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Abstract 

Metals are required in plant tissues at small concentrations for several physiological processes; 

however, excess metal can cause toxicity. The City of Greater Sudbury Region (CGS) has a rich 

mining history that has resulted in contaminating emissions that damaged surrounding ecosystems. 

The main objectives were to 1) investigate metal accumulation and translocation in Pinus spp., 2) 

evaluate the effects of different concentrations of nickel and copper on P. resinosa genotypes, and  3) 

determine the effects of different concentrations of nickel and copper on gene expression in Pinus 

resinosa. Soil, roots, and shoots of P. resinosa were sampled in the CGS. Additionally, seedlings were 

treated with different concentrations of nickel nitrate and copper sulphate and corresponding salt 

controls in growth chamber screening tests. P. resinosa accumulate nickel and copper in roots and 

shoots. Susceptibility to nickel exposure increased with seedling age. Resistance to copper on the 

other hand increased in old genotypes. The expression of genes associated with nickel resistance 

including 1-aminocyclopropane-1-carboxylic acid deaminase (ACC deaminase), glutathione-S-

transferase (GST), High-affinity Ni transporter (NiCoT or AT2G16800), natural resistance-associated 

macrophage protein 3 (NRAMP3) and Serine acetyltransferase (SAT) were analyzed using qPCR. 

Each gene was downregulated in genotypes treated with the 1,600 mg/kg nickel, while GST 

expression was increased six folds compared to the water control. The expression of MRP4 and RAN1 

genes associated with copper resistance was also investigated. Only the lowest concentrations (13 

mg/kg) of copper ions suppressed the expression of these genes while higher concentrations had no 

effects. This research suggests that P. resinosa is in general resistant to nickel and copper 

contaminants. Nickel and copper ions affect gene expression, even at low concentrations.  

Key words: Pinus resinosa; Nickel and copper mobility; Metal resistance; Gene expression; 

RT-qPCR. 
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Chapter 1. Literature Review 

1.1 History of Mining in Sudbury and Land Reclamation   

The Greater Sudbury Region (GSR) is rich in mineral deposits from the collision of a meteor almost 

two billion years ago forming the Nickel Irruptive or the Sudbury basin in which magma filling the 

crater deposited many economically important metals (Hawley 1962). Subsequently, Sudbury has 

been the site of many mining activities since the late 1800s (Winterhalder 1996).  These mining and 

smelting activities, particularly open ore roasting beds, distributed metals into soils of the area, as 

well as large amounts of sulphur dioxide (Hutchinson and Whitby 1977, Adamo et al. 2002). The 

change from the open ore roasting beds to tall chimney smelters allowed the emissions to spread 

further and deposit larger amounts of metals into the soil (Dudka et al. 1995, Wren 2012). The 

resulting acid rain (pH < 4.3) acidified lakes and soils, which led to severe erosion and increased the 

bioavailability and mobility of the metals (Hutchinson and Whitby 1977, Winterhalder 1996). Nickel 

and copper principally were the major elements emitted and reached levels in soils with the 

concentrations approximating 2000 mg/kg (Dudka et al. 1995). While both metals occurred in 

sulphide compounds in the soil, copper was associated with organic matter and on clay fraction 

surfaces, and nickel was found isolated or with iron oxides (Adamo et al. 1996). The ecological 

consequences were severe, causing barren landscapes where mixed deciduous boreal forested areas 

once stood tall, as well as deteriorating aquatic food chains (Whitby et al. 1976, Winterhalder 1996). 

In the 1973, the Regional Municipality of Sudbury, with scientists and other stakeholders, formed a 

committee to restore the area, the Vegetative Enhancement Technical Advisory Committee (VETAC, 

but was first referred to as the Technical Tree Planting Committee) that researched, proposed and 

undertook reclamation efforts (Beckett and Negusanti 1990, Lautenbach et al. 1995). The regreening 
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activities from 1978 consisted mainly of liming the acidified soils to increase pH, applying fertilizer, 

then adding grass or legume seeds (Beckett and Negusanti 1990, Lautenbach et al. 1995, 

Winterhalder 1996). Although many deciduous trees returned spontaneously, conifers needed to be 

planted on limed areas; eastern white pine, red pine, jack pine, white spruce, tamarack, northern red 

oak and black locust trees were predominantly planted (Beckett and Negusanti 1990, Lautenbach et 

al. 1995). After 20, the diversity of the planted tree and shrub species has greatly increased 

(Vegetative Enhancement Technical Advisory Committee 2022). Red pine (Pinus resinosa), jack 

pine (P. banksiana), and white pine (P. strobus) were the main conifers planted for their high survival 

and growth rates, to mirror northern Ontario forests as the area is included in the natural range of 

each pine (Lautenbach et al. 1995). The regreening program has planted over 10 million trees and 

shrubs (Vegetative Enhancement Technical Advisory Committee 2022, Watkinson et al. 2022).  

