contaminated soil onto their 

roots. However, translocation of P AHs from the roots to the foliar regions of the plant 

has been shown to be negligible (Verkleij, 1994; Reilley et a!., 1996; Binet et al., 2000; 

Sams0e-Petersen et al., 2002). Reilley et al. (1996) found total accumulations of 

anthracene (a three ring P AH) and pyrene (a four ring P AH) in the roots and shoots of 

some prairie plants species to be less than 0.03 % (0.03 mg) of the P AHs applied to the 

soil. Sims and Overcash's (1983) review of plant uptake of PAHs generally found that 

less than 3 Jlg kg-1 benzo[a]pyrene (BaP, a five ring PAH), is taken into the tissue of 

exposed plants. For example, Sams0e-Petersen et al. (2002) found a concentration range 

of 0.01 to 0.1 J.Lg kg-1 wet weight for BaP in root crops and as high as 0.2 to 48 J.Lg kg-1 

wet weight for leafy vegetables exposed to the atmosphere. Polycyclic aromatic 

hydrocarbon-degrading soil bacteria and other microorganisms may actively secrete 

dioxygenase enzymes which facilitate the incorporation of two atoms of molecular 

oxygen into the P AH molecule resulting in a more polar and hence bioavailable molecule 

for plant uptake. Some fungi incorporate only one oxygen atom during P AH degradation 

resulting in the formation of toxic P AH epoxide molecules which are also more polar and 

potentially more bioavailable for plant uptake (Sims and Overcash, 1983; Reilley et al., 

1996; Volkering, 1996; Binet et al., 2000). Re-suspension of soil particles and soil 

volatilization to leaves can play an important role in plant uptake of PAHs but this is 

typically limited to highly contaminated soil sites (Smith and Jones, 2000; Simonich and 

Hites, 1994). 

The majority of P AHs found on vegetation is a result of either wet or dry 

atmospheric fallout of particulates with adhering PAHs (Suess, 1976; Reilley et al., 1996; 
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Ockenden eta/., 1998; Smith and Jones, 2000). Plant leaves have been shown to exhibit 

the largest P AH concentrations ranging between 22 - 88 J.lg kg-1 in vegetation from rural 

areas and has been shown to be proportional to leaf area (Sims and Overcash, 1983 ). 

However, no matter the pathway of uptake, plants are considered to be one of the major 

vectors of P AHs in terrestrial herbivores and subsequent accumulation in terrestrial food 

chains (Bohme eta/., 1999; Smith and Jones, 2000; Pier eta/., 2002). 

1.2.1 Root Uptake 

Polycyclic aromatic hydrocarbons are not readily taken up by plant roots since 

these compounds are strongly adsorbed onto soil organic particles, making root uptake 

highly inefficient. The P AHs detected in root crops most likely arise from adsorption 

onto the root surface. This phenomenon was demonstrated by Samsee-Petersen et al. 

(2002) when P AHs were analyzed in root crops such as carrots and potatoes in peeled 

versus unpeeled vegetables. Removing the outer surface of the root considerably reduced 

the concentration of P AHs detected in the vegetable. Atmospheric deposition seems to 

provide an important input of P AHs onto plant leaves and dominates over inputs via plant 

root uptake and translocation (Verkleij, 1994; Reilley et al., 1996; Bohme et al., 1999; 

Binet et al., 2000 ). 

1.2.2 Leaf Uptake 

Leaves appear to be the primary route of P AH uptake in plants. Uptake of P AHs 

through plant foliage has been shown to occur by three different processes: (1) 

equilibrium partitioning between the vegetation and the gas phase; (2) kinetically limited 

dry gaseous deposition (the dry, depositional flux of gases); and (3) particle-bound 
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deposition to the vegetation (Figure 1.2) (Bohme et al., 1999; Smith and Jones, 2000). 

Polycyclic aromatic hydrocarbons can be taken into leaves through the stomata in either 

the gaseous or particle-adsorbed form, depending on the size of the P AH particle. Smith 

and Jones (2000) report that plant foliage is selective in the particles it can take in and 

retain with most particles having diameters less than 44 J.lm. Particle-adsorbed P AHs can 

also end up on the surface of plant leaves through wet or dry particle fallout. Wet and 

dry particle fallout is a function of variables in the ambient air such as wind speed, 

turbulence etc., and can occur through processes such as diffusion, impaction, 

interception, and sedimentation (Smith and Jones, 2000). Once on the leaf surface, the 

particles can either be washed-off by rain or blown-off the plant by the wind (Bakker et 

al., 2000). However, as Simonich and Hites (1994); Ockenden et al. (1998); Bohme et 

al. (1999); and Smith and Jones (2000) state, plant leaves are covered with a waxy lipid 

layer called the cuticle to which lipid soluble P AH compounds likely adsorb. Once 

inside the plant, P AHs are readily taken up by cells due to their lipophilicity (Boelsterli, 

2003). Therefore the lipid content in plants, either in the leaf itself or on the leaf surface 

as a component of the cuticle, is an important factor contributing to the differences 

observed in P AH concentration between different plant species (Simonich and Hites, 

1994; Ockenden et al., 1998; Bohme et al., 1999; Smith and Jones, 2000). Some PAHs 

can become permanently adsorbed to the leaf surface and are no longer removed by 

weathering processes (Smith and Jones, 2000). 
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1.3 Toxicity of Polycyclic Aromatic Hydrocarbons 

Chronic exposure to P AHs (especially those with greater than three benzene rings 

in their structure) can be toxic, mutagenic, and carcinogenic (Suess, 1976; Volkering, 

1996; Walker, 2001). PAHs and their metabolites may also disrupt endocrine function as 

they are reported to have estrogenic, anti-estrogenic, or anti-androgenic activity (Hirose 

et al., 2001; Kizu et al., 2003). In general the toxicity of P AH compounds increases with 

increasing number of benzene rings in the structure (Sims and Overcash, 1983). 

Once in the body, P AHs are usually biotransformed through oxidation, a process 

catalyzed by cytochrome P450 (CYP 450) Phase I metabolic enzymes, which are part of 

the mixed function oxidase (MFO) system. The MFO system attempts to oxidize the 

P AH molecule to make it more water soluble and hence, easier for elimination. 

Oxidation of PAHs by CYP 450 enzymes, however, can also yield a PAH-epoxide 

molecule. Epoxides (particularly those formed in the bay region of a P AH molecule) are 

unstable electrophiles and can non-discriminately react with body tissues. As well, a 

P AH epoxide molecule is able to cross the nuclear membrane where they are free to react 

and form adducts with DNA (particularly the base pair guanine). DNA with base pair 

adducts alters the proper replication and functioning of the DNA yielding mutagenic and 

carcinogenic effects. 

In addition to epoxide formation and subsequent DNA damage, P AH metabolites 

can cause oxidative stress by undergoing redox cycling. In this situation, electrophilic 

P AH metabolites (especially quinone metabolites) are reduced by the biological 

reductants NADH and NADPH; important electron providers for the electron transport 

chain. If the redox potential permits, the reduced P AH metabolite can in tum reduce 
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another molecular species such as molecular oxygen in the cell and is in turn re-oxidized 

and hence able to be reduced a second time. Redox cycling, as it is known, can generate 

the reactive oxygen species (ROS) superoxide anion when molecular oxygen is reduced. 

Another implication of redox cycling is that only one molecule of P AH is required to 

produce many ROS molecules like the superoxide anion. The toxicological effects of 

increased oxidoreductive stress include: DNA oxidation, lipid peroxidation, protein 

oxidation, and cell signaling resulting in either apoptosis or gene expression (Boelsterli, 

2003). 

Repeated exposure to P AHs enhances the production of CYP 450 enzymes and 

thus enhances the production of toxic P AH epoxide metabolites and oxidative stress 

response (U.S. Department of Health and Human Services, 1995; Walker, 2001). In the 

final step of the biotransformation of P AHs, Phase II reactions produce a large increase in 

the hydrophilicity of the P AH metabolite to enhance its excretion. The Phase II reactions 

of P AHs involve the methylation (addition of a methyl group) to the P AH metabolite 

(Parkinson, 2001 ). 

The major concern with P AHs with regards to their toxicity is not their acute 

toxicity, but rather their subacute effects including carcinogenicity and mutagenicity. 

Nevertheless, acute doses of PARs could result in double-strand DNA breaks 

(clastogenesis) ultimately leading to disruption in vital protein formation (Parkinson, 

2001 ). Polycyclic aromatic hydrocarbons can be taken into the body through inhalation, 

skin contact, or ingestion. In humans, intestinal absorption is considered to have the 

lowest uptake efficiency of the three uptake pathways. However, for small mammals 

with fur and other adaptations to living in close proximity to the soil, P AHs uptake 
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through ingestion of contaminated plant material may pose the greater risk. The main 

routes of elimination of both P AHs and their metabolites include the hepatobiliary system 

and the GI tract (Sims and Overcash, 1983; U.S. Department of Health and Human 

Services, 1995). 

1.3.1 The Aryl Hydrocarbon Receptor 

The aryl hydrocarbon (Ah) receptor along with the Ah receptor nuclear 

translocator (Amt, a signaling protein) form the Ah receptor complex (AHRC). This 

protein complex activates nuclear signaling in mammals in response to a variety of 

ubiquitous environmental aryl compounds including 2,3, 7 ,8-tetrachlorodibenzo-p-dioxin 

(TCDD), polychlorinated biphenyls (PCBs), and PAHs. However, the endogenous ligand 

for the receptor has yet to be determined. The inactivated Ah receptor is located in the 

cytoplasm of many cell and tissue types (particularly abundant in epithelial cells) in 

association with two 90 kDa heat shock proteins (hsp90). Upon ligand activation the Ah 

receptor dissociates from the two hsp90s and translocates into the nucleus and dimerizes 

with the Amt (Boelsterli, 2003). The ligand-bound AHRC then acts as a transcription 

factor complex that binds xenobiotic response elements located proximal to the promoter 

region of specific genes that elicit a xenobiotic responses (Tscheudschilsuren, et al., 

1999; Kronenberg et al., 2000; Boelsterli, 2003). This response is usually in the form of 

enhanced transcription of the genes for specific Phase I and Phase II metabolic enzymes. 

The Ah receptor, in particular, upon ligand binding induces the Phase I enzymes CYP 

lAl, CYP 1A2, and CYP lBl (Gregus and Klassen, 2001; Roos, 2002; Boelsterli, 2003). 

Thymic atrophy, cachexia, teratogenesis (i.e. cleft palate), and hepatocarcinogenesis in 

rats are some of the other physical responses observed in response to Ah receptor 
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activation (Gregus and Klassen, 2001). Roos et al. (2002) found that CYP lAl was 

primarily induced in the duodenum and liver as a result of oral P AH ingestion in 

mini pigs, an example of the Ah receptor's tissue specificity to the gastrointestinal tract. 
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1.4 Mobilization and Toxicity of Polycyclic Aromatic 
Hydrocarbons Ingested in Food Matrices 

The oral bioavailability of a contaminant in a matrix is defined by Oomen et al. 

(2002) as the contaminant fraction that reaches systemic circulation. Oomen et al. (2002) 

assume with this definition that the toxicity of a contaminant is exerted by the parent 

compound rather than any metabolites of the compound that may be formed through 

digestion. After the ingestion of a matrix (e.g. plant tissue) and a contaminant such as 

P AHs, physical and chemical processes in the mouth, esophagus, stomach, and small 

intestine may release the contaminant from the plant tissue matrix. This is the 

bioaccessible fraction of ingested P AHs that is then free to be absorbed through the small 

intestine into either the lymph system or the blood via the portal vein, which transports 

P AH compounds into the liver. A fraction of the P AH compounds transported to the 

liver are not metabolized and re-enter the small intestine via bile where they are available 

for uptake once again. Repeated cycles of this recirculation process is known as systemic 

circulation. The bioavailable fraction (F) can therefore be described using Equation 1.1 : 

(1.1) 

Where F B is the fraction of P AH released from the matrix, FA is the fraction absorbed by 

the small intestine, and FH is the fraction passing through the liver without being 

metabolized (Oomen et al., 2002). Polycyclic aromatic hydrocarbons can also undergo 

presystemic elimination whereby they are taken up through the intestine, biotransfonned 

by the liver and then excreted back into the small intestine in the bile and eliminated as 

waste. The P AHs that do not get biotransfonned, end up in the systemic circulation and 
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can spread to other locations in the body and can result in toxicity at these locations 

(Parkinson, 2001; Oomen eta!., 2002). 

It is known from animal studies and risk assessments of contaminants that the 

bioaccessibility of P AHs depends on the matrix with which they are ingested. The matrix 

can interact with contaminants and can make them either more or less bioaccessible than 

another matrix (e.g. water versus plants). Van de Wiele et a!. (2004) states that 

desorption and complexation processes prior to intestinal uptake are not well understood. 

Both food constituents and bile can modulate the release of hydrophobic contaminants 

such as P AHs (Holman et al., 2002; Van de Wiele et al., 2004). Organic pollutants like 

P AHs experience a greater release from the matrix with an increase in hydrophobicity 

that food components give to the aqueous solution (Hack and Selenka, 1996). Oomen et 

al. (2002) suggest that bile salts largely influence the mobilization of P AHs from a soil 

matrix by forming P AH and bile salt micelle aggregates. Holman and coworkers (2002) 

concur with this theory by stating that bile salts enhance the solubility of hydrophobic 

compounds such as P AHs by lowering their surface tension to form mixed micelles. 

These micelle aggregates then merge to and are absorbed by the epithelial cells that line 

the surface of the small intestine (Holman et al., 2002). 

Van de Wiele and coworkers (2004) found that P AH release varied between 

different gastrointestinal tract compartments with the highest release of P AHs 

(naphthalene, phenanthrene, fluoranthene, benzo[ a ]anthracene, crysene, 

benzo[b ]fluoranthene, benzo[k ]fluoranthene, benzo[ a ]pyrene, indeno[ 1 ,2,3-cd]pyrene, 

and benzo[ghi]perylene) into the matrix occurring in the stomach, 0.44%, followed by the 

colon, 0.30%, and the duodenum, 0.13%. PAH concentrations in the intestinal tract are 
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greater for diets with higher liquid to solid ratios because it lowers the amount of 

dissolved and particulate organic carbon in solution. As well, they determined that bile 

salts and organic mater in the intestinal lumen have a dual effect on P AH mobilization. 

First they can increase desorption as hydrophobic contaminants more easily complex to 

bile salts in the aqueous phase. Second, bile salt complexes may be formed that decrease 

the chance of the P AH compounds from actually being absorbed through the intestinal 

wall (Van de Wiele et al., 2004). 
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1.5 In vitro Toxicity Models 

Studies of oral P AH bioaccessibility (the fraction of P AHs that are mobilized 

from food into the digestive juice) and ultimately oral PAH bioavailability (the 

contaminant fraction that reaches the systemic circulation) cannot use human subjects. 

An animal study could be developed to determine P AH bioaccessibility and toxicity but 

could potentially have problems in the application of results to humans due to 

physiological differences between humans and lab animals. 

As stated in Section 1.4, oral bioaccessibility of contaminants such as P AHs 

depends on the contaminant and the type of matrix it is ingested with. However, as 

Oomen et al. (2002) state, it is not feasible to perform in vivo studies for every type of 

contaminant/matrix combination therefore in vitro models based on the human digestive 

physiology such as the Simulated Human Intestinal Microbial Ecosystem (SHIME) are 

simple, cheap, and reproducible tools to investigate these combinations. 