The soil metal content has been tracked over the years through several studies (Hutchinson and 

Whitby 1974, Dudka et al. 1995, Gratton et al. 2000, Adamo et al. 2002, Wren 2012, Narendrula et 

al. 2013). Although there may still be concerns of metal toxicity, the “Sudbury Method,” liming, 

fertilizing, and mass planting, has proved to be effective in lessening metal bioavailability and 

toxicity effects (Nkongolo et al. 2008, 2013, Mehes-Smith et al. 2014, Djeukam et al. 2016, Kalubi 

et al. 2018, Watkinson et al. 2022).  

1.2 Metal Translocation in Plants 

As sessile organisms, the uptake of nutrients and water from the soil is required for plants to survive 

and reproduce. Metal ions in the soil are essential in redox reactions and enzyme activity (Krämer et 

al. 2005). Metals act as necessary components of enzymes, or as enzymatic cofactors, in which 

reactions will not take place if metal ion concentrations are insufficient (Brown et al. 1953). As soil 
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metal ion concentrations and their bioavailability in the soil can change considerably, metal uptake 

and further transport to plant tissues need to be highly controlled (Krämer et al. 2005, Colangelo and 

Guerinot 2006). The uptake of metals can be influenced by the soil pH, soil metal concentrations, 

water content, temperature, plant root size and surface area (Rieuwerts et al. 1998, Thakur et al. 2016). 

Plants need to regulate metal ion uptake to not only maintain metal ion homeostasis, but to also avoid 

metal toxicity (Colangelo and Guerinot 2006). The roots are the first site of translocation in the context 

of uptake. Plant roots are important in metal uptake as the interface between the plant and the soil; 

the depth and orientation of the roots in the soil will determine the nutrient and metal composition, as 

well as the water content (Thakur et al. 2016). Roots also exude ions and phytochemicals to attract or 

repel certain nutrients and metal ions to increase or decrease their uptake (Badri and Vivanco 2009). 

Organic acids may be excreted in the presence of high quantities of metals like aluminum, which 

causes precipitation and therefore prevents uptake (Badri and Vivanco 2009, Cuypers et al. 2013). 

Plants may also exude metal-binding ligands to either complex and chelate the metal to inhibit uptake, 

or to decrease negative effects of the metal prior to the binding of a metal transport protein upon 

entering the root (Badri and Vivanco 2009, Narendrula-Kotha et al. 2019).  

Beyond the root surface, metal ions can be transferred to the xylem by apoplastic means, which is 

extracellular, or symplastic means, which is intracellular (Tester and Leigh 2001, Zarebanadkouki et 

al. 2019). In the apoplastic pathway, metal ions flow passively through the outer layers of the root by 

the apoplast (connected space between cell walls), until they reach the endodermis, which has thicker 

cell walls and contains the Caspian Strip, a layer of hydrophobic cells which confines ion movement 

(Tester and Leigh 2001). The endodermis forces ions to utilize the symplastic pathways (Tester and 

Leigh 2001, Enstone et al. 2002).  In the symplastic pathway, ions travel by osmosis through cells 

using plasmodesmata channels (Tester and Leigh 2001, Zarebanadkouki et al. 2019). Upon reaching 
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the endodermis, ions travel to the stele using symplastic means until they reach the xylem for further 

transport to the aerial plant elements (Tester and Leigh 2001).  

The transport of metal ions through the xylem is achieved using large families of metal chaperone or 

carrier proteins (Colangelo and Guerinot 2006). The specific proteins utilized are determined by the 

plant species, soil metal composition and ecosystem condition (Baltrėnaitė et al. 2012). There are 

many protein families involved in uptake of metals like NRAMPs (Natural resistance-associated 

macrophage proteins), which is a large family of metal ion transporters (Mäser et al. 2001, Colangelo 

and Guerinot 2006), or the ZIP family which contains proteins like iron regulated protein that function 

as metal transport proteins in plant roots (Colangelo and Guerinot 2006, Schaaf et al. 2006, Liu et al. 

2014).  There are also metal transport protein families for metal efflux such as heavy-metal-

transporting P-type ATPases; for example, copper-transporting ATPases transport copper through 

their membrane transport pumps (Colangelo and Guerinot 2006, Binder et al. 2010), or nicotianamine 

synthase in the CDF family that is important for zinc efflux in root tissues (Weber et al. 2004, 

Colangelo and Guerinot 2006). 

As vital metal concentrations within an organism vary, plant species have different mechanisms of 

avoiding or increasing uptake and storage of metal ions to ensure metal homeostasis. The first strategy 

plants may use is to avoid metals to prevent their toxicity. Plants can alter their root length in 

heterogeneous soils to reach less metal-contaminated soils (Mehes-Smith et al. 2013, Narendrula-

Kotha et al. 2019). Another avoidance strategy is the secreting of root exudates; plants have been 

shown to secrete organic acids when soil metal concentrations are high in order to decrease the 

bioavailability of these metals by complexing them or precipitating the metal (Badri and Vivanco 

2009, Narendrula-Kotha et al. 2019). Mycorrhizal fungi can assist in avoidance by using their hyphae 

to take up different metal species that are further from plant roots, immobilize excess metals from 
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being taken up by altering metal speciation, or by stimulating the release of root exudates (Baker and 

Walker 1990, Jutsz and Gnida 2015, Narendrula-Kotha et al. 2019). 

The other coping strategy that plants can use is metal tolerance. There are three mechanisms within 

the tolerance strategy; plants can be excluders, indicators, or accumulators. Metal excluders will take 

up metal ions into their roots, but restrict their movement into the vascular and aerial tissues (Baker 

and Walker 1990, Mehes-Smith et al. 2013). There are still low levels of metals in the aerial tissues 

of excluders to sustain normal physiological activities; but, contain much lower metal quantities than 

in the soil (Mehes-Smith et al. 2013). As discussed earlier, the plasma membrane of root cells is 

important in preventing metals from entering the cytoplasm and causing damage. Plants may either 

change the ion binding capacity of these root cell walls or form complexes, in which a phytochelating 

compound ligates a metal ion, to prevent their entry into the cell (Narendrula-Kotha et al. 2019). 

Indicators are named for being an indication of soil metal pollutants – these plants take up metals in 

their tissues that are approximately equal to the quantity of metal in the soil (Mehes-Smith et al. 2013).    

Accumulators, or hyperaccumulators, are plants that take up metals into their aerial tissues resulting 

in a metal concentration in their shoots that is greater than the metal quantities in their soil (Baker and 

Walker 1990). Many of these plants sequester the metal ions in their vacuole using vacuolar pumps 

(Tong et al. 2004, Narendrula-Kotha et al. 2019), or other waste-storage and removal organelles, like 

peroxisomes (Rodríguez-Serrano et al. 2009). Sequestering the metal ions in these organelles prevents 

the metals from causing toxicity in the cytoplasm. As accumulators store the metal ions in their aerial 

tissue, they may be used for phytoremediation; these species will take up excess metals from the soil 

and allow metal-intolerant species to be reintroduced into the system (McGrath and Zhao 2003). 

Hyperaccumulators may also be used for phytoextraction in which the metal is taken out of the system 
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and the metals are isolated to increase yields from smelting and mining operations (McGrath and Zhao 

2003).  

1.3 Metal Toxicity in plants  

Plants must maintain a strict threshold of metals within their tissues to maintain metal ion homeostasis 

through the use of different coping strategies; however, plants cannot escape the increasing metal 

inputs into soils through fertilization and agriculture, anthropogenic activities including mining and 

smelting operations, and waste disposal (Foy et al. 1978, Bradshaw 1984, Mingorance et al. 2007). 

Despite their coping mechanisms, many plants in areas with increased metal inputs may show 

symptoms of metal toxicity (Foy et al. 1978). Metals such as cadmium, zinc, iron, lead, mercury, 

chromium, nickel and copper can cause toxicity above a plant’s biological threshold (Winterhalder 

1996). Varying damage may be seen based on the metal as coping mechanisms and upper limits are 

not universal amongst the different metal elements within or between plant species (Mingorance et 

al. 2007).  