1.5.1 Ingestion Models- Simulated Human Intestinal Microbial 
Ecosystem 

Simulated Human Intestinal Microbial Ecosystem (SHIME) reactor 

(LabMET/Vito, Belgium) was used as a non-ruminant, mammalian model to simulate the 

biochemical alterations that occur within an ingested matrix in the mammalian 

gastrointestinal (GI) tract. The SHIME model was first developed by Molly and 

coworkers (1993) using a five step multi-chamber reactor to simulate the microbial 

ecology of the human GI tract. The model was found to be able to simulate the abiotic 

and biotic factors that take place within in the GI tract in vivo throughout several weeks 
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of operation (Molly et al., 1993; Molly et al., 1994). Investigation of the bioaccessibility 

of contaminants such as P AHs after oral intake by in vitro digestion models such as the 

SHIME are key to determining health risks associated with contaminated environments 

(Oomen et al., 2002). 

The SHIME model is a beneficial in vitro digestion model as it is a simple, cheap, 

and reproducible. Digestion using the SHIME model can readily determine the 

bioaccessible fraction of a contaminant released from a food matrix. This bioaccessible 

contaminant fraction can then give an idea or prediction as to what the bioavailability of a 

contaminant is and therefore what effect it may yield on the body (Van de Wiele et al., 

2004). Oomen and coworkers (2002) compared five different in vitro digestion models, 

including the SHIME model, and could not conclude which of the five models yielded 

bioaccessibility data that most accurately predicted in vivo human bioaccessibility of the 

three metals arsenic, lead, and cadmium. Therefore the choice of in vitro digestion 

simulator could not· be chosen based on this parameter and rather was based on other 

parameters such as adaptability to the constraints of the present study (sample size and 

materials). 

The SHIME model is a static gastrointestinal model, meaning that movement 

through the digestive system is simulated by sequential exposure of the plant sample to 

mouth, stomach and small intestine conditions (Oomen et al., 2002). Although the 

SHIME model can be extended to include the large intestine and colon, in this study plant 

material was digested until the small intestine. The samples were extracted after the 

small intestine residence time as Roos et al. (2002) report in their study of P AH CYP 

P450 induction in minipigs that the duodenum and liver were the tissues where the 
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greatest induction of CYP 450 occurred. Roos et a!. (2002) utilized a minipig as a 

prospective animal model for human risk characterization of oral intake of P AHs. 

Holman and coworkers (2002) investigated the intestinal absorption of total petroleum 

hydrocarbons from ingested soil because of the solubilization effects of the bile salts that 

enter the small intestine from the gallbladder. They also report that the foregut portion of 

the digestive tract (oral cavity, esophagus, stomach) mainly alter the physical texture of 

the ingested matrix. While this does not influence the solubilization of total petroleum 

hydrocarbons from a soil matrix (Holman et a!., 2002); Bost and Cuchens (1986) report 

that the foregut processes do influence the solubilization and eventual absorption of 

aromatic compounds like P AHs. 

1.5.2 Toxicity Assays- The Aryl Hydrocarbon Assay 

The aryl hydrocarbon (Ah) assay uses Ah receptor activation in transgenic yeast 

as a biomarker that mimics the human Ah receptor response upon exposure to P AHs. 

The Ah receptor binds other exogenous aryl ligands such as 2,3,7,8-tetrachlorodibenzo-p

dioxin {TCDD) and polychlorinated biphenyls (PCBs) as well. Among the cascade of 

toxic responses that occurs within vertebrates resulting from the binding of such ligands 

to the Ah receptor is enzyme induction (Parkinson, 2001) (Section 1.3.1). The Ah assay 

was developed as an in vitro method to determine the toxicity (enzyme induction) of 

chemicals such as P AHs in humans. To observe this enzyme induction, the Ah yeast 

used in this assay have been modified with the LacZ gene promoter. Therefore when the 

Ah receptor in the yeast is activated, the AHRC will bind to the LacZ gene promoter and 

will produce the enzyme P-galactosidase that changes the added indicator chlorophenol 

red b-D-galatopyranoside (CPRGP) from yellow to red. This colour change can then be 
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detected over time through the use of a spectrophotometer. The length of time until a 

colour change occurs and the intensity of the colour change is indicative of the strength 

of the ligand interacting with the receptor (Miller, 1997; Miller, 1999). 

Miller ( 1997) developed an Ah receptor bioassay in yeast and used it to 

investigate the activation of transcription by indole compounds. However, early yeast Ah 

bioassays encountered technical problems such as high background Ah activity, weak 

transcriptional activation of the xenobiotic response elements by the AHRC, and 

normally potent Ah receptor agonists such as TCDD and BaP were weak ligands in yeast. 

Adaptations to the assay by Miller (1999) have improved the earlier problems 

encountered with the yeast assay and now permit the quantitative assessment of Ah 

agonists. Varying aromatic and haloaromatic Ah ligands were observed to work through 

a single binding mechanism in an additive relationship for a range of concentrations in 

the yeast bioassay. Benzo[ a ]pyrene had an EC20 response in the Ah assay of 10 nM, 

while the EC2o for the compounds TCDD and P-napthoflavone was 1 and 500 nM 

respectively (Miller, 1999). 
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1.6 Digestive System and Diet of Small Herbivores 

The SHIME model (Section 1.5.1) was used as a surrogate to help predict the 

dietary exposure of P AHs in small monogastric herbivorous mammals that would 

typically be found in the ecosystem studied. The human digestion model was used to 

represent digestion in small monogastric herbivorous mammals. To our knowledge, 

humans are the only monogastric mammals to have an in vitro digestion model 

developed. Secondly, the SHIME model used in this study has been well researched 

under a variety of dietary regimes, therefore results obtained here can be compared to 

other studies. Many of the digestive enzymes along the gastrointestinal tract are common 

amongst small mammals and humans (Jennings, 1972; Stevens, 1988). However, the 

SHIME model may underestimate the bioaccessibility of P AHs in small herbivorous 

mammals because of the adaptations that many of these animals have evolved to digest 

plant material. 

One such adaptation is coprephagy whereby a special type of feces, produced 

from the cecum (a hind-gut fermentation chamber), are reingested from the anus for a 

second pass through the digestive system (Stevens, 1988). Such process can re-expose 

the animal to any P AH compounds that were originally eliminated in the feces. The 

presence of an enlarged cecum in monogastric herbivores can also release P AHs from 

digested plant matrix and can be absorbed into the blood stream, carried to the liver, and 

subsequently bioactivated by MFO enzymes. In humans the release of P AHs from the 

ingested matrix in the colon is 0.30% (Van de Wiele et al., 2004). For small herbivorous 

mammals, the amount of PAHs liberated from the ingested matrix is likely equal to or 

larger than 0.30% because of the physiological adaptations of the cecum for a 
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herbivourous diet. In addition, the microflora present in the human colon and the 

herbivore cecum, can hydroxylate P AHs in the ingested matrix directly resulting in local 

toxic effects to the colon or cecum (Van de Wiele et al., 2004). 

There are a variety of monogastric herbivores that inhabit northern ecosystems. 

These species could include: meadow vole (Microtus pennsylvanicus ), tundra vole 

(Microtus oeconomus), northern red-backed vole (Clethrionomys rutilus), yellow

cheeked vole (Microtus xanthognathus ), brown lemming (Lemmus sibiricus ), common 

porcupine (Erethizon dorsatum ), snowshoe hare (Lepus american us), and arctic ground 

squirrel (Spermophilus parryii) (Whitaker, 1998). 

Of the monogastric herbivores that would likely inhabit the sites used in this study, 

the meadow vole (Microtus pennsylvanicus) was used as a representative species for 

exposure quantification. The anatomical similarities and differences between the human 

GI tract and the meadow vole GI tract are displayed in Figure 1.3. The meadow vole was 

used because there is a large background of biological data available for this species 

(EPA, 1993 ). Similar to humans, the meadow vole's diet is highly variable. It is 

comprised of a variety of green succulent vegetation (flowers, leaves, and stalk), sedges, 

seeds, roots, and bark. When green vegetation is scarce, fungi, insects, and animal matter 

are also consumed. The major difference between GI tract of the meadow vole and 

humans is that meadow voles have the ability to digest fibrous plant material (EPA, 

1993). 

24 



a) 
G I tract of a vole (Microtus pennsylvanicus) 
Body Length: 12 em 

stomach 

b) 
Gl tract of a human (Homo sapiens) 
Body Length: 180 em 

Figure 1.3: Comparison of the gastrointestinal tracts of a a) meadow vole and b) 
adult human (adapted from Stevens, 1988). 
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2.0 Study Rationale 

To our knowledge there have been no studies assessing the exposure and toxicity 

of P AHs from ingesting arctic plants. This study assessed total oral P AH exposure from 

plants by including the P AHs that adhere to the leaves from soil particles transferred to 

vegetation by wind and rain splatter and P AHs that adhere to leaves from atmospheric 

deposition. We hypothesize that there may be both cellular and morphological aspects of 

plant species as well as plant associations (vegetation communities) that could influence 

P AH toxicity. For example, differences in leaf surface area or leaf form may alter the 

amount of P AHs adhering to the plant by atmospheric deposition. As well, plants with a 

growth habit closer to the soil surface will inherently have more P AH -contaminated soil 

particles present on them than a tall plant with fewer leaves with lower soil contact. 

Therefore the two main questions to be answered in this study are: 

(1) Are the P AHs in plants exposed to P AH contamination released during 

digestion? 

(2) Is the risk of bioaccessible P AH compounds in ingested plant material grown 

in P AH contaminated soil dependent on plant species? 

Herbivores ingesting plants exposed to P AH contaminated soil could be exposed to either 

higher or lower toxicity risks depending on the major plant species comprising their diet. 

Digestion of plant material will be incorporated into this study using an in vitro digestion 

model (SHIME, Section 1.5.1). This model was chosen because of its ability to be scaled 

down for small sample sizes and its incorporation of both the chemical and enzymatic 

processes that take place in the gastrointestinal system. 
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Arctic plants were investigated because their growth and physiology differ from 

temperate plants. Arctic plants have dwarf growing habit (closer soil contact and hence 

greater soil exposure), shorter growing season, evergreen leaves, and stunted root system 

due to growth on the permafrost layer. There is also a threat of increasing P AH exposure 

in the region studied as further fossil fuel resource development occurs in the Mackenzie 

River Delta and Beaufort Sea region in the Western Canadian Arctic. Furthermore, 

understanding arctic plant interactions with P AHs will help us evalute the risk associated 

with P AH presence in pristine arctic environments (Halsall et al., 1997; Macdonald et al., 

2000; Halsall et al., 2001; Slater et al., 2002). 
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3.0 Hypotheses and Objectives 

3.1 Hypothesis 

Plants grown in a P AH contaminated environment have more P AHs accumulated 

in their tissue than plants grown in a non-contaminated environment. This study 

predicts that the P AHs present in plant tissue are bioaccessible during digestion and 

that the amount ofbioaccessible PARs present in plant tissue is species specific. 

3.2 Objectives 

(1) To determine if plants samples collected from a P AH contaminated environment 

and a reference site in the sub arctic environment have differences in 

bioaccessible P AH content using in vitro techniques (human digestion simulator 

(SHIME) and the Ah assay). 

(2) To determine whether species of plant affects the Ah assay detection of P AHs in 

spiked samples. 

(3) To determine if ingested PAH bioaccessibility is correlated with physiochemical 

plant characteristics. 
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4.0 Materials and Methods 

4.1 Field Study Site Description 

We collected six arctic/sub-arctic plant species growing on a petroleum impacted 

site and a reference site. The impacted site is located approximately 6 km southeast of the 

Town of Inuvik, off the Dempster Highway in the Northwest Territories, in the Canadian 

Arctic. The site is located on Shell Lake, a small lake used for several floatplane 

operations and is operated by the Government of Northwest Territories of Department of 

Resources, Wildlife and Economic Development (RWED) Forestry Station. The station 

serves as a forest fire training center as well as a refueling depot for forestry service 

floatplanes and helicopters. On the site there are four helicopter landing pads, a large 

aboveground fuel storage tank (AGFST), and several 151.4 L fuel drums (Figure 4.4). 

Over the years there have been several small to medium sized spills and fuel fires on the 

shore of Shell Lake. In addition, fuel lines are cleaned periodically on the site (Lewis 

pers. comm., 2003; Devine pers. comm., 2003; Government of the Northwest Territories, 

2003). Four 3 m x 3 m sub plots were chosen on the site in locations with reported fuel 

contamination or likely exposure (e.g. downslope of fuel drums or AGFST) (Figures 4.1-

4.4). Sub plots were also chosen based on the presence of the six desired plant species to 

be tested (Section 4.2, Figure 4.1 0). The four impacted sub plots were located at the GPS 

points listed in (Table 4.1) (points were taken in the approximate center of the plot). 
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Figure 4.1: Impacted Site- Sub Plot 1. 

Figure 4.2: Impacted Site - Sub Plot 2. 
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Figure 4.3: Impacted Site - Sub Plot 3. 

Figure 4.4: Impacted Site - Sub Plot 4. There is an aboveground fuel storage tank 
(AGFST) visible in the distance. 
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Table 4.1: Global positioning system (GPS) coordinates for the four sub plots located 
h . d . on t e tmpacte stte. 

Impacted Sub Plots GPS Coordinates 
Sub Plot 1 OSW: 0556221 UTM: 7579702 
Sub Plot 2 OSW: 0556210 UTM: 7579700 
Sub Plot 3 OSW: 0556158 UTM: 7579723 
Sub Plot 4 OSW: 0556160 UTM: 7579745 

The reference site is located beside a small undeveloped lake off the Dempster 

Highway 9 km further south from the impacted site (15 km south east of the Town of 

Inuvik, NWT) (Figure 4.5). The reference site and the four 3 m x 3 m sub plots were 

chosen based on their similarity to the impacted site (vegetation type and proximity to 

Figure 4.5: Aerial view of the lake (during spring ice melt June 6, 2003) where the 
reference site was located beside. The Dempster Highway runs along the southern edge 
of the lake. Approximate locations of the reference site sub plots are indicated by an S 
along with the associated sub plot number. 

a water body) as well as its ease of access (Figures 4.6 - 4.9). The sub plots were all 

located approximately 100 m in from the Dempster Highway on the side of the lake away 

from the highway to minimize exposure of the site to dust drift from the highway (Figure 
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4.5) (Nam et al., 2003). The four contaminated sub plots were located at the GPS points 

listed in Table 4.2 (points were taken in the approximate center of the plot). 

Table 4.2: Global positioning system (GPS) coordinates for the four sub plots located on 
the reference site. 

Reference Sub Plots GPS Coordinates 
Sub Plot 1 OSW: 0565317 UTM: 7579025 
Sub Plot 2 OSW: 0565282 UTM: 7579053 
Sub Plot 3 OSW: 0565276 UTM: 7579061 
Sub Plot 4 OSW: 0565330 UTM: 7579032 

Figure 4.6: Reference Site- Sub Plot 1. 
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Figure 4.7: Reference Site- Sub Plot 2. 

Figure 4.8: Reference Site- Sub Plot 3. 
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Figure 4.9: Reference Site- Sub Plot 4. 
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4.2 Selection and Collection of Circumpolar Plant Species 

The six plant species that were chosen for this field study included: black spruce 

(Picea mariana); labrador tea (Ledum groenlandicum); bog birch (Betula glandulosa); 

green alder (Alnus crispa); water sedge (Carex aquatilis); and little-tree willow (Salix 

arbusculoides) (Figure 4.10). These species were chosen for the following three reasons: 

(1) their ubiquitous growth in the Mackenzie River Delta region and presence on the 

Figure 4.10: The six circumpolar plant species used in the present study. 
Clockwise from top left: black spruce (Picea mariana), labrador tea (Ledum 
groenlandicum), water sedge (Carex aquatilits), little-tree willow (Salix 
arbusculoides), bog birch (Betula glandulosa), green alder (Alnus crispa). 
(Photos used with permission. Green Alder copyright 2002 E. Rooks). 

impacted site; (2) their importance in the diet of wildlife as well as the native peoples in 

the region (Gwich'in, Inuvialuit, Dene, and Metis) (Johnson et al., 1995; Andre and Fehr, 
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2000); and finally (3) the morphological differences between species (Johnson et al., 

1995). 