Metals are required in trace amounts as micronutrients for physiological processes through redox 

reactions and as an enzymatic cofactor (Clarkson and Hanson 1980, Ernst 1996). When there is a high 

concentration of a metal within plant tissue the metal becomes toxic to the plant (Foy et al. 1978). 

The metal will cause toxicity by competing with and taking the place of other inorganic compounds, 

or through oxidative stress by inappropriately oxidizing compounds to produce reactive oxidative 

species (ROS) (Sharma and Dietz 2009). Cu2+ and Fe3+ are redox active ions that will directly cause 

the production of ROS (Sharma and Dietz 2009). These ions along with metals such as Cd2+ and Ni2+ 

(redox inactive ions) will bind to proteins or other enzyme binding sites to cause ionic disturbances, 

metabolic imbalance, and redox imbalance that can lead to the production of ROS (Sharma and Dietz 
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2009). Metal ions in excess may also take the place of other chemically similar ions when binding 

with transport proteins; the intake of these ions into cells will cause a deficiency of the ions they have 

replaced (Ebbs and Kochian 1997, Kumar et al. 2012). Each of these disruptive events will result in 

stress and damage to plants (Baccouch et al. 2001). 

The amount of stress and damage that will result in a plant is dependent on the specific metal involved 

that is in excess. The concentration of metals in soils, the pathways of metal uptake into plants, the 

presence and concentration of protective components like antioxidative enzymes and transport 

proteins, as well as metabolic pathways for segregating, chelating and removing metal ions have 

different, but substantial effects on plants (John et al. 2012). Metals of particular importance in term 

of phytoxicity include Zinc (Zn), Iron (Fe), Lead (Pb), Cadmium (Cd), Mercury (Hg), Copper (Cu) 

and Nickel (Ni). 

Zinc is important in enzymatic reactions in eukaryotes (Broadley et al. 2012); the most notable 

occurrence may be the requirement of zinc in RNA polymerase (Prask and Plocke 1971, Falchuk et 

al. 1977, Broadley et al. 2012, Chanfreau 2013). Zinc has the ability to form tetrahedral bonds with 

some amino acids like cysteine and histidine (Cakmak 2000), as well as N-, O-, and S-ligands 

(Broadley et al. 2012). These properties imply the importance of zinc in the metabolism of 

carbohydrates, lipids and nucleic acids, along with protein synthesis and cell membrane support 

(Tsonev and Lidon 2012, Broadley et al. 2012).  Although zinc deficiency is common and can be 

detrimental to plants (Cakmak 2000, Alloway 2009), in polluted environments, zinc may be in excess 

and cause phytotoxicity (Broadley et al. 2012). Zinc toxicity was found to decrease the shoot to root 

ratio in plants like peas and rice (Paivoke 1983, Sudhalakshmi et al. 2007, Barman et al. 2018). The 

morphological symptoms that plants exhibit during zinc toxicity is chlorosis of the leaves, as well as 

discontinued elongation of the roots (Adriano et al. 1971, Barman et al. 2018); these symptoms are 
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thought to be the effect of iron deficiency induced by the excess zinc (Adriano et al. 1971, Davis and 

Parker 2008, Sagardoy et al. 2009). This effect of zinc toxicity and subsequent iron deficiency is seen 

in sugar beets (Sagardoy et al. 2009). Alternatively, the replacement of magnesium with zinc in the 

photosynthetic pigment chlorophyll may cause chlorosis; the loss of magnesium bound chlorophyll 

causes the breakdown of pigment protein complexes and therefore photosynthesis ceases (Küpper and 

Andresen 2016). This effect has been seen in mosses (Shakya et al. 2008), as well as in common beans 

(Vassilev et al. 2011).  

Iron is another metal that is required in plants but can be toxic. Iron is important as a cofactor for 

processes such as photosynthesis and cellular respiration as a necessary component in electron 

transport chains (Roschzttardtz et al. 2013, Grillet et al. 2014, Rawat et al. 2017, Zaid et al. 2020), as 

well in many other physiological processes like seed germination and flowering (Grillet et al. 2014, 

Zaid et al. 2020). Although iron deficiency is a common problem, especially in the context of 

agriculture, iron is usually found in excess amounts in waterlogged, anoxic soil environments like 

wetlands and salt marshes (Lamers et al. 2012, Küpper and Andresen 2016, Saaltink et al. 2017). An 

excess of Fe2+, reduced from Fe3+, can inhibit photosynthesis through oxidative damage and the 

production of ROS, resulting in stomatal limitations (Pereira et al. 2013, Küpper and Andresen 2016, 

Zaid et al. 2020). In rice crops, excess iron was found to decrease shoot growth, as well as resulted in 

lower levels of macro- and micro-nutrients (Fageria and Rabelo 2008).  

Lead (Pb) is notoriously toxic in a human context, but also for most taxa. Lead in the food chain can 

be very harmful (Pourrut et al. 2011, Kumar et al. 2020). However, lead is not a required micronutrient 

for plants and does not serve any essential function (Shahid et al. 2012). Although lead will be taken 

up in the roots, it usually will not be transported to the plant shoots (Sharma and Dubey 2005); the 

root system, specifically the endodermis acts to sequester lead in vacuoles and accumulate in plasma 
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(Pourrut et al. 2011, Dias et al. 2019). Lead has been found to affect the permeability of membranes, 

leading to decreased growth, the inhibition of germination and seedling growth, and may result in 

chlorosis (Sharma and Dubey 2005, Cavusoglu et al. 2010). These effects may arise as lead toxicity 

in rice was found to increase the production of ROS and alterations to phytohormone homeostasis 

(Ashraf et al. 2017, Dias et al. 2019). Oxidative stress caused by lead has been observed to affect gene 

expression; in spinach, tomatoes and duckweed heat shock protein 70 was found to be upregulated 

during elevated lead conditions (Wang et al. 2008, 2011, Tukaj et al. 2011, Zhang et al. 2017). Lead 

has also been found to negatively affect chlorophyll and the overall crop yields of rice (Ashraf et al. 

2017). Soils with high levels of lead have been found to have less plants, and less overall plant 

productivity (Sharma and Dubey 2005). In soybean nodules lead damaged the nodule anatomy, 

induced oxidative stress and produced high levels of hydrogen peroxide, as well as altered gene 

expression of key genes for oxidative stress, carbohydrate and lipid metabolism, and transport proteins 

(Baig et al. 2018). 

Cadmium (Cd) is an unnecessary metal physiologically that has no essential function in plants, which 

is an indication of the low threshold of plants to the harmful nature of this metal (Nies 1999).  

Cadmium is highly toxic to plants even in small doses, but non-phytotoxic levels can even be toxic to 

humans and animals (Qadir et al. 2014, Ismael et al. 2019). This metal can be leached into ecosystems 

by sewage waste and wastewater, fertilizers, mining or smelting and other industrial emissions 

(Fritsch et al. 2010, Chai et al. 2013, Shahid et al. 2016, Cheng et al. 2018).  Cadmium uptake is 

highly dependent on soil pH (Cheng et al. 2018). The inorganic form of cadmium principally binds 

ligands that are meant for essential metal ions which will cause an influx of cadmium and deficiencies 

in the metal micronutrients that are barred from entry (Ueno et al. 2008, Moulis 2010). For example, 

Ueno et al. (2008) found that cadmium translocation is mutual with zinc and iron. In Arabidopsis 
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thaliana, cadmium takes advantage of iron-regulated transporter 1 (IRT1), which transports Fe2+ for 

uptake (Connolly et al. 2002, Clemens and Ma 2016). Cadmium toxicity can also lead to magnesium 

deficiencies (Kim et al. 2002), causing a degradation in pigments and chlorophyll content; this will 

lead to decreased photosynthesis and growth (Moulis 2010, Molins et al. 2013, Qadir et al. 2014). 

Studies have shown that roots are specifically vulnerable to cadmium genotoxicity, causing 

chromosome aberrations and lowered mitotic indexes (Seth et al. 2008), as well as morphological 

changes like root length, diameter, and epidermal conditions (Gratão et al. 2009). Tobacco roots were 

found to have cadmium induced genotoxicity, possibly by binding with nucleic acids directly, or by 

the reduction of antioxidants and production of ROS that cause DNA damage (Gichner et al. 2004). 

Sobkowiak and Deckert (2004) found that cadmium affected soybean cell cycles through DNA 

damage and affecting cyclin expression. 