Approximately 3 to 4 g sample each of new and old growth plant tissue was 

collected between June 17 and 20, 2003. Where possible, composite samples were 

collected of several (usually 2- 4) individual plants of the same species on each sub plot. 

Composite samples were not possible on only few subplots where only one individual 

plant of a particular species was present. Only plant leaves were included as a part of the 

sample and all plant leaves were collected within 50 em of the ground. New growth was 

considered to be growth from the present season, while as old growth was considered to 

be either live or dead plant growth from the previous season's growth. Availability of 

living old growth tissue was species dependent and collected from black spruce and 

labrador tea. The remaining four species (bog birch, green alder, water sedge, and 

willow) had dead tissue for old growth remaining on the plant from the previous growing 

season. For species where dry dead tissue was collected as old growth, the weight 

digested (Section 4.4) was determined by subtracting the percentage of moisture for that 

species from the weight used for new growth samples (0.75 g) values (Section 4.3). 

Samples were collected using methanol-rinsed secateurs and placed in 10 em x 20 

em, aluminum foil lined polyethylene sample bags. Prior to use, aluminum foil bag liners 

were baked at 400°C for four hours to remove any residual P AHs. Plant samples were 

stored at -20°C until analysis. 
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4.3 Physiochemical Plant Analysis 

4.3.1 Percent Moisture Content 

Percent moisture was determined in new growth of plant samples representing 

each site and species. Percent moisture was determined so that when digesting dried old 

growth (Section 5.4), the weight of equivalent sample required for digestion could be 

calculated. The percent moisture was determined by pre-weighing a plant sample on an 

aluminum weigh dish, drying in an oven at 95°C for 24 hours, and then re-weighing the 

sample. The difference in sample weight over the original wet weight of the plant sample 

multiplied by 100% was equal to the percent moisture. 

4.3.2 Percent Lipid Content 

The percent lipid content was determined so that bioaccessible P AH 

concentrations in the plant samples could be lipid-normalized (Section 5.6.2). The lipid 

content was determined following the methods outlined by Simonich and Hites (1994). 

Frozen plant samples for each of the six species studied from sub plot 1 in both the 

contaminated and reference sites were used for lipid analysis. The frozen plant leaf tissue 

was thawed and weighed on a pre-weighed aluminum weigh dish. The plant samples 

were then placed in a drying oven at 95°C for 24 hours and reweighed. The difference in 

weights was the amount of moisture lost from the leaf and was then calculated as a 

percentage of the original wet weight of the plant tissue. To determine the lipid content 

of the plant leaves, the dried plant tissue left over from the moisture analysis were broken 

up with a stainless steel scupula and added to a 150 mL glass schott bottle. A 1 : 1 

solution of hexane and acetone (100 mL) was then added to the bottle, which was loosely 
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capped and then sonicated for one hour. The solvent was decanted into a pre-weighed 

aluminum plate and allowed to evaporate in a fume hood. Another 100 mL of the 50:50 

hexane and acetone solution was added to the plant sample in the schott bottle and 

allowed to soak for 16 hours and then sonicated again for another hour. The solvent was 

decanted again into the aluminum plates that the first set of solvent was decanted into. 

The solvent was again allowed to evaporate in a fumehood and once dried, the plates 

were reweighed. The difference in weight of the lipid coated plate and the cleaned plate 

was considered to be the weight of the plant lipids and then this weight was divided by 

the original sample wet weight to determine the percent lipids. 

4.3.3 Cuticle Thickness 

The cuticle thickness was determined from a thin cross section of a frozen plant 

leaves. The cross sections of plant leaves were prepared using a scalpel under a 

dissecting scope and transferred to a glass slide using a small wetted paintbrush. Excess 

water was removed from the slide using a tissue and a few drops of Sudan IV lipid stain 

was placed on the slide over the over the cross sections. After a few minutes the excess 

dye was removed using a tissue and a few drops of 30% glycerol was added over the 

sections to prevent desiccation. Finally a coverslip was placed over the sections. Using a 

light microscope fitted with an ocular monocrometer in the microscope eyepiece the 

thickness of the cuticle (stained orange) was determined by a number of divisions in the 

monocrometer. The monocrometer divisions were calibrated using a stage monocrometer 

of known width (Bradbury, 1991 ). One division of the monocrometer was equivalent to 

0.475 Jllll. The thickness was averaged from five leaves of each plant species tested 
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from one sub plot in both the contaminated and reference site. Correlation analysis was 

carried out to determine if cuticle thickness relates to BaP equivalent toxicity. 

4.3.4 Leaf Surface Area 

Leaf surface area was determined from five randomly chosen plant leaves for 

each species in both the contaminated and reference sites. The approximate surface area 

of the leaves was determined by tracing the leaves onto mm x mm graph paper which was 

then counted to get the area in mm2 this number was then doubled to account for both 

sides of the leaf. The final leaf area measurement was determined from an average of 

five randomly chosen leaves from each species. 
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4.4 Plant Digestion - Simulated Human Intestinal Microbial 
Ecosystem 

4.4.1 Sample Preparation 

Each frozen plant sample was thawed, and then finely chopped up with a 

methanol-rinsed scalpel. Samples (0. 75 g) were processed further by diluting one part 

sample in 10 parts MilliQ water (deionized and ultrafiltered water) (7.5 mL) and chopped 

into well-mixed slurry (Van de Wiele pers. comm., 2002). 

4.4.2 Digestion (SHIME) 

For each SHIME digestion 50 mL glass erlenmeyer flasks were used as the 

digestion flask. The ratio of stomach solution (a prepared solution having a similar 

chemical and enzymatic make up and pH level as human gastric juice) to small intestine 

solution (a prepared solution having a similar chemical and enzymatic make up and pH 

level as human pancreatic and intestinal juices and bile) used was 2:1 and the liquid to 

solid ratio (SHIME solution to sample) used was 20:1. A sample of0.75 g (in 7.5 mL of 

water) was used for each digestion along with 10 mL of stomach and 5 mL of small 

intestine solution (see Appendix A for suppliers and lot numbers for all chemicals and 

materials used in this procedure). To prepare 500 mL of stomach solution, 5.01 g 

KHC03 and 2.92 g of NaCl was added to a 1 L Pyrex™ glass screw top bottle. The 

following SHIME nutrients: 0.5 g arabinogalactan, 1.0 g pectin, 0.5 g xylan, 1.5 g potato 

starch, 0.2 g glucose, 1.5 g yeast extract, 1.5 g pepton, 2.0 g mucin, 0.25 g cystein were 

also added to the bottle. Subsequently 500 mL of tap water was added to the bottle and 

stirred with a magnetic stir bar until mixed. The stomach solution was then brought 
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down to a pH of 1.5 by drop-wise addition of concentrated HCl observing the pH change 

with a pH meter electrode inserted in the stomach solution glass bottle, which was stirred 

with a magnetic stir bar. The final stomach solution was then autoclaved and then placed 

in an anaerobic chamber to remove any oxygen from the solution. 

The small intestine solution was prepared in 250 mL batches by adding 6.0 g of 

oxgall and 3.2 g ofNaHC03 to a 500 mL Pyrex™ screw top glass bottle along with 250 

mL of tap water. The small intestine solution was then stirred with a magnetic sir bar and 

then sterilized in the autoclave. After removal from the autoclave the small intestine 

solution was cooled in the anaerobic chamber to remove any oxygen from the solution 

(approximately 5 hours). Both the stomach and small intestine solutions were stored at 

room temperature in the anaerobic chamber until use. Solutions could be stored for up to 

a month prior to use. 

Plant material was digested in autoclaved 50 mL erlenmeyer flasks (Figures 4.11 

and 4.13) and a final volume of 22.5 mL (7.5 mL water, 10 mL stomach solution 

followed by 5 mL small intestine solution). A 0.75 g sample of plant material was used 

in each digestion since the optimal digestion occurs with a liquid (digestive fluids) to 

solid (plant sample) of 1:20 (Van de Wiele pers. comm., 2002). After the plant samples 

were prepared, the remainder of the SHIME digestion preparation occurred in an 

anaerobic chamber (Figure 4.11 ). First 10 mL of stomach solution was added to the 

digestion flask using a pipette. The digestive enzyme pepsin was then added to the flask 

at an amount of 0.2 mg per SHIME. To ease in dispensing the pepsin, the powdered 

pepsin was dissolved in a 40% glycerol solution (500 mg pepsin plus 15 mL of glycerol). 
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As a result, 3 p,L of pepsin/glycerin solution was added to each digestion flask using a 

micropipette. Glycerol was used to dissolve the powdered enzyme as it prevents the 

Figure 4.11: Adding plant material to the batch simulated human intestinal microbial 
ecosystem digestion flask within the anaerobic chamber. 

formation of damaging ice crystals while the enzyme is stored in the freezer. After the 

addition of the stomach enzyme, the plant sample was added to the solution, stirred, and 

capped with a rubber stopper. Rubber stoppers were covered with tape to prevent it from 

popping off during digestion due to gas generation within the flask. The gas produced in 

the flask is due to the exothermic reactions of the strong acid with plant material. The 

flasks were also covered with aluminum foil to prevent photolysis of any PAHs and then 

shaken for 2 hours at 150 rpm in an incubated shaker set at 37°C (Figure 4.12). 
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Figure 4.12: Simulated human intestinal microbial ecosystem digestion flasks 
incubating at 37°C and 150 rpm. 

Following incubation in the stomach digestion compartment, the digestion flask 

was placed back into the anaerobic chamber where 10 mL of small intestine stock 

solution was added. A 13.5 mg of pancreatin enzyme was then added to the digestion 

flask. Pancreatin is a mixture of enzymes secreated by the pancrease into the intestine for 

the purpose of digesting food. The enzymes found in pancreatin include enzymes that 

break down protein such as proteases, lipases which dissolve lipids, and enzymes that 

break down charbohydrates such as amylase. To ease in dispensing the pancreatin, the 

powdered pancreatin was dissolved in a 40% glycerol solution (0.9 g porcine pancreatin 

and 10 mL glycerol). Thus 150 J.LL of pancreatin/glycerol solution was added to each 

SHIME digestion using a micropipette. After the addition of the small intestine enzymes, 

the digestion flask was re-covered with a rubber stopper and aluminum foil and placed 

back in the incubator at 37°C and stirred at 150 rpm for 5 hours. Figure 4.13 shows what 
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the digested plant matrix looks like after digestion is completed at the end of the small 

intestine incubation period. 

Figure 4.13: Plant material in the simulated human intestinal microbial ecosystem 
digestion flasks post digestion. Samples from left to right (all old growth plant material 
and from sub plot 3: black spruce reference and impacted sites, labrador tea reference 
and impacted sites, and bog birch reference and impacted sites. 
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4.5 Solid Phase Extraction of Polycyclic Aromatic 
Hydrocarbons from the Digested Plant Matrix 

Bioaccessible P AH compounds were extracted from the digested plant matrix 

using Solid Phase Extraction (SPE). The SPE cartridge columns, packed with Cts 

(octadecyl) packing material and conditioned with methanol, were used to recover 

bioaccessible P AHs from the SHIME matrix (see Appendix A for suppliers and lot 

numbers for all chemicals and materials used in this procedure). Reilley et al. (1996) 

report a recovery efficiency of 93 - 98% of P AHs using this method. The recovery 

efficiency obtained in this study is reported in Section 5.1.1 Methanol was the solvent 

used to elute the P AH compounds from the SPE C18 column as it did not interfere with 

the Ah yeast in the Ah bioassay (Section 4.6). 

The SPE columns used for the P AH extraction are 12 mL in volume and contain 2 

g of Cts packing material. A vacuum manifold was used to aid in drawing the sample 

through the columns. Prior to extraction, the columns were activated by passing 12 mL 

(approximately one column aliquot) of methanol drip-wise through the column, stopping 

the fluid prior to falling below the column packing. For the final step in the column 

activation, 12 mL ofMilliQ water was passed through the column drip-wise. After which 

the entire sample was then passed· through the column drip-wise. One additional aliquot 

(---12 mL) of MilliQ water was then passed through the column to rinse the packing 

material of any remaining SHIME matrix. The retained P AH sample was then eluted 

from the SPE column into a methanol rinsed, 40 mL amber, screw-top vial. A 40 mL of 

methanol was used as the eluent. The digested plant extracts were stored under 
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refrigeration at 4°C until analysis for toxicity using the Ah assay or for analytical analysis 

of the P AH concentration using GC-MS. 
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4.6 Toxicity Testing of Polycyclic Aromatic Hydrocarbons using 
the Aryl Hydrocarbon Receptor Assay 

4.6.1 Stock Solution Preparation 

Table 4.3 outlines the solutions required for the preparation of the Ah assay (see 

Appendix A for suppliers and lot numbers for all chemicals and materials used in this 

procedure). To aid dissolving, some of the solutions were sonicated for 15 minutes. 

Stock Solutions # 8 - 10 were autoclaved and stored at room temperature and Stock 

Solutions # 11 - 13 were stored under refrigeration. 

4.6.2 Growing the Yeast Culture 

Yeast (Saccharomyces cerevisiae) genetically modified to contain the human aryl 

hydrocarbon receptor (Ah receptor) was originally obtained from Charles Miller 

(Department of Environmental Health Science, Tulane University, New Orleans, USA) 

and was generously donated by Tom Van de Wiele (LabMET, Ghent University, Ghent, 

Belgium). The Ah yeast were cultured under sterile conditions as the Ah receptor assay 

is sensitive to contamination as a result all aspects of yeast culturing were carried out 

within a biosafety hood with autoclaved materials. To culture the Ah yeast, 45 mL of 

minimal medium and 5 mL of the glucose stock solution (stock solution #10, Table 4) 

was added to a sterile 100 mL erlenmeyer flask. In between additions to the flask the top 

of the flask was passed through the bunsen burner flame as well as the top of the schott 

flasks containing the minimal medium and glucose solution to sterilize. The Ah yeast 

were thawed from -80°C freezer whereby the cryovial was vortexed to re-suspend the 
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yeast in the glycerol solution. With autoclaved micropette tips 250 J..LL of the yeast 

suspension was extracted from the cryovial and added to the erlenmeyer flask containing 

Table 4.3: Stock solutions required for the preparation of the aryl hydrocarbon assay. 

Solution# Stock Name Chemicals Flask 
1 Yeast Nitrogen 1.7 g yeast nitrogen base 1 00 mL volumetric + 

Base 5.0 g ammonium sulphate MilliQ H20 
2 L-Histidine 0.1 g L-histidine 100 mL volumetric + 

MilliQ H20 
3 L-Leucine 0.1 g L-leucine 100 mL volumetric + 

MilliQ H20 
4 0.1 NNaOH 2.0 g NaOH pellets 1 L erlenmeyer + 

500 mL MilliQ H20 
5 Adenine 0.1 g adenine 100 mL volumetric + 

10 mL Stock # 4 + 
MilliQ H20 

6 Uracil 0.1 g uracil 100 mL volumetric + 
10 mL Stock # 4 + 
MilliQ H20 

7 Phosphate Buffer 13.6 g KH2P04 100 mL volumetric + 
4.2 gKOH MilliQ H20 

8 Minimal Medium 10 mL each of 150 mL Schott + 
Stock Solutions# 1-3 & 5-7 30 mL MilliQ H20 

9 Galactose 20 g galactose 150 mL Schott + 
100 mL MilliQ H20 

10 Glucose 20 g glucose 150 mL Schott + 
100 mL MilliQ H20 

11 CPRGP dye 0.05 g chlorophenol red b- screw-top test tube + 
D-galactopyranoside 10 mL MilliQ H20 
(CPRGP) 

12 Cyclohexamide 0.2 g cycloheximide screw-top test tube + 
10 mL ethanol (95%) 

13 ~-galactosidase 4.0 mL (#8) Screw-top test tube 
stock 1.0 mL (#12) 400 J.LL (#11) 

the minimal medium and glucose solution. The flask was plugged with a foam stopper 

and then covered with aluminum foil. The yeast was cultured for 60 hours at a moderate 

speed on an orbital shaker (at approximately 30 rpm) between 28°C and 32°C. 
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After the yeast had cultured in glucose it was cultured in galactose. Minimal 

medium ( 45 mL) and 5 mL of galactose stock solution (stock solution #9, Table 4.3) was 

added to an autoclaved 1 OOmL elenmeyer flask using glass 10 mL pipettes. Then 500 ~L 

of the glucose Ah yeast culture was added to the erlenmeyer flask with the galactose and 

minimal medium culture solution using sterilized micropipette tips. The flask was 

plugged with a foam stopper, covered with aluminum foil, and cultured for 24 hours 

under the same growth conditions applied to the earlier glucose culture. 