Mercury (Hg) is another toxic metal that does not have a purpose in plants. Methylmercury, which is 

more highly bioavailable than the abundant inorganic mercury (especially in anoxic soils), is mainly 

toxic to humans but its accumulation and effects in plants are studied to a lesser extent (Rothenberg 

et al. 2014, Clemens and Ma 2016). Rice is of particular interest for researchers as a world-wide staple 

crop in terms of methylmercury exposure (Rothenberg et al. 2011, 2014); Zhang et al. (2010) found 

that methylmercury is accumulated in the rice grain, while inorganic mercury is excluded and remains 

in the roots. The main sources of mercury contamination in soils is from gold and non-ferrous metal 

mining, cement production and coal use (Chen and Yang 2012, Xu et al. 2015). Mercury reduces 

chlorophyll content, possibly by substitution in transporters or photosynthetic pigments, or by 

producing ROS (Malar et al. 2015, Zhang et al. 2017). These ROS may also cause damage to lipid 

membrane integrity (Zhang et al. 2017). Azevedo et al. (2018) found dose-dependent accumulation 

in pea plants; at low dose concentrations (1uM) there was high tolerance, but delayed cell cycling. At 
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higher doses (10 and 100 uM), cell cycle arrest at G1 and S phase checkpoints or cell death were 

observed; mercury dosage was negatively correlated with mitotic index and positively correlated with 

genotoxicity, most likely caused by direct interaction of mercury with the genetic material (Onyido 

et al. 2004, Azevedo et al. 2018). Little is known about mercury uptake and the specific pathways 

associated with their accumulation or translocation in plants.  

1.4 Nickel Toxicity 

Nickel has natural and anthropogenic inputs into ecosystems. Naturally, nickel may enter ecosystems 

originating from volcanic residues, forest fires, and particles of erosion; these sources make up most 

of the atmospheric nickel content (Nieminen et al. 2007). Mining activities from smelters and 

refineries, as well as oil combustion, are the main anthropogenic sources of nickel (Alloway 2013), 

and contribute 2 to 3 times greater nickel than natural sources (Pacyna and Pacyna 2001, Nieminen 

et al. 2007). Fertilizer-use and sewage run off also contribute to nickel contamination (Brown et al. 

1989, Alloway 2013). Nickel exists in the environment mostly as the cations Ni2+ and Ni(H2O)6
2+; 

however, nickel mobility and bioavailability for plant uptake is favoured in anoxic and acidic soils 

(Yusuf et al. 2011).  

Nickel is an essential micronutrient for plants; Dixon and their colleagues (1975) discovered that 

urease is a nickel metalloenzyme, an enzyme that requires nickel for its function. However, nickel 

was not widely accepted as being a micronutrient until a later study by Brown and their colleagues 

(1987) that reported decreased germination and viability of grain plants and grain embryos under 

nickel-deficient conditions. Gerendás et al. (2000) reaffirmed the essential status of nickel through 

their discussion relating to the function of urease, and the lack of other elements to operate in the 

place of nickel. The typical normal range of nickel in plants is 0.01 to 5 mg/kg of dry weight (Welch 
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1981); nickel has been called an ultra-micronutrient for the low limit of 0.01 mg/kg required by many 

plants (Asher 1991, Gerendás et al. 2000). Nickel is taken up through active and passive transport 

into the roots (Chen et al. 2009); nickel is usually taken up in chelated form as bound to organic acids 

or anions like sulphate (SO4
2-) and nitrate (NO3

-) (Cataldo et al. 1988, Yusuf et al. 2011). If taken up 

as a cation, the translocation of nickel is reduced (Yusuf et al. 2011).  

Although there are important roles within the plant where nickel is required or needed, in excessive 

amounts nickel can be very harmful. Nickel has toxic effects on seed germination, plant growth, as 

well as on physiological processes. At high nickel concentrations, rice germination, as well as 

seedling growth were inhibited; although germination can be more resilient to nickel toxicity, excess 

nickel inhibited the activity of catalase, peroxidase, and various oxidases to allow an accumulation 

of hydrogen peroxide to have negative effects on germination (Das et al. 1978, Seregin and 

Kozhevnikova 2006). In trembling aspen, seed germination was found to be inhibited at all trial 

treatment amounts, including the bioavailable amount (150 mg Ni per kg dry weight) of local 

contaminated soils (Czajka et al. 2019).  