Once the yeast had cultured in galactose the optical density of the culture solution 

was analyzed using a spectrophotometer (at 630 nm) and diluted (if necessary) until the 

solution was at an optical density of 0.2. If dilution was necessary, the culture was 

diluted in the same proportions of minimal medium to galactose that were used in the 

original galactose culture solution. As well, the same sterilization procedures used for 

the glucose culture were for the galactose culture. 

4.6.3 Multi-well Plate Phase 

Both phases of the plate component of the Ah assay took place within a biosafety 

hood to prevent contamination, as well; autoclaved pipette tips were used throughout the 

entire assay. Three sterilized 96 -well (8 x 12) polystyrene tissue culture plates were 

used for this portion of the assay; they are identified as the (1) Chemical Plate; (2) Yeast 

Plate; (3) P-galactosidase plate. Each plate contained two samples and their blanks. For 

each yeast culture, four plates were run at a time to facilitate 7 samples and 1 BaP 

standard. A typical plate layout is schematically shown in Figure 4.14. 

50 



1 2 3 4 5 6 7 8 9 10 11 12 
A 

jhlank-1 
B 
c Samnle 1 r-1 

r-2 
D I r-3 

0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 

E ~lank-2 
F r-1 
G 

Sample 2 r-2 
H I r-3 

0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 

Figure 4.14: Schematic diagram of the sample and blank locations on a typical 
aryl hydrocarbon (Ah) assay 96-well plate. R-1 to r-3 represents the three 
individual Ah assay replicates of the digested plant extract sample (Sample 1 & 
Sample 2). Blank-1 and blank-2 are yeast blanks with dimethyl sulphoxide 
carrier but with no added plant extract. The blanks are used to correct for 
background P-galactosidase activity in the yeast by subtracting the response in 
the blanks from the response in the wells exposed to test samples. 

4.6.4 Chemical Plate 

The test chemicals (samples) were added to the chemical plate. In all wells 

(except for the first column) 100 J,tL of dimethyl sulphoxide (DMSO) was added using a 

multi-channel micropipette. In column one a 200 J.!L of sample was added into each of 

the three sample replicate wells for Sample 1 and then the same process was repeated for 

Sample 2 (Figure 4.14). Rows A & E of the 96-well plate contained no sample and were 

used for blanks to correct for background p-galactosidase activity in the yeast by 

subtracting the response in the blanks from the response in the wells exposed to test 

samples (Figure 4.14). A multi-channel micropipette was used to transfer 100 J.!L of the 

contents of column 1 to column 2 (therefore the dilution in column 2 is 2x). The samples 

were mixed in the individual wells with the DMSO by gently pumping the contents of the 

well up and down in the multi-channel micropipette. The pipette tips were removed to 

prevent chemical carryover and replaced with new sterile tips. This process was then 
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repeated between column 2 and 3 and then the procedure was repeated for the entire plate 

except for the last column (column 12), which was the control. In total for the chemical 

plate there is a 1 Ox dilution 210 
= 1240 dilution in column 11 ( 1 ppm in the 1st column - 1 

ppb in the 11th column). The chemical plate was covered with parafilm and aluminum 

foil to prevent evaporation and photodegredation of P AHs until use. 

4.6.5 Yeast Plate 

Five J!L from the last column (column 12) of the chemical plate was transferred to 

the last column of the yeast plate. This process was repeated for the remaining columns 

from column 12 to column 1 (e.g. transfer column 11 chemical plate to column 11 yeast 

plate etc.). The same multi-channel pipette tips were used for this process as the transfer 

was going from low to high concentration on the chemical plate. A 245 J!L of yeast 

culture (at 0.2 optical density) was added to each well. The same micropipette tips were 

used for the yeast addition as long as they did not touch the chemicals in the wells. The 

yeast plate was covered with parafilm and then covered with aluminum foil and 

incubated for 24 hours at 32°C. 

4.6.6 B-Galactosidase Plate 

The ~-galactosidase stock solution (Stock Solution #13, Table 4.3) was sterilized 

by using a syringe and passing the stock solution through a 0.22 J!ffi disk filter cartridge. 

Using multi-channel micropipette, 20 J!L of ~-galactosidase stock solution filtrate was 

added to each well of the ~-galactosidase plate. The contents of the wells in the yeast 

plate were re-suspended by gently pumping the solution in the wells up and down with a 

multi-channel micropipette. From the yeast plate 80 J..LL was then transferred to the ~-
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galactosidase plate from the highest dilution (column 12) to lowest dilution (column 1) 

while avoiding to let the pipette tips touch the filtrate in the wells of the ~-galactosidase 

plate (Figure 15). The plate was then placed in the 37°C incubator for two hours after 

Figure 4.15: Transferring chemical exposed aryl hydrocarbon yeast from the yeast plate 
to the ~ - galactosidase plate containing the chlorophenol red b-D-galactopyranoside dye 
(Stock Solution # 13, Table 4.3) 

which the optical density (using a multi-well plate spectrophotometer) was determined. 

Optical density was read in the spectrophotometer at 540 nm (red colour indicating 

amount of enzyme product produced) and 630 nm (yellow colour indicating density and 

growth of the yeast). The optical densities were recorded after two hours until an 

appropriate dose-response curve was obtained (Figures 4.16 and 4.17). 
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Figure 4.16: Example of a ~-galactosidase plate after incubation for 2 hours at 37°C. 
Contamination is visible in cell A12, and control rows A and E have remained 
yellow. Both samples are of bog birch the top sample is from the reference site and 
the lower sample is from the impacted site. 
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4.6.7 Determining Benzo[a]Pyrene Equivalent Concentration 

Using a BaP standard, a calibration curve was created (n = 7) using the corrected 

absorbance (net response) (Y, Equation 4.1) and BaP concentration. 

(4.1) 

y = As4o (X)- As4o (blank) 
A63o A63o 

Where X is the absorbance of the unknown sample and blank refers to the average 

absorbance readings for the two rows with no added chemical (yeast only). As4o and A63o 

are the absorbances for a sample at the wavelengths 540 nm and 630 nm respectively. 

From the BaP standard, a dose-response curve was generated by fitting a four-parameter 

logistic model based on the Marquardt-Levenberg algorithm (SigmaPlot 8.0, SPSS Inc., 

2002) (Equation 4.2, Figure 5.1) to the plot of BaP concentration versus corrected 

response (Y) determined using Equation 4.1. 

(4.2) 

Y 
. max-min 

=mtn+ . 1 + 1 Q(LogEC50 -X)hillslope 

Where Y is the corrected response (net response), X is the BaP equivalent concentration, 

max is the plateau of the curve, min is the baseline, EC50 is the transition center of the 

curve and equal to the BaP equivalent concentration that results in a 50% Ah receptor 

activation (and hence bioavailability of P AH), and hills lope is the slope of the curve at 

the transition center (Muthumbi et al., 2003). 

The BaP equivalent concentration of the unknown digested plant extracts was 

determined by first plotting the net response of the unknown samples determined using 
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Equation 4.1 versus the equivalent dilution factor and fitting Equation 4.2 to the plot 

using SigmaPlot. From this dose response curve the max net response of the sample 

could be determined using Equation 4.2. The BaP equivalent concentration (C) is then 

determined by solving equation 4.3: 

C = X (MaxSpike) 
y 

(4.3) 

Where X is the max net response of the unknown sample determined using 

Equation 4.2, Y is the max net response of the BaP standard determined using Equation 

4.2, and MaxSpike is the nominal concentration of the BaP standard yielding the 

maximum Ah response (1.01 x 10-5 g mL-1
). 

The concentration (C) determined for an unknown sample using Equation 4.3 

was then converted to mg BaP g-1 wet weight plant tissue units (K) using equation 4.4. 

K = (C)( 40000mL) 
(0.75g) 

(4.4) 

The BaP equivalent concentration was divided by 0.75 g to determine the BaP equivalent 

concentration per gram of wet weight plant tissue and multiplied by 40 000 mL (to 

account for the 40 mL of the digested plant extract and by 1000 to convert from g BaP 

mgBaP). 
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4.6.8 Modifications of the Aryl Hydrocarbon Assay to 
Investigate Antagonism in Digested Plant Extracts 

Aryl hydrocarbon assays were carried out in a similar fashion to the methodology 

presented earlier in Section 4.6. However, the following changes were made in the 

chemical plate composition (Section 4.6.4). First, for the preparation of the chemical 

plate in the first column, 160 ~L of digested plant extract was added instead of 200 ~L to 

the plate and then diluted in series throughout the remainder of the columns. Next, 20 ~L 

of BaP standard at the EC50 concentration determined for the Ah assay with BaP (1000 

ng mL-I, Section 5.2) was added to every well except in rows A and E which were 

maintained as chemical blanks to determine background Ah activity in the yeast. The Ah 

antagonist and agonist experiments were carried out on samples from the reference site, 

for all sub plots, growth types, and species. 

The log equivalent concentration of plant extract versus BaP equivalent amount in 

milligrams was plotted. To determine if the concentration of the plant extract used in the 

Ah assay related to the resulting increase or decrease in Ah response, the correlation 

coefficient r (square root of~) was tested by comparing to the critical value ro.os(2),n-2 for 

n = 11, where 11 concentrations of each plant extract were tested. The null hypothesis 

(Ho: p = 0) was rejected and correlation was considered significant if the value of r was 

greater than 0.606 (Table B.l7, Zar, 1999). 
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4. 7 Collection and Analysis of Soil and Snow Samples 

4. 7.1 Soil Samples 

Approximately 250 mL sample was collected from the Of soil horizon from a 

random location within each sub plot on both sites. A methanol-rinsed aluminum hand 

shovel was used to collect the soil sample and the sample was placed in a 250 mL amber 

glass ultra clean screw top sample jar. A second sample of the Om soil horizon was 

collected from the hole dug for the first Of horizon sample, where possible (in some 

subplots, the Om horizon was still frozen or permafrost), using the same sample jars and 

procedure used for the Ofhorizon sample. The samples, once collected, were frozen at -

20°C to preserve the sample until P AH analysis, which took place July 2004. 

A solvent and mechanical shaking method was used to extract P AHs from soil 

samples for analytical analysis using gas chromatography mass spectrometry (GC-MS). 

The extraction method used was adapted from a similar technique developed by Schwab 

and coworkers (1999) to analyze petroleum hydrocarbons and PAHs in soil. Field moist 

soil (2 g) was added to a 40 mL amber glass vial with a teflon screw cap. Sodium 

sulphate (Na2S04) was then added to the sample vial until the soil sample was uniform 

and granular in texture (approximately 2-4 g). The Na2S04 was added to remove water 

from the soil sample. A 10 mL volume of a 50:50 hexanes and acetone solvent mixture 

was then added to the vial (except for a few samples where the soil texture was bulky and 

15 mL of solvent was required to cover the sample). The sample and solvent was then 

shaken by hand for five minutes and then ultrasonicated for a further five minutes. A 2.5 

mL aliquot of the solvent was taken from the sample vial and added to a smaller vial and 
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was brought down to approximately 500 J.lL under heat (37°C) and a gentle nitrogen 

stream. Toluene was added to the sample to return the sample volume back up to 2.5 mL. 

A small aliquot was taken from this final sample extract and placed in an amber glass GC 

vial for GC-MS analysis. The soil samples were analyzed for PAHs using the GC-MS 

method outlined in Section 4.8. 

The P AH concentration in the soil from the four sub plots on the impacted site 

will be compared to the P AH concentration found in the soil from the four sub plots on 

the reference site to determine if the P AH concentration in the soil differs between the 

two sites. A statistical test was used to determine whether this difference was significant. 

The concentration in the soil was also be compared to that found in the plants and snow 

to determine if the soil is a major vector of P AHs into the plants of the sites. 

4. 7.2 Snow Samples 

Snow samples from the impacted and reference site were taken on May 25, 2003. 

For each site one sample was taken in the approximate location of each of the four 

subplots to be used for plant sampling. The snow was not collected from exact subplot 

locations because at the time of sampling the plants had not yet begun to grow preventing 

exact identification of the subplots. Each snow sample was collected in a 2.5 L amber 

glass jar (EPA certified to be free of any trace organic or inorganic contaminants) using a 

methanol-rinsed stainless-steel hand shovel (Figure 4.17). To obtain a sample 

representative of the entire winter, small holes were dug to the ground with snow being 

collected from the whole profile moving progressively outwards (Figure 4.18). The 

largest amount of snow possible was collected in the sample jars by shaking the snow in 
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the jar packing it down. The final sample holes ranged in size due to differences in snow 

packing of melting but averaged around 10200 cm3 (Figure 4.18). The snow samples 

included the final 2 em snowfall in the Inuvik, NWT area that fell the day prior to 

sampling (May 24, 2003). 

Figure 4.17: Collecting snow samples with an aluminum shovel into 2.5 L amber glass 
jars. 

After collecting the snow samples they were melted under refrigeration (at 4°C). 

The melting process took approximately 5 days at which point the organic fraction of the 

melted snow (containing any potential PAHs) was extracted using SPE (Section 4.5). C1s 

(Octadecyl) - 500 mg, 8 ml SPE columns were used to extract the PAHs from the snow 

samples (Figure 4.19). The snow samples were extracted using two SPE columns each 

with approximately 500 mL of melted snow water through each. The SPE protocol 

followed is outlined in Section 4.5. 
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Quantitative analysis of the PAH concentration in the snow samples collected was 

carried out by GC-MS (Section 4.8). Extracts obtained from the snow samples after SPE 

were cleaned up through solvent exchange and silica column clean up. The 40 mL snow 

extracts were then poured into a methanol-rinsed round bottom flask. The snow extract 

Figure 4.18: Example of the holes dug to collect snow samples for polycyclic aromatic 
hydrocarbon analysis. 

vial was rinsed with small quantities of toluene three times and added to the round 

bottom flask. A rota-evaporator was used to evaporate the sample down to 

approximately 2.5 mL. Once the sample was down to 2.5 mL, sodium sulphate (NazS04) 

was added to the sample until the sample was free of any residual water. This was 

noticed when the sample was no longer clinging to the walls of the round bottom flask. 

The toluene sample was added to an 8 mL vial using a glass pasteur pipette. The NazS04 

remaining in the round bottom flask was rinsed three times with toluene and added to the 

61 



sample vial using a pasteur pipette. The sample volume was reduced to 2.5 mL under a 

heat (60°C) and a gentle nitrogen stream. The final sample was taken from the cleaned 

up snow sample using a glass Pasteur pipette and added to an amber GC vial for 

analytical analysis by GC-MS. The snow samples were analysed for PAHs using the 

GC-MS method outlined in Section 4.8. 

The P AH concentration in the snow from the four sub plots on the impacted site 

was compared to the PAH concentration found in the snow samples on the four sub plots 

from the reference site to determine if the PAH concentration in the snow differs between 

the two sites. 