Roots are predominately the first point of contact for plants in terms of transition metal uptake; many 

plants, referred to as excluders, restrict nickel uptake to their roots as discussed previously, and 

subsequently nickel toxicity will affect root growth more than shoot growth (Seregin et al. 2003). In 

maize, root branching and root growth were impeded as mitosis declined from nickel accumulation 

in the pericycle and endodermis (Seregin et al. 2003). Another study on young maize found that there 

was an accumulation of nickel in the roots, and the subsequent oxidative damage was significant that 

resulted in K+ leakage and increased lipid peroxidation (Baccouch et al. 2001). Nickel can have 

increased mobility and bioavailability in lower soil redox potentials as demonstrated by Brown et al. 

(1989) exhibited in oat and rye-grass. Necrosis is a symptom of nickel toxicity that has been observed 
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widely (Yusuf et al. 2011), such as in wheat shoots (Gajewska et al. 2006). In plant shoots, increased 

nickel exposure hindered shoot growth and caused chlorosis as chlorophyll b was found to be 

sensitive to nickel toxicity as well as caused an overall decrease in chlorophyll content (Gajewska et 

al. 2006, Yusuf et al. 2011). Chlorosis is a well observed incidence of nickel toxicity, principally 

resulting from iron and magnesium deficiency (Seregin and Kozhevnikova 2006). In some forms of 

nickel, an inhibition of photosynthetic capabilities has also been found by damaging photosynthetic 

machinery (Yusuf et al. 2011); in cabbage two complexes, a glutamic acid and nickel complex 

(Ni(II)-Glu) and citric acid and nickel complex (Ni(II)-citrate), damaged thylakoid membranes 

(Molas 2002).  

At the cellular level nickel displaces and blocks essential molecules or functional groups in 

compounds or molecules, and modifies enzymes and membranes structure and function (Yusuf et al. 

2011). Magnesium deficiency as a result of nickel toxicity was previous discussed - nickel ions may 

block magnesium ion uptake as nickel may be absorbed via magnesium transporters as the ions have 

similar charges and size ratios (Chen et al. 2009). Consequently, nickel can also replace magnesium 

in chlorophyll (Van Assche and Clijsters 1990). When magnesium is deficient, nickel can also be a 

substitute in the RubisCo complex (ribulose-1,5-biphosphate carboxylated oxygenase), and will 

decrease carboxylation and oxygenation activity (Van Assche and Clijsters 1990). In pea plants 

nickel ions have also been found to specifically inhibit the activity of photosystem 2 by altering the 

secondary quinone acceptors (Mohanty et al. 1989); this also has been noted in menthol mint exposed 

to increasing nickel dosage (Nabi et al. 2020).  

Nickel competes with other metals for uptake and transport as well (Rubio et al. 1994, Yang et al. 

1996, Yusuf et al. 2011). Yang et al. (1996) studied the effects of excess nickel on various metal 

influx and transport on four plant species; the results differed across the species, but the transport of 
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copper and magnesium were decreased across all species. Zinc, calcium, manganese, and sulphur 

were also decreased in some species. Plants with greater damage had more metal deficiencies or 

decreases in the concentrations of multiple metals (Yang et al. 1996). In terms of membrane 

disfunction, nickel can modify Mg2+ - ATPase activity, a membrane-bound transporter (Ros et al. 

1990); this may result from nickel complexing ATP causing ATPase activity to decrease, 

alternatively nickel may interact directly with the ATPase functional groups to cause confirmational 

changes and modify the enzyme activity (Ros et al. 1992). Nickel can cause cell membrane lipid 

peroxidation, damaging the membrane integrity and resulting in decreased plant growth which is 

particularly observed in the roots as the direct contact with nickel in the soil is more harmful to 

membrane integrity (Baccouch et al. 2001). 