Figure 4.19: Solid Phase Extraction vacuum manifold used to extract polycyclic 
aromatic hydrocarbons from melted snow samples. 
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4.8 Analytical Analysis using Gas Chromatography-Mass 
Spectrometry 

Qualitative and quantitative analysis of PARs in snow, soil and digested plant 

samples was carried out using a Varian 3800 gas chromatography in tandem with a 

Varian 2200 mass spectrometer (GC-MS). Samples were delivered to the GC-MS using 

a Varian 8400 autosampler. 

The GC-MS method used to detect PAHs was adapted by Johnston (2004) from 

EPA method 525.2 (EPA, 1995) to be optimized for PAH detection with the Varian GC-

MS. The autosampler was set up with an injection mode of standard on column injection 

with a 5 J.LL syringe, injection volume of 2 J.!L and an injection speed of 5.0 J.LL s-I. The 

autosampler syringe was flushed with solvent (toluene) two times pre-injection and four 

times post-injection. A 1177 front injector type was used with the injector oven on at a 

temperature of 320°C. The injector had a split ratio initially at 10 and after 0.01 minutes 

the split state was off. At 0. 7 min the split state was back on with a split ratio of 50. 

Finally at 4.0 minutes the split ratio dropped back down to 10. 

The GC was fitted with a Varian fused silica capillary column with a VF-5ms 

stationary phase. The column was 30 m long and had a inside diameter of 0.25 mm with 

a film thickness of 0.25 Jlffi. The GC column had a constant flow volume at 2.0 mL min-I 

with no pressure pulse. The column had a stabilization time of 1 minute and a hold time 

of 1 minute at 100°C, and then a hold time of 12.0 minutes at 320°C with a rate of 10°C 

min-I for a total of 35 minutes. 

The MS segment had a FIL/MUL Delay of 5 minutes for mass range between 45 

to 450 mlz with no ionization mode or ion preparation. The acquisition segment lasted 
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between 5 to 35 minutes between the masses of 50 to 450 mlz with an EI auto ionization 

mode and no ion preparation. The MS filament had an axial modulation of 4.0 volts. 

The MS trap, manifold, and transfer line had temperature set points of 200°C, 80°C, and 

320°C respectively. 

Quantification of P AHs was determined by peak area and calibrated using an 

external standard. The ion ratio type was absolute and the qualifier integration was 

independent. The external P AH standard used for calibration contained a mixture of 13 

PAH in acetone. The standard contained a 100 J.lg mL-1 each of acenaphthylene, 

anthracene, benz[ a ]anthracene, benzo[b ]fluoranthene, benzo[k ]fluoranthene, 

benzo[ghi]perylene, benzo[ a]pyrene, chrysene, dibenz[ ah ]anthracene, fluorene, 

indeno[ 1 ,2,3-cd]pyrene, phenanthrene, and pyrene. The standard was diluted into a series 

of concentrations using the solvent toluene to create a calibration curve. 

An additional PAH standard of retene (1-methyl-7-isopropylphenanthrene), 100 

J.lg mL -1 in toluene, was included along with the P AH -13 standards for analysis in 

samples. Retene has been identified as being a combustion byproduct of coniferous 

wood (Ramdahl1983; Standley and Simonelt, 1987, Benner et al., 1995). This PAH was 

analyzed as it may indicate if a sample has a high BaP equivalent concentration because 

of wood combustion either natural in forest fires or anthropogenic in residential wood 

burning. 

A semivolatile base/neutral surrogate spike containing nitrobenzene-D5, P

terpheny-D14, 1,2-dichlorobenzene-D4, and 2-fluorobiphenyl was added to three soil 

samples and snow samples to test for the efficiency of the extraction method used. The 

semivolatile base/neutral surrogates were initially at 5000 J.lg mL-1 and were diluted in 

64 



toluene into a working standard of 10 J.tg mL-1
. A 400 JlL of the working standard (4 J.tg) 

was added to each of three snow samples and three soil samples prior to extraction. The 

final concentration expected to be in the snow and soil samples was 0.1 J.tg mL-1 and 0.4 

J.tg mL-1 respectively. Due to the volatile nature of nitrobenzene-D5 and 1,2, -

dichlorobenzene, they were not analyzed for extraction efficiency. For the snow 

extraction procedure the extraction efficiency of P-terphenyl-D14, and 2-fluorobiphenyl 

were 12826% and 1313.8% respectively. It is apparent that for these compounds in snow 

there is matrix interference in the form of mass interference or ionization enhancement. 

Therefore, we were not able to determine the extraction efficiency for the snow matrix. 

For the soil extraction procedure the extraction efficiency of P-terphenyl-D14, and 2-

fluorobiphenyl was 97.5% and 62.4% respectively. Based on the previous extraction 

efficiencies for the surrogate compounds in soil, we are confident that the extraction 

procedure is effective at removing P AHs from the soil samples collected into toluene. 

The extraction of 2-fluorobiphenyl is less efficient in the soil samples because of its high 

volatility. 

To determine if the extraction method for the digested plant samples was 

efficient, 0.4 J.tg of P-terphenyl-D14, and 2-fluorobiphenyl was added to each sample 

prior to extraction. As with the snow samples there was matrix interference in the form 

of ionization enhancement observed with the base neutral standards for the digested plant 

samples. This could be explained by the observation that these two sample types (snow 

extract and digested plant extract) are in a similar form prior to extraction (in methanol) 

and go through a similar extraction procedure to transfer the sample into toluene. 

Therefore the presence of methanol and some water in the sample may be the problem. 
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4.9 Data Analysis 

All statistical analysis was carried out using Minitab Release 13.0. (Minitab Inc., 

1998) except for determination of means, standard deviations, and Student's t-tests, 

which were determined using Microsoft Excel 2000 (Microsoft Corporation, 1999). All 

graphs were produced using SigmaPlot 8.0 (SPSS Inc., 2002). Data were tested for 

normality using the Anderson-Darling test because of its high power for detecting non

normality (a= 0.05). Homoscedasticity between factors was analyzed using Levene's 

test. Levene's test was used because it can determine homoscedasticity for data that are 

not necessarily from a normal distribution as was the situation in the present study. In 

addition, Levene's test is based on the sample median rather than the sample mean 

making it more robust for smaller sample sizes another factor in the present study. 

For data found to be normal and homoscedastic a general linear model (GLM) was 

used to perform analysis of variance and regression. The factors assessed using the GLM 

included site, plant species, and growth type. Differences were considered significant at 

p < 0.05. Data that was found to be not normal or heteroscedastic were transformed 

using the logarithmic transformation, as it is effective in dealing with small numbers in 

particular zero values, which were encountered frequently in this study. Square root 

transformation was not used as the variances were not found to be proportional to the 

sample means, nor was the data taken from a Poisson distribution, which are 

requirements applicable for this type of transformation. Once transformed, the data were 

analyzed again using the GLM. Data that were still not found to be normal or 

homoscedastic after logarithmic transformation were then analyzed non-parametrically 
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using the Scheirer-Ray-Hare extension of the Kruskal-Wallis test (a = 0.05) for a two

way analysis of variance (ANOV A) (Sokal and Rohlf, 1995). To determine significant 

differences between sites pair-wise comparisons were made of the sub plot average BaP 

equivalent concentration using the Student's t-test. 

To determine if certain plant characteristics such as cuticle thickness, lipid 

content, or leaf surface area played a role in the BaP equivalent concentration detected in 

plant tissue, correlation analysis was carried out. The correlation coefficient (r) was 

compared to the test statistic r(a)u where u = n-2 at the 5% significance level (Sokal and 

Rohlf, 1995). 
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5.0 Results 

5.1 Percent recovery ofbenzo[a]pyrene from the digested plant 
matrix and solid phase extraction 

The following experiments were conducted to determine if any of the solutions 

used in either the procedure for the SHIME digestion (SHIME matrix), or the methanol 

used to elute the P AHs from the solid phase extraction columns (SPE columns), have any 

background toxic response using the Ah assay. These experiment were also carried out 

to determine what the average extraction efficiency of the SPE columns is by determining 

the percent recovery of a nominal addition of a representative P AH, benzo[ a ]pyrene 

(BaP). Determination of the percent recovery of the SPE columns was used to estimate 

how much P AHs are lost during the SPE procedure and thus decreasing the toxicity 

response observed in the Ah assay (Section 4.6). 

5.1.1 Aryl Hydrocarbon Receptor Activity of Methanol 

Methanol was the solvent used as an eluent for P AHs in the SPE process (Section 

4.5) The objective of this test was to determine if the methanol had any background BaP 

toxicity or other effects on the Ah yeast. Solid phase extraction columns were activated 

as normal (Section 4.5), and then one column volume (12 ml) of methanol was passed 

through the SPE column drip-wise, and collected as described in Section 4.5. The 

methanol sample was tested for toxicity using the Ah assay as described in Section 4.6. 

This test was repeated three times to account for any experimental variability in the 

results. No background P AH concentration was detected in the methanol used as an 
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eluent during the SPE process (i.e. with the addition of methanol to the Ah assay the 

CPRGP dye remained yellow). There were no P AHs detected in all three samples 

analyzed (n = 3). As well, the methanol did not affect the viability and performance of 

Ah yeast during the assay. 

5.1.2 Aryl Hydrocarbon Receptor Activity of Digestion Matrix 

The objective of this test was to determine the background P AH concentration 

the SHIME matrix without any added plant sample. The SHIME matrix was incubated as 

in a normal digestion but without any added plant material (Section 4.4). After digestion 

was completed any released P AHs in the matrix were extracted using SPE (Section 4.5) 

and then tested for toxicity with the Ah assay (Section 4.6). This test was repeated three 

times to account for any experimental variability in the results. No background P AH 

concentration was detected in the SHIME digestion matrix used to digest the plant 

samples. There were no PAHs detected in all three replicated samples analyzed (n = 3). 

5.1.3 Percent Recovery of the Digestion Matrix 

This test was performed on the SHIME matrix in combination with a nominal 

concentration of BaP. In this test 0.32 mg of BaP (dissolved in DMSO) was spiked into 

the SHIME matrix prior to digestion and after digestion was complete the sample went 

through the SPE process and the Ah assay (Sections 4.4- 4.6). This test was repeated 

three times to account for any experimental variability in the results. The purpose for 

performing this test was to determine if the SHIME matrix had any effect on the toxicity 
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of any bioaccessible P AHs that may have been released through the digestion of the 

plants. The digestion matrix could potentially bind any P AHs that were freed from the 

plant tissue during digestion, influencing the results of the toxicity assay. Blank SHIME 

digestions with no added plant material spiked with 0.4 mg of BaP did not appear to 

affect the amount of BaP detected using the Ah assay. Moreover, the SHIME matrix 

extracts must not affect the viability of the Ah yeast in the Ah assay. The average 

amount ofBaP recovered from blank SHIME digestions was 104% (SE = 42%) (n =3). 
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5.2 Benzo[a]pyrene Standard Curve 

This test was carried out with a nominal solution of a BaP standard alone, with no 

SHIME matrix. The results of this test were used to gauge the toxic response of digested 

plant samples with the Ah assay by creating a standard curve (Section 4.6, 5.3 - 5.6). 

The samples have likely been exposed to a heterogeneous mixture ofPAHs and other aryl 

compounds (Ah receptor agonists) in the environment; therefore the concentration of 

P AHs in the samples was determined according to BaP equivalent toxicity and 

concentration. 

Benzo[a]pyrene (98%) was dissolved in dimethyl sulphoxide (DMSO) to make a 

stock solution with a final nominal concentration of 10 mg mL-1
• The BaP standard 

solution was then used as the test chemical for the chemical plate for the Ah assay as 

described in Section 4.6. Ah assay was carried out with the same BaP standard solution 

seven different times. The average response (n = 7) of the BaP standard was used to 

make a standard curve from which digested plant samples were compared to for BaP 

equivalent concentration (Section 4.6). 

Figure 5.1 shows the log dose response curve obtained for the Ah assay exposed 

to the BaP standard solution from 10 to 10000 ng mL-1 BaP, as well as a control with no 

added BaP. The EC50 obtained for the Ah assay with BaP was 1000 ng mL-1 ± 154 ng 

mL-1
• The maximum BaP response obtained for the BaP standard solution with the Ah 

assay corrected for the blank was 1.588. 
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Figure 5.1: Dose response curve for the aryl hydrocarbon receptor assay to a 
nominal concentration of benzo[ a ]pyrene dissolved in dimethyl sulfoxide 
solvent in concentrations of 10 ng mL-1 to 10133 ng mL-1

• Each point is the 
mean net response of seven observations (n = 7). 
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5.3 Polycyclic aromatic hydrocarbon toxicity among 
circumpolar plant species 

5.3.1 New Growth 

New growth of all six species collected from both sites and all sub plots were 

digested using SHIME (Section 4.4) and after digestion any bioaccessible PAHs were 

extracted using SPE (Section 4.5). Toxicity differences in the form of BaP equivalents 

were determined between the digested plant extracts using the Ah assay (Section 4.6). 

Significant differences present between species in BaP equivalence indicate that there is 

either 1) a species effect influencing the either the accumulation of P AHs; 2) their release 

upon ingestion (bioaccessibility); or 3) both of these phenomenon could be influenced by 

species differences. 

Figure 5.2 displays the BaP equivalent concentration determined in new growth 

for labrador tea, bog birch, green alder, water sedge, and willow. Black spruce was not 

included in Figure 5.2 because at the time of sampling new black spruce growth had not 

yet begun for the season and therefore only old growth was available for black spruce. 

Bog birch and green alder exhibited the greatest amount of BaP equivalent 

concentration per gram of new growth plant tissue (Figure 5.2, Table Al ). Although not 

significantly different, the bog birch, green alder, and water sedge, samples collected 

from the contaminated site were also higher than their reference site counterparts in BaP 

equivalent concentration. Green alder from the impacted site had the highest BaP 

equivalent concentration in its leaf tissue at 0.42 mg g-1 (SE = 0.059) of wet weight plant 

tissue. However no effect of site on BaP equivalent concentration per gram of wet tissue 

weight was found. 
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Figure 5.2: Mean(± SE) Benzo[a]pyrene equivalent concentration per gram of new 
growth plant tissue (wet weight) in different plant species in reference versus 
contaminated sites. Values are the mean of four samples. 

5.3.2 Old Growth 

This experiment was carried out as in Section 5.3.1 but instead of new growth, old 

growth was digested for all species from both sites and all sub plots. A description of 

what was considered 'old growth' plant material is outlined in Section 4.2. The purpose 

of this experiment was to determine whether prolonged exposure to environmental P AH 

contamination results in a subsequent increase in the P AH toxicity of plants. 
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The BaP equivalent concentrations obtained for old plant growth is displayed in 

Figure 5.3 and the ANOV A table is located in Appendix B (Table A.2). 

Q) 
:::l 
(/) 

0.30~---------------------c--------------------------~ 

(/) 
:;:::::; 

c 0.25 
ell 
c.. 
...... 
.c: 
C) 0.20 
'(i) 
3: 

...... 
Q) 

3: 0.15 

...... 
c: 
Q) 

ell 0.10 
.2: 
:::l 
C" 
Q) 

~ 0.05 
ID 
C) 

E 

b 
a 

- Old Growth Reference Site 
- Old Growth Impacted Site 

a-g indicates significant 
differences between species 
(p < 0.05} 

d 

f 

9 

Figure 5.3: Benzo[a]pyrene equivalent concentration per gram of old plant 
growth tissue (wet weight) in different plant species in reference versus 
contaminated sites. Values are reported as the mean ± one standard error. 

In general, all species had lower BaP equivalent concentrations in old growth than in new 

growth (Figure 5.4, Appendix B Table A.3). New growth was on average 69% and 38% 

greater than old growth for the reference and contaminated sites respectively (Figure 5.4). 

Overall the reference plant samples in old growth contained on average 68% higher P AH 

equivalent concentration than the contaminated site (excluding black spruce and willow) 

(Figure 5.3, Figure 5.4). 
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5.4 Plant sample interactions affecting the bioaccessibility of 
polycyclic aromatic hydrocarbons 

This experiment attempted to determine if the ingestion matrix (plant material) 

reduced the availability of added BaP. New growth and old growth plant samples from 

the reference site sub plots for all six species were spiked with 0.32 mg BaP standard in 

the digestion matrix. Any bioaccessible P AHs were extracted using SPE (Section 4.5) 

and then tested for toxicity using the Ah assay (Section 4.6). Recovery of BaP was 

corrected for the reference site background Ah activity and reported as the amount ofBaP 

toxicity equivalents as a percentage of the total spike (0.32 mg). Results obtained using 

the Ah assay were also compared to those obtained using GC-MS analysis (Section 4.8). 

Figure 5.5 shows the recovery of BaP spike as a percent of the amount added 

(0.32 mg) for the six different plant species tested. None of the samples tested had 100% 

recovery of the 0.32 mg of BaP added to the sample prior to digestion (Figure 5.). In 

particular black spruce had only 1 % recovery. The other six species have very variable 

recovery values which do not appear to follow any trend. New growth green alder was 

found to have a negative recovery due to the background correction of unspiked reference 

green alder samples (Figure 5.5). 

Attempts at determining the concentration of P AH spiked into the digested plant 

extracts using GC-MS were unable to verify antagonist or agonist activity of plant 

compounds with the Ah receptor. A method of converting the digested plant extracts (in 

methanol after SPE) into a form compatible with GC-MS was unable to be elucidated. 

The best extraction method (similar to that used for snow analysis Experiment 11, 
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Section 5.11) was only 1.6 % and therefore further analytical analysis of the digested 

plant extracts using GC-MS were abandoned. 
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Figure 5.5: Percent recovery of0.32 mg benzo[a]pyrene spike in new and old 
growth reference site plant samples. Values are reported as the mean ± one 
standard error. 
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5.5 Antagonist activity of digested plant extracts with the aryl 
hydrocarbon receptor 

In Section 5.4 it was observed that the addition of a BaP spike prior the digestion 

of black spruce resulted in minimal Ah response. In addition the remaining five plant 

species also did not have 100% recovery of a BaP spike. From these observations it was 

hypothesized that there may be chemicals within the digested plant extract that act as Ah 

antagonists. In order to determine the extent of Ah antagonism in digested plant extracts, 

Ah assays were carried out with a dilution series of digested plant extract with a constant 

spike of BaP standard (Section 4.6.8). From this experiment the potency of inhibition 

caused by phytochemicals in the digested plant extract was determined from the 

inhibition function of the assay. GC-MS analysis will be used to verify the presence of 

BaP in spiked digested plant extracts. 

The results of the antagonism experiments are displayed in Figures 5.6 - 5.11. 

The slope of the Ah receptor inhibition function indicates whether or not the plant sample 

contains Ah antagonists by having a negative slope. Plant samples resulting in a zero 

antagonism slope do not antagonize the Ah receptor. Significant correlations (r) are 

indicated with an asterisk. New and old growth for black spruce, labrador tea, water 

sedge, and willow all had a negative slope therefore an antagonistic relationship with the 

Ah receptor (Figures 5.6, 5.7, 5.10, and 5.11). The antagonisms found in all four of these 

species may explain why none of the plant samples spiked with BaP in Section 5.4 had 

100% recovery of the nominal amount of BaP added to the plant matrix prior to 

digestion. As expected from Figure 5.5, digested black spruce extract had the greatest 
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antagonism potency (Figure 5.6). This was evident in this experiment by having the 

steepest negative slope in its antagonism function. New and old bog birch and green 

alder growth did not significantly show any type of antagonism or antagonism 

relationship (Figures 5.8 and 5.9) .. 
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Figure 5.6: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in increasing 
concentration of digested old growth black spruce extracts spiked with a constant 
amount ofBaP (20 ng). Values are reported as the mean± one standard error and 
significant correlations (r) are reported with an asterisk. 
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Figure 5.7: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in increasing 
concentration of digested new and old growth labrador tea extracts spiked with a 
constant amount of BaP (20 ng). Values are reported as the mean ± one standard error 
and significant correlations (r) are reported with an asterisk. 
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Figure 5.8: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in 
increasing concentration of digested new and old growth bog birch extracts 
spiked with a constant amount of BaP (20 ng). Values are reported as the 
mean ± one standard error and significant correlations (r) are reported with 
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Figure 5.9: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in 
increasing concentration of digested new and old growth green alder extracts 
spiked with a constant amount of BaP (20 ng). Values are reported as the 
mean ± one standard error and significant correlations (r) are reported with an 
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Figure 5.10: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in 
increasing concentration of digested new and old growth water sedge extracts 
spiked with a constant amount of BaP (20 ng). Values are reported as the mean 
±one standard error and significant correlations (r) are reported with an asterisk. 
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Figure 5.11: Benzo[a]pyrene (BaP) equivalent amount (ng) detected in increasing 
concentration of digested new and old growth willow extracts spiked with a 
constant amount of BaP (20 ng). Values are reported as the mean± one standard 
error and significant correlations (r) are reported with an asterisk. 

As stated in Section 5.4, GC-MS analysis of digested plant extracts only obtained a 

recovery of 1.6% of spiked BaP using the clean up method used for snow (Section 4.7.2). 

This is likely due to inefficiencies with the sample clean up methods. Several clean up 

methods were attempted to transfer the extracts from their methanol matrix into to a 

carrier suitable for the GC-MS however none were discovered with acceptable results. 
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5.6 Correlation of physiochemical plant parameters to 
differences in polycyclic aromatic hydrocarbon toxicity 

5.6.1 Cuticle Thickness 

It is hypothesized that the greater average cuticle thickness for a plant species, the 

greater that plant could potentially trap and collect P AH compounds that settle on the 

plant leaves (Bohme et a!., 1999). We evaluated this hypothesis by comparing the 

thickness of the leaf cuticle to the toxicity determined for that species (BaP equivalent 

concentration). 

Cuticle thickness (f.!m) for the new growth of the species investigated versus the 

BaP equivalent toxicity determined for each species was plotted to determine if there was 

a correlation between the two factors (Figure 5.12). The coefficient of determination {r2
) 

for the reference site and impacted site was 0.055 and 0.232 respectively and the 

correlation coefficient (r) was 0.235 and 0.482 respectively. Therefore, at the 5% level of 

significance for n = 6 (ro.os(2)4 = 0.811) there was no correlation between cuticle thickness 

and BaP equivalent toxicity. 
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Figure 5.12: Scatter plot of cuticle thickness versus benzo[a]pyrene equivalent 
concentration in different plant species from the reference site and impacted site. 
Values are reported as the mean ± one standard error. 

5.6.2 Lipid Content 

Different plant species have been shown to have different levels of lipids in their 

tissues. These levels can also vary depending on the nutrient status and health of the 

individual plant. To our knowledge it is not known how these physical parameters relate 

to the accumulation of P AHs from the environment and their eventual oral toxicity. With 

similar reasoning to cuticle thickness, it is expected that the greater lipid content of the 

plant species will result in a greater accumulation of lipophilic P AH compounds and 

hence a greater oral toxicity of these species. 
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Percent lipid content was determined following the methods in Section 4.3. A 

correlation analysis was carried out to determine if the percentage of lipids in plant tissue 

is related to the BaP equivalent concentration. Significance was accepted at the 5% level 

for n = 6. As well, to account for the percent lipids potentially influencing the amount of 

BaP accumulated in the plant tissue, the BaP equivalent concentration for each plant 

sample was lipid-normalized by dividing the BaP equivalent concentration by the weight 

of lipids in a 0.75 g sample. 

Lipid normalized BaP equivalent concentration was plotted and analyzed non

parametrically (Section 4.9) to determine significant differences between species and 

between sites. Differences were considered significant with p < 0.05. 

Figure 5.13 shows the percent lipid content of wet weight in different species. 

There was no correlation found between BaP equivalent concentration and leaf lipid 

content (Figure 5.14). Correlation coefficients were considered significant at the 5% 

level. Figure 5.15 shows the lipid normalized BaP equivalent concentration in new plant 

growth. There were significant differences in BaP equivalent concentration between 

species (p < 0.05) as well as significantly higher BaP concentrations in the impacted site 

for green alder (p < 0.05) (Appendix B, Table A.4). 
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Figure 5.15: Benzo[ a ]pyrene equivalent concentration per gram of plant lipids 
in new plant growth in the reference site versus the contaminated site. Values 
are reported as the mean ± one standard error. 

5.6.3 Leaf Surface Area 

Different plant species have a wide range in leaf area size. Leaf morphology 

plays a large role in how plants trap light for photosynthesis. Even within a species 

group there can be a wide variation in leaf morphology depending on several factors 

including: 1) nutritional and health status; 2) geographic location; 3) climate; and 4) 

shading. Since the atmospheric deposition on leaves has been identified by many 

researchers as being the main route of P AH uptake in plants (Simonich and Hites, 1994; 
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Reilley et al., 1996; Tremolada et al., 1996; Wagrowski and Hites, 1997; Ockenden et 

al., 1998; Bohme et al., 1999; and Smith and Jones, 2000), the size of the plant leaves 

could potentially play a role in the total dose of P AHs to the plant. We hypothesized that 

plants with larger leaf surface area will have a greater ability to uptake PAHs compared 

to those with smaller leaves. To determine if there is a relationship between leaf surface 

area and BaP equivalent concentration, a correlation analysis was carried out between the 

two parameters. The correlation coefficent was considered significant at the 5% level of 

significance. 

Figure 5.16 shows the correlation plot of leaf surface area with BaP equivalent 

concentration detected using the Ah assay per gram of plant tissue. The tissue analyzed 

was all new growth except for black spruce, which was old growth. There is a separate 

plot for both the reference site and the impacted site. There is no correlation (p < 0.05) 

between these factors. 
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Figure 5.16: Benzo[a]pyrene equivalent concentration per gram of plant tissue in 
new plant growth in the reference site versus the contaminated site versus average 
leaf surface area (mm2

). Values are reported as the mean± one standard error. 

Figure 5.17 displays the BaP equivalent concentrations obtained for new growth tissue 

from the reference and contaminated sites normalized for leaf lipid content and surface 

area. Significant differences in BaP equivalent concentration is still present between 

species (p < 0.05) however the significant difference in BaP concentration observed in 

Figure 5.15 for green alder is no longer present (Appendix B, Table A.5). Bog birch had 

the highest BaP equivalent concentration per mm2
• 
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5.7 Polycyclic Aromatic Hydrocarbon Concentration in Soil 
and Snow Samples 

5.7.1 Soil Samples 

This experiment was carried out to determine the concentration of P AHs in the 

soil of the sub plots in both the reference and the contaminated sites. The determination 

of the P AH concentrations in the soil of the reference and contaminated sites will identify 

whether or not the P AH concentration in the soil relates to any differences observed in 

P AH concentration (and hence toxicity) of the collected plant samples. Of the 14 P AHs 

analyzed for (Section 4.8), none were detected in all the soil samples collected from both 

sites. 

5. 7.2 Snow Samples 

Snow can accumulate P AHs through both wet and dry deposition processes 

(Halsall et al., 2001). Prior to falling to the ground, snow can scavenge PAHs from the 

atmosphere (either free or particle-bound P AHs ). As well, once fallen, snow on the 

ground can accumulate P AHs through dry deposition from the atmosphere directly to the 

snow surface. In the arctic, snow can cover the ground for a large portion of the year and 

in the spring when the snow cover melts the P AHs that have accumulated in the snow, 

represent a large flux of P AHs into the soil and onto old growth plant tissue. Therefore, 

to understand the typical background P AH exposures to the vegetation in the study sites, 

both from the atmosphere and the soil (from melted snow), the PAH concentrations in the 

late spring snow was determined from both the reference and impacted sites. 

Concentrations of PAHs analyzed in snow using GC-MS are outlined in Table 
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5.1. Phenanthrene was the only PAH detected in the snow samples. On average there 

was higher phenanthrene concentrations found in snow samples from the contaminated 

site however overall the concentrations found in the snow samples were very low and 

unlikely to be of any concern in the environment. 

Table 5.1: Phenanthrene concentration found in melted snow ustng gas 
chromatography-mass spectrometry. 

Sample Reference Site Contaminated Site 
(ppt or ng mL -1) (ppt or ng mL -1) 

1 0.022 0.017 
2 0.030 0.0081 
3 0.012 0.0075 
4 0 0.040 

Mean+/- SE 0.016 (0.0065) 0.018 (0.0076) 
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6.0 General Discussion and Conclusions 

Although not significantly different, bog birch, green alder, and water sedge had a 

higher BaP equivalent concentration in the impacted site versus the reference site. 

Higher PAH concentrations in plant material collected from areas of human activity (i.e. 

urban areas) has been observed in previous studies using analytical techniques for 

determining PAH concentration in plant tissue. Sams0e-Petersen and coworkers (2002) 

found differences in P AH concentration in fruits between reference areas and 

contaminated areas. This difference was fairly minimal with fruit from the contaminated 

site having BaP concentrations ranging between 0.018 and 0.045 J.tg kg-1 (1.8- 4.5 x 10-5 

J.tg g-1
) wet weight which is below the reported reference level of 0.02- 0.04 J.tg kg-1 (2.0 

- 4.0 x 10-5 J.tg g-1
) wet weight. Hwang et al. (2003) found that the youngest (new 

growth) pine needles (Pinus taeda) from a rural area in Texas, USA contained a total 

P AH concentration of 0.083 J.tg g-1 wet weight. Whereas pine needles from a 

semiurban/residential area and an urban area in Texas, USA contained 0.11 J.tg g-1 and 

0.15 J.tg g-1 wet weight respectively of total PARs. Similarly, Wagrowski and Hites 

(1997) found total PAH concentration in sugar maple (Acer saccarum) in a rural, 

suburban, and urban area to be 0.22, 0.51, and 1.6 J.tg g-1 dry weight respectively. Using 

an average dry matter content of23% these values can be converted to 0.39, 0.9, and 2.83 

J.tg g-1 wet weight respectively for a comparison with the present study. Simonich and 

Hites (1994) found 0.8 - 1.6 J.tg g-1 dry weight and 0.5 - 1.1 J.tg g-1 dry weight for pine 

and sugar maple respectively from an urban area in the USA. Using the 1.77 conversion 
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factor these values are 0.88-1.95 and 1.42 - 2.83 J.lg g-1 respectively. Grass from an 

urban area in the UK contained 0.15 J.lg g-1 dry weight (0.27 J.tg g-1 wet weight using the 

dry to wet weight conversion factor) (Meharg et al., 1998). Washed leaves of onions, 

beets, and tomatoes grown in the vicinity of a Canadian highway had a total PAH 

concentration of 0.01 to 1.9 J.lg g-1 dry weight (0.018- 3.36 J.lg g-1 wet weight using the 

dry to wet weight conversion factor) (Wang and Meresz, 1982). Table 6.1 summarizes 

the concentrations of P AHs found in these previous studies. The present . study found 

much higher P AH concentrations in vegetation than in previous studies (Table 6.1 ). This 

is likely due to the observation that the previous studies used analytical techniques such 

as GC-FID or GC-MS for analysis. The present study used the Ah bioassay which is 

based on ligand binding to the Ah receptor. Therefore the receptor can bind to a variety 

of other endogenous and exogenous aryl compounds present in plant tissue which are 

likely the cause of the elevated levels detected. 

Old growth plant leaves were expected to have higher BaP equivalent 

concentration because they have been exposed to P AHs in the environment longer than 

the new growth leaves that emerged during the season that the plant samples were 

collected (Spring 2003 ). Contrary to expectations, new growth contained higher BaP 

equivalent concentration than old growth. This could be occurring because of cellular 

and biochemical changes that take place in the older plant leaf that decreases their ability 

to uptake P AHs from the environment. Weathering of P AHs from older plant tissue 

could also be a source of P AH concentration decline in older plant growth. In contrast to 

the findings of this study, Bakker and coworkers (2000) concluded that increased leaf age 

results in increased P AH concentration in plants. This is in agreement with the original 
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hypothesis posed by this study in that older leaves have been exposed for longer periods 

of time to environmental P AH concentrations and should therefore have higher P AH 

concentrations in their tissues. If this were true, then the relationship between surface 

Table 6.1: Summary of previous studies investigating polycyclic aromatic hydrocarbon 
(P AH) tr f 1 t f concen a 1ons 1n pJ an lSSUe. 

PAH 
Concentration Study Area Plant Species Reference 

(P2 2-1 wet weif!ht) 
1.8- 4.5 x 1 o-' J.tg Contaminated - fruit: pear, apple, Samsee-Petersen et 

-1 Copenhagen, DE plum (Pyrus al., 2002 g 
communis, Malus 
domestica, Prunus 
domestica) 

0.083 J.lg g-1 Rural- Texas, USA pine needles (Pinus Hwang et al., 2003 
taeda) 

0.11 ~g g-1 Semi urban/residential pine needles (Pinus Hwang et al., 2003 
-Texas, USA taeda) 

0.15~gg-l Urban- Texas, USA pine needles (Pinus Hwang et al., 2003 
taeda) 

0.27 ~g g-1* Urban- UK grass spp. (Poacea Meharg et al., 1998 
spp.) 

0.39 J.lg g-1* Rural - northeastern sugar maple (Acer Wagrowski and 
USA saccarum) Hites, 1997 

0.9 J.lg g-1* Suburban- sugar maple (Acer Wagrowski and 
northeastern USA saccarum) Hites, 1997 

0.88- 1.95 J.lg g-1* Urban- sugar maple (Acer Simonich and Hites 
Bloomington, saccarum) 1994 
Indiana, USA 

1.42- 2.83 J.lg g-1* Urban- white pine (Pinus Simonich and Hites 
Bloomington, strobus) 1994 
Indiana, USA 

2.83 J.lg g-1* Urban- northeastern sugar maple (Acer Wagrowski and 
USA saccarum) Hites, 1997 

0.018- 3.36 J.lg g-1* Highway - Canada washed leaves: Wang and Meresz 
onions, beets, 1982 
tomatoes. 

425 J.lg g-l Impacted site - green alder (Alnus present study 
Inuvik, Canada crispa) 

* Indicates the conversion of dry weight to wet weight based on the conversion ratio 
determined in the present study (wet weight:dry weight) of 1.77 (SE = 0.09). 

99 



area and BaP equivalent concentration should also differ between new and old growth. 

As seen in Figure 5.16 this is not supported. Instead, data presented in Figures 5.3 and 

5.4, suggest that with increased leaf age, BaP equivalent concentration decreases. This 

observation however is likely confounded by the antagonistic effects occurring in certain 

species and older plant leaves (Table 8). 

Benzo[ a ]pyrene spikes revealed that for black spruce, it appears that biogenic 

plant compounds interfered with the Ah assay via antagonism. There was no observed 

Ah activity in black spruce samples even when samples were spiked with BaP. Several 

studies found P AHs in pine needles from rural sites (Table 6.1) (Simonich and Hites, 

1994; Tremolada eta!., 1996; Wagrowski and Hites, 1997; Lang eta!., 2000; Hwang et 

a!., 2003). Experiments on the antagonistic or agonistic activities of the six plant species 

in the present study revealed that, in increasing order of potency, water sedge, willow, 

labrador tea, and black spruce all had antagonistic activity. In bog birch and green alder, 

Ah agonists were not significant. Discrepancies between the BaP spike recovery 

experiments and the agonists/antagonist experiments could be explained because for the 

percent recovery experiments BaP was spiked into plant samples pre-digestion where as 

for the agonist/antagonist experiments the BaP was added to the plant extract post

digestion. Palermo eta!. (2003) identified that the potential cancer preventing properties 

reported in green tea (Camellia sinensis) is likely due to the antagonistic activity of 

endogenous plant compounds present in green tea with the Ah receptor. Palmero and 

coworkers (2003) identified that green tea contains several polyphenolic compounds such 

as flavonols, flavondiols, flavonoids, and phenolic acids. Flavonols (also known as 
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catechins) make up the largest group ofpolyphenolic compounds in plants by weight (16 

- 13% of dry weight). 

It is quite possible that these polyphenolic compounds are present in other species 

(such as black spruce) as they are involved in a variety of non-green pigmentation 

functions. Another function of flavonoids in plants is thought to be in protecting 

underlying leaf tissue from damage due to ultraviolet radiation because of their ability to 

absorb ultra violet-B radiation. Finally, a group of flavonoids have been identified as an 

antimicrobial agent used in limiting the spread of bacterial and fungal pathogens in the 

plant (Hopkins, 1999). Therefore these compounds may be the cause of black spruce's 

antagonistic activity with the Ah receptor. 

Several studies have reported that lipid content of the plant is correlated with the 

amount of P AHs and other organic compounds that are scavenged by plants from the 

environment (Simonich and Hites, 1994; Wagrowski and Hites, 1997; Ockenden et al., 

1998; Bohme et al., 1999; Bakker et al., 2000; Hwang et al., 2003; Lang et al., 2003). 

Most vascular plant leaves are covered with a waxy layer known as the cuticle. The 

primary component of this layer is a heterogeneous polymer of long-chain (16-18 carbon) 

hydroxylated fatty acids known as cutin. The cutin is embedded in a matrix of cuticular 

waxes comprised of a complex mixture of long-chain (up to 37 carbon atoms) saturated 

hydrocarbons, alcohols, aldehydes, and ketones. These waxes are highly hydrophobic 

and as such they act as protection against desiccation due to transpiration (Hopkins, 

1999). The lipophillic nature of this layer could also potentially attract and trap 

lipophillic organic molecules such as P AHs. The thickness of the cuticle can vary 

between plant species as a physiological adaptation of the plant (e.g. plants in drier 
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climates that are more prone to desiccation, tend to have a thicker cuticle layer as an 

added defense against leaf drying). In the present study, however, no such correlation 

was found in either the thickness of the lipid-rich cuticle layer or in actual lipid 

concentrations in plant tissue. Ockenden et al. (1998) noted that it may be insufficient to 

correct for lipid content in the plant tissue when comparing concentrations of organic 

compounds between species. Ockenden and coworkers (1998) observed that although 

cutin in the plant cuticle behaves as a lipid, as a polymer it is not solvent extractable. 

Therefore current solvent extracting methods used to determine lipid content in plants 

may actually underpredict the effective lipid content in plants. Nevertheless, lipid 

normalizing the new growth BaP equivalent concentrations in this study did result in 

significant differences being elucidated between sites and more importantly between 

species. It should further be noted that the correlation between cuticle thickness and lipid 

content to BaP equivalent concentration was also likely not found because of the 

interfering effects of Ah receptor antagonists present in some digested plant extracts. If 

the GC-MS analysis of the digested plant extracts was successful, the true relationships 

between these variables may have been determined. In general, the lipid content of plant 

samples from the reference site plants was higher than the contaminated site, which is 

likely why significant differences were detectible between species after lipid 

normalization. Higher lipid content in plants growing on the reference site is likely due 

to the lower stress exposure to plants growing on the reference site so they have greater 

energy reserves in the form of lipids. 

The differences in plant morphology and structural physiology amongst the six 

species investigated in this study were expected to relate to the BaP equivalent 
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concentrations found in the different species. Bakker et al. (2000) found differences in 

total P AH concentrations between species grown 50 m from an oil refinery. Great 

plantain (Plantago major) had higher total PAH concentrations (8 J.lg g-1 dry weight) than 

mixed grass species (2 J.lg g-1 dry weight). Bakker et al. (2000) attribute different PAH 

concentrations between the two plant types to differences in plant characteristics between 

the two species. As Simonich and Hites (1995) and Bohme et al. (1999) determined the 

content and composition of plant lipids is the most important plant property in 

equilibrium partitioning of P AHs into plant tissue. Age of leaves, the leaf surface area, 

leaf orientation and aerodynamic surface roughness of the plant are also key factors. In 

the present study lipid content and leaf surface area were considered. Lipid composition 

was not considered in this study, which may explain some of the observed species 

differences. Visual observations of the orientation of plant leaves in the species sampled 

highlighted possible sources of variability. Water sedge has a vertical structure and dense 

canopy similar to grasses. Bakker et al. (2000) state that this property of grasses creates 

less aerodynamic turbulence resulting in lower P AH concentrations. When investigating 

greater plantain, Bakker and coworkers (2000) found that the higher and more open 

canopy as well as horizontal orientation of plantain leaves results in a higher 

aerodynamic turbulence therefore higher P AH concentrations. In the present study bog 

birch, green alder, labrador tea, and willow, have a similar open canopy structure. In the 

present study bog birch and green alder are the two species observed to have the highest 

BaP equivalent concentration. A further cause of variation between plants species or 

within a single species for that matter is with regards to endogenous agonists and 
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antagonists, which can vary in concentration within a plant depending on external factors 

such as climate, season, horticultural practices, and plant age (Palermo eta!., 2003). 

Another aspect of P AH partitioning in plant tissue that was not investigated in the 

present study is the dependence on temperature and season. Simonich and Hites (1994) 

hypothesized that long-term partitioning process of P AHs in the atmosphere to vegetation 

was governed by atmospheric concentrations and temperatures. At low ambient 

temperatures (spring and fall) gas-phase PAHs can partition into the cuticle layer of plant 

leaves however at higher ambient temperatures (summer) some P AHs may volatilize 

back into the atmosphere. Lang et a!. (2000) also found an annual cycling of P AHs in 

vegetation depending on season. P AHs were significantly higher in urban samples of 

white pine (Pinus strobus) needles collected in April, May, and June than in those 

collected July to early October. However Lang and coworkers (2000) could not discredit 

that other seasonal factors such as precipitation or biological activities in the pine trees 

could also be leading to this seasonal P AH fluctuation. Ockenden et a!. (1998) also bring 

up the concept that temperature dependence of P AH accumulation in plant tissue may be 

masked by other effects such as differences in plant growth rates, ages, snow cover, and 

atmospheric concentrations. A final point to discus with regards to the analytical analysis 

of soil, snow, and digested plant extracts. Bakker eta!. (2000) report that approximately 

3 7% of total P AHs were lost from soil samples after six months of storage. This could 

explain the lack of P AHs detected in both the soil and snow samples analyzed over 1 year 

after sampling date. It is possible that P AHs are lost through out the clean up procedure 

for analytical analysis and various other steps that involve 'handling' the samples. Spikes 

of surrogate chemical compounds (Section 4.6) in snow and plant samples could not be 
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determined due to matrix effects therefore it 1s unknown how efficient extraction 

procedures were for these samples. 

For the risk of PAH exposure to wildlife inhabiting impacted sites similar to the 

one in the present study, if looking at a worst-case exposure on the impacted site would 

be for green alder with the highest BaP equivalent concentration at 0.425 mg g-1
• The 

body weight of meadow voles varies between 20 to 40 g depending on the age, sex and 

location of the animal. The mean ingestion rate for meadow voles is between 0.30 to 

0.35 g g-1 d-1 (EPA, 1993). The smallest average vole weight of 20g and the highest 

ingestion rate (0.35 g g-1 d-1
) was used to account for a worst case exposure situation and 

the highest toxicological risk. Therefore a 20 g vole will consume an average of 7 g of 

plant material per day (or 35% of its body weight). A 20 g meadow vole ingesting its 

daily average of 7 g of plant tissue per day would be exposed to 2.98 mg per day of BaP 

equivalent toxic compounds. When compared to toxicity data obtained for BaP using 

laboratory animals, this chronic exposure would be considered a high dose above the no 

adverse effect level (NOAEL) determined for many health parameters. For cancer 

(gastric tumors) the NOAEL in mice is 1.3 J.Lg g-1 daf\ which means that the oral 

exposure found in this study per day of 2.98 mg is greater than the NOAEL by a factor of 

2.3 x 103
• For a serious effect of gastric tumors the NOAEL just has to be doubled to 2.6 

J.Lg g-1 daf1
• The lowest observed adverse effect level (LOAEL) in mice for increased 

liver weight and aplastic anemia was 0.12 mg g-1 daf1
, 24.8 times less than the predicted 

exposure to BaP equivalent compounds in this study. For reproductive effects such as 

reduced pregnancy and fetal reabsorption, the LOAEL in mice was 0.16 mg g-1 day-1 and 

0.12 mg g-1 daf1 respectively (U.S. Department of Health and Human Services, 1995). 
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Because of differences in analytical methods, dietary variability, and extrapolation from 

an in vitro human digestor to a monogastric herbivore, there is high uncertainty 

associated with the above conclusions. 

In summary, the hypothesis originally posed in Section 3.0 were found to be true. 

Plants grown in a P AH contaminated environment will have more P AHs accumulated in 

their tissues than those living in a less disturbed environment. Simulation of digestion 

processes within the GI tract and the use of the Ah bioassay determined that PARs 

present in plant tissue are bioaccessible after digestion. Finally, the bioaccesibility and 

eventual toxicity of P AHs present in digested plant material is dependent on species. 

Therefore future projects involving the production of P AHs should consider 

incorporating the analysis of the vegetation on the site in their environmental risk 

assessments. 
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APPENDIX A: Suppliers of Experimental Materials and Chemicals 

Material/Chemical Supplier Catalogue Number Lot Number 
KHC03 - potassium AlfaAesar VWR; AA40195-36 J18L15 
carbonate 
NaCl- salt; omnipur EM Science VWR; CA-EM7760 2012B23 
arabinogalactan Fluka Sigma; 10830 392625/1 

21802 
pectin source: apple ICN VWR; 156057 8559E 
xylan source: birchwood Fluka Sigma; 95588 432017/1 
starch EM Science VWR; CASX0930-1 41304148 
D - glucose anhydrous EM Science VWR; B10117-34 40337114 
yeast extract Difco VWR; CADF0127- 2087872 

17 
protease pepton #3 Becton Dickinson VWR; CADF0122- 2196791 

17 
mucin bacteriological Difco VWR; CADF0709- 3021902 

15 
L- cystein Avocado Research VWR; AAA10435- H7822B 

Chemicals 18 
HCl- hydrochloric acid BDH VWR; ACS393-02 296030 
36.46 N 
oxgall- dehydrated fresh Difco VWR; CADF0128- 139067 
bile 17 
NaHC03- sodium EM Science VWR; CASX0320-3 42053231 
carbonate 
porcine pepsin (EC# Calbiochem VWR; 80053-620 B47222 
3-4-23-1) 
glycerol omnipur EM Science VWR; CAEM4750 1112B45 
porcine pancreatin (EC# Sigma P-3292 42K1285 
2232-468-9) 
SPE columns - 500 mg Burdick & Jackson VWR; BJ9006 3613 
Ctg, 8 mL 
SPE columns- 2 g Ctg, 12 Fisher Scientific 11-131-10 
mL 
methanol Budick & Jackson VWR; AH230-4 CJ076 
yeast nitrogen base Difco VWR; DF0335-15 2134437 
without amino acids & 
ammonium sulphate 
(NH4)2S04- EM Science VWR; DM2150 2212B35 
ammonium sulphate 
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Material/Chemical Supplier Catalogue Number Lot Number 
L-histidine Avocado Research VWR; AAA10413- 15512C 

Chemicals 22 
L-leucine Calbiochem VWR; 80058-318 417392 
NaOH- sodium EM Science VWR; SX0590-1 41302225 
hydroxide 

adenine, 99% Avocado Research VWR; AAA14906- D8980C 
Chemicals 14 

uracil, 99% Avocado Research VWR; AAA15570- 13403A 
Chemicals 18 

KH2P04 - potassium AlfaAesar VWR; AA11594-A1 D11M73 
dihydrogen phosphate 
KOH- potassium EM Science VWR; PX1480-1 41270227 
hydroxide 
D - galactose Aldrich Sigma; 11259-3 14528DB 
chlorophenol red b-D- Calbiochem 220588 B48550 
galactopyranoside sodium 
salt 
cycloheximide Sigma C-7698 014K0675 
Ah yeast with responsive T. Van de Wiele, LabMET, Ghent University, Belgium 
elements and lacZ 
reporter gene 
96-well polystyrene tissue Becton Dickinson VWR; 353072 
culture plates 
DMSO- dimethyl Burdic & Jackson VWR; 80058-042 CG457 
sulphoxide 
spectrophotometer Molecular Devices S JectraMAX 190 
BaP- benzo[a]pyrene AlfaAesar VWR; AA15856-02 E30L47 
98% 
GC-MS Varian GC 3800, MS 2200 
toluene Burdic & Jackson VWR; 347-1 CJ648 
P AH -13 standards - UltraScientific VWR; PM-525A U0419 
100ppm 
retene standard - 1 OOppm ChemService VWR; F10525 316-70A 
25 mm syringe disk filter Fisher Scientific 09-719A R3JN05507 
-0.22 Jlm 
polyethylene sample bags VWR 11216-810 51BX52X328 
-10 em x 10 em 
hexanes- HR-GC EMD VWR; HX0297-1 43205 
acetone - HR -GC EMD VWR; AX0116-1 43314 
semivolatile base/neutral Supelco 47262 LB03918; 
standards LB14788; 

LB14663; 
LB12824 

sudan IV dye EM Science VWR; 34172-200 1020 
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Material/Chemical Supplier Catalo2ue Number Lot Number 
2.5 L amber wide mouth Eagle Picher VWR; 123-130A 2323060 
packer jar 
250 mL amber sample jar Eagle Picher VWR; EP131-08A 
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APPENDIX B: Statistical Tables 

Table A.l: Two-way analysis of variance table for the ranked benzo[a]pyrene 
concentration in new growth for the factors plant species and site. The Scheirer-Ray
Hare extension of the Kruskal-Wallis test statistic is H and the corresponding critical 
value is a i (a= o.05) (Appendix B, Table B.1; Zar, 1999). A significant H test statistic is 
indicated with an asterisk (*). Note that the mean values reported on this table are of the 
rank value as required for the Kruskal-Wallis test. 

Analysis of Variance for rank 
Source 
plant 
site 
Interaction 
Error 
Total 

plant 
1 
2 
3 
4 
5 

site 
1 
2 

DF 

4 
1 
4 

30 
39 

ss MS F p H 
2 

X a=O.OS 

3542.8 885.7 32.54 0.000 25.92* 9.488 
4.9 4.9 0.18 0.674 0.04 3.841 

195.9 49.0 1. 80 0.155 5.97 9.488 
816.5 27.2 

4560.0 

Individual 95% CI 
Mean ----------+---------+---------+---------+-
14.6 (----*----) 
31.6 (----*-----) 
32.3 (----*----) 
13.0 (-----*----) 
11.0 (-----*----) 

----------+---------+---------+---------+-
14.0 21.0 28.0 35.0 

Individual 95% CI 
Mean --+---------+---------+---------+---------
20.2 (---------------*---------------) 
20.9 (---------------*---------------) 

--+---------+---------+---------+---------
18.0 19.5 21.0 22.5 
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Table A.2: Two-way analysis of variance table for the ranked benzo[a]pyrene 
concentration in old growth for the factors plant species and site. The Scheirer-Ray
Hare extension of the Kruskal-Wallis test statistic isH and the corresponding critical 
value is a x2 

(a= o.os) (Appendix B, Table B.1; Zar, 1999). A Significant H test statistic 
is indicated by and asterisk(* a= 0.05, **a= 0.01) 

Analysis of Variance for rank 
Source OF SS MS F p H 

2 
X cx=0.05 

2 
X cx=O.l 

site 1 560 560 5.60 0.023 2.857** 3.857 
2.706 
plant 5 1968 394 3.94 0.006 10.041* 11.070 
9.236 
Interaction 
9.236 
Error 
Total 

site 
1 
2 

plant 
1 
2 

3 
4 
5 
6 

5 

36 
47 

355 

3601 
6484 

71 

100 

Individual 95% CI 

0.71 0.620 1.811 11.070 

Mean --------+---------+---------+---------+---
27.9 (----------*---------) 
21.1 (----------*---------) 

Mean 
16.5 
21.3 
36.5 
28.4 
23.1 
21.3 

--------+---------+---------+---------+---
20.0 24.0 28.0 32.0 

Individual 95% CI 
-+---------+---------+---------+---------+ 
(-------*------) 

(------*------) 
(-------*------) 

(------*-------) 
(------*------) 

(------*------) 
-+---------+---------+---------+---------+ 

10.0 20.0 30.0 40.0 50.0 
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Table A.3: Two-way analysis of variance table for the ranked benzo[a]pyrene 
concentration for the factors growth and site. The Scheirer-Ray-Hare extension of the 
Kruskal-Wallis test statistic is 'H' and the corresponding critical value is a x2 

(a= o.os) 
(Appendix B, Table B.1; Zar, 1999) 

Analysis of Variance for rank 
Source 
growth 
site 
Interaction 
Error 
Total 

growth 
1 
2 

site 
1 
2 

OF ss MS F p H X
2 

o:=O. OS 

1 24.2 24.2 0.67 0.426 0.691 3.857 
1 12.8 12.8 0.35 0.561 0.366 3.857 
1 20.0 20.0 0.55 0.468 0.571 3.857 

16 580.0 36.3 
19 637.0 

Individual 95% CI 
Mean ---------+---------+---------+---------+--
11.6 (---------------*----------------) 

9.4 (----------------*---------------) 
---------+---------+---------+---------+--

7.5 10.0 12.5 15.0 

Individual 95% CI 
Mean --------+---------+---------+---------+---
11.3 (---------------*---------------) 

9.7 (---------------*---------------) 
--------+---------+---------+---------+---

7.5 10.0 12.5 15.0 
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Table A.4: Two-way analysis of variance table for the ranked lipid normalized 
benzo[a]pyrene concentration for the factors plant species and sites. The Scheirer-Ray
Hare extension of the Kruskal-Wallis test statistic is H and the corresponding critical 
value is a i (a= o.os) (Appendix B, Table B.l; Zar, 1999). A Significant H test statistic is 
indicated by and asterisk(* a= 0.05, ** a= 0.01) 

Analysis of Variance for Rank 
ss 

16.9 
3295.8 

255.9 
991.5 

4560.0 

Source DF 
site 1 
plant 4 
Interaction 4 
Error 30 
Total 39 

site 
1 
2 

plant 
1 
2 
3 
4 
5 

MS 

16.9 
823.9 

64.0 
33.1 

Individual 95% CI 

F 
0.51 

24.93 
1. 94 

p 

0.480 
0.000 
0.130 

H 
0.124 

24.110* 
1. 870 

Mean ---+---------+---------+---------+--------
19.9 (---------------*---------------) 

2 
X a=o.os 
3.841 
9.488 
9.488 

21.2 (---------------*----------------) 
---+---------+---------+---------+--------
17.6 19.2 20.8 22.4 

Individual 95% CI 
Mean --+---------+---------+---------+---------
14.0 (-----*----) 
29.8 (----*----) 
33.1 (----*-----) 
14.6 (----*----) 
11.0 (----*----) 

--+---------+---------+---------+---------
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Table A.5: Two-way analysis of variance table for the ranked lipid and leaf surface 
area normalized benzo[a]pyrene concentration for the factors plant species and sites. 
The Scheirer-Ray-Hare extension of the Kruskal-Wallis test statistic is H and the 
corresponding critical value is a i (a = o.os) (Appendix B, Table B.1; Zar, 1999). 
Significant H test statistic is indicated with an asterisk (*). 

Analysis of 
Source 
site 
plant 
Interaction 
Error 
Total 

site 
1 
2 

plant 
1 
2 
3 
4 
5 

Variance for rank 
DF 

1 
4 
4 

30 
39 

ss MS F p H 
2 

X a=0.05 

2.5 2.5 0.08 0.783 0.018 3.841 
3369.5 842.4 26.05 0.000 24.649* 9.488 

218.0 54.5 1. 69 0.179 1. 590 9.488 
970.0 32.3 

4560.0 

Individual 95% CI 
Mean ---+---------+---------+---------+--------
20.8 (----------------*-----------------) 
20.3 (----------------*----------------) 

---+---------+---------+---------+--------
18.0 19.5 21.0 22.5 

Individual 95% CI 
Mean --+---------+---------+---------+---------
15.6 (-----*----) 
33.4 
29.6 
12.9 
11.0 

(----*----) 
(----*----) 

(----*----) 
(----*----) 

--+---------+---------+---------+---------
8.0 16.0 24.0 32.0 
Individual 95% CI 

121 


	Armstrong_Sarah_Anne_20050001
	Armstrong_Sarah_Anne_20050002
	Armstrong_Sarah_Anne_20050003
	Armstrong_Sarah_Anne_20050004
	Armstrong_Sarah_Anne_20050005
	Armstrong_Sarah_Anne_20050006
	Armstrong_Sarah_Anne_20050007
	Armstrong_Sarah_Anne_20050008
	Armstrong_Sarah_Anne_20050009
	Armstrong_Sarah_Anne_20050010
	Armstrong_Sarah_Anne_20050011
	Armstrong_Sarah_Anne_20050012
	Armstrong_Sarah_Anne_20050013
	Armstrong_Sarah_Anne_20050014
	Armstrong_Sarah_Anne_20050015
	Armstrong_Sarah_Anne_20050016
	Armstrong_Sarah_Anne_20050017
	Armstrong_Sarah_Anne_20050018
	Armstrong_Sarah_Anne_20050019
	Armstrong_Sarah_Anne_20050020
	Armstrong_Sarah_Anne_20050021
	Armstrong_Sarah_Anne_20050022
	Armstrong_Sarah_Anne_20050023
	Armstrong_Sarah_Anne_20050024
	Armstrong_Sarah_Anne_20050025
	Armstrong_Sarah_Anne_20050026
	Armstrong_Sarah_Anne_20050027
	Armstrong_Sarah_Anne_20050028
	Armstrong_Sarah_Anne_20050029
	Armstrong_Sarah_Anne_20050030
	Armstrong_Sarah_Anne_20050031
	Armstrong_Sarah_Anne_20050032
	Armstrong_Sarah_Anne_20050033
	Armstrong_Sarah_Anne_20050034
	Armstrong_Sarah_Anne_20050035
	Armstrong_Sarah_Anne_20050036
	Armstrong_Sarah_Anne_20050037
	Armstrong_Sarah_Anne_20050038
	Armstrong_Sarah_Anne_20050039
	Armstrong_Sarah_Anne_20050040
	Armstrong_Sarah_Anne_20050041
	Armstrong_Sarah_Anne_20050042
	Armstrong_Sarah_Anne_20050043
	Armstrong_Sarah_Anne_20050044
	Armstrong_Sarah_Anne_20050045
	Armstrong_Sarah_Anne_20050046
	Armstrong_Sarah_Anne_20050047
	Armstrong_Sarah_Anne_20050048
	Armstrong_Sarah_Anne_20050049
	Armstrong_Sarah_Anne_20050050
	Armstrong_Sarah_Anne_20050051
	Armstrong_Sarah_Anne_20050052
	Armstrong_Sarah_Anne_20050053
	Armstrong_Sarah_Anne_20050054
	Armstrong_Sarah_Anne_20050055
	Armstrong_Sarah_Anne_20050056
	Armstrong_Sarah_Anne_20050057
	Armstrong_Sarah_Anne_20050058
	Armstrong_Sarah_Anne_20050059
	Armstrong_Sarah_Anne_20050060
	Armstrong_Sarah_Anne_20050061
	Armstrong_Sarah_Anne_20050062
	Armstrong_Sarah_Anne_20050063
	Armstrong_Sarah_Anne_20050064
	Armstrong_Sarah_Anne_20050065
	Armstrong_Sarah_Anne_20050066
	Armstrong_Sarah_Anne_200510001
	Armstrong_Sarah_Anne_200510002
	Armstrong_Sarah_Anne_200510003
	Armstrong_Sarah_Anne_200510004
	Armstrong_Sarah_Anne_200510005
	Armstrong_Sarah_Anne_200510006
	Armstrong_Sarah_Anne_200510007
	Armstrong_Sarah_Anne_200510008
	Armstrong_Sarah_Anne_200510009
	Armstrong_Sarah_Anne_200510010
	Armstrong_Sarah_Anne_200510011
	Armstrong_Sarah_Anne_200510012
	Armstrong_Sarah_Anne_200510013
	Armstrong_Sarah_Anne_200510014
	Armstrong_Sarah_Anne_200510015
	Armstrong_Sarah_Anne_200510016
	Armstrong_Sarah_Anne_200510017
	Armstrong_Sarah_Anne_200510018
	Armstrong_Sarah_Anne_200510019
	Armstrong_Sarah_Anne_200510020
	Armstrong_Sarah_Anne_200510021
	Armstrong_Sarah_Anne_200510022
	Armstrong_Sarah_Anne_200510023
	Armstrong_Sarah_Anne_200510024
	Armstrong_Sarah_Anne_200510025
	Armstrong_Sarah_Anne_200510026
	Armstrong_Sarah_Anne_200510027
	Armstrong_Sarah_Anne_200510028
	Armstrong_Sarah_Anne_200510029
	Armstrong_Sarah_Anne_200510030
	Armstrong_Sarah_Anne_200510031
	Armstrong_Sarah_Anne_200510032
	Armstrong_Sarah_Anne_200510033
	Armstrong_Sarah_Anne_200510034
	Armstrong_Sarah_Anne_200510035
	Armstrong_Sarah_Anne_200510036
	Armstrong_Sarah_Anne_200510037
	Armstrong_Sarah_Anne_200510038
	Armstrong_Sarah_Anne_200510039
	Armstrong_Sarah_Anne_200510040
	Armstrong_Sarah_Anne_200510041
	Armstrong_Sarah_Anne_200510042
	Armstrong_Sarah_Anne_200510043
	Armstrong_Sarah_Anne_200510044
	Armstrong_Sarah_Anne_200510045
	Armstrong_Sarah_Anne_200510046
	Armstrong_Sarah_Anne_200510047
	Armstrong_Sarah_Anne_200510048
	Armstrong_Sarah_Anne_200510049
	Armstrong_Sarah_Anne_200510050
	Armstrong_Sarah_Anne_200510051
	Armstrong_Sarah_Anne_200510052
	Armstrong_Sarah_Anne_200510053
	Armstrong_Sarah_Anne_200510054
	Armstrong_Sarah_Anne_200510055
	Armstrong_Sarah_Anne_200510056
	Armstrong_Sarah_Anne_200510057
	Armstrong_Sarah_Anne_200510058
	Armstrong_Sarah_Anne_200510059
	Armstrong_Sarah_Anne_200510060
	Armstrong_Sarah_Anne_200510061
	Armstrong_Sarah_Anne_200510062
	Armstrong_Sarah_Anne_200510063
	Armstrong_Sarah_Anne_200510064
	Armstrong_Sarah_Anne_200510065
	Armstrong_Sarah_Anne_200510066
	Armstrong_Sarah_Anne_200510067
	Armstrong_Sarah_Anne_200510068
	Armstrong_Sarah_Anne_200510069
	Armstrong_Sarah_Anne_200510070
	Armstrong_Sarah_Anne_200510071
	Armstrong_Sarah_Anne_200510072
	Armstrong_Sarah_Anne_200510073