1.5 Copper toxicity  

Copper has inputs into ecosystems principally from anthropogenic activities like mining and smelting 

operations; other inputs include fuel combustion, fertilizers, sewage runoff, volcanic eruptions and 

forest fires (Alloway 2013, Rehman et al. 2019). In soil, copper is usually complexed with sulphate 

to form the salt CuSO4 (Barker and Pilbeam 2007, Kumar et al. 2021). Copper has two primary 

oxidation states, copper (I) is the cuprous form and copper (II) is the cupric form (Holleman and 

Wiberg 2001). Usually the cupric ion is taken up, and then upon entry in the plant, it will be reduced 

to the cuprous ion (Printz et al. 2016). The versatility of copper is thought to be rooted in alternating 

oxidation states of the element (Krämer and Clemens 2005). Copper uptake is similar to the process 

of iron uptake – and their uptake can be facilitated by similar enzymes (Printz et al. 2016, Kumar et 

al. 2021). Once taken up to the root and transported through the parenchyma and endodermis to the 

xylem, the cuprous ion is thought to be oxidized back to the cupric ion for binding with transport 

proteins for translocation to the shoots (Printz et al. 2016). The typical natural copper concentration 
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in the soil is 3-100 mg Cu per kg of dry weight, but average naturally occurring concentrations are 

30-35 mg Cu per kg of dry weight (Kupiec et al. 2019, Kumar et al. 2021). The actual bioavailability 

of copper in the soil is severely affected by pH (Mortvedt 2000). 

Copper is a micronutrient essential to plants for their role in oxidases, such as cytochrome c oxidase 

and amine oxidases, as well as other enzymes like nitrate reductase and tyrosinases (Lipman and 

Mackinney 1931, Medda et al. 1995, McGuirl and Dooley 1999, Puig et al. 2007). Copper is involved 

in photosynthesis and the electron transport chain as a component of plastocyanin, and maintains 

membrane fluidity and polypeptide composition within photosynthetic machinery (Raven et al. 1999, 

Droppa and Horváth 2008, Rochaix 2011, Shahbaz et al. 2015, Printz et al. 2016, Thomas et al. 2016, 

Krayem et al. 2021). Copper is important for cell wall metabolism as a cofactor, as well as a 

component in redox enzymes, and within pathways for lignin synthesis (Printz et al. 2016, Krayem 

et al. 2021). Copper is a components of Cu/Zn superoxide dismutase – an important enzyme in 

combatting ROS damage (Alscher et al. 2002, Gratão et al. 2005). Copper is also important in plant 

hormone signaling, especially in auxin which influences cell differentiation (Nomura et al. 2015). 

Although copper has many requirements as a co-factor or as a vital component of enzymes, the copper 

requirement in plants is low (Printz et al. 2016). Though the literature varies, Marschner (1995) 

reported a range of 1-5 ug Cu per g of dry biomass is required in plants, while others have reported 

a range of 5-30 mg per kg of copper in plant tissues (Wuana and Okieimen 2014). 

When there is a larger uptake of copper than what is required by the plant to maintain physiological 

processes, toxicity will develop. Copper has negative effects on photosynthesis and respiration, 

membrane integrity, as well as enzyme activity, resulting in chlorosis and overall reductions in growth 

(Michaud et al. 2008, Nair and Chung 2015, Kumar et al. 2021). Copper was found to reduce hydrogen 

ion transport through constrained plasma membrane ATPase activity in cucumber plants (Burzyński 
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and Kolano 2003). Copper toxicity can affect photosynthesis by causing membrane lipid peroxidation 

and disrupting the electron transport chain, as well as leading to the production of ethylene and ROS 

(Sandmann and Böger 1980); oxidative damage is considered a main aspect of copper toxicity 

(Hossain et al. 2020).  Lipid peroxidation is likely caused by copper-generated free radicals (De Vos 

et al. 1989). Increased membrane permeability after copper exposure may be caused by a reduction 

in acyl lipids that are essential in thylakoid membranes (Maksymiec et al. 1992). In oat leaves, copper 

caused photosynthetic pigment breakdown and senescence of plant leaves (Luna et al. 1994). Nair 

and Chung (2015) found reductions in photosynthetic pigments and root growth, as well as increased 

ROS damage and antioxidant enzyme activity in brown mustard following large amounts of copper 

exposure. Copper toxicity was also found to reduce root elongation and include chlorosis in wheat 

varieties (Eleftheriou and Karataglis 1989, Michaud et al. 2008). 

1.6 Gene expression Associated with Metal Contamination 

As copper and nickel have negative effects on a cellular level, the cell will have a response related to 

enzymes and proteins for lessening the damage of the toxicity. The concentrations of these enzymes 

or proteins will vary based on changes in gene expression induced by metal toxicity. For example, 

there might be a copper transport protein gene that is inhibited to lessen copper cytoplasm 

concentrations, and therefore the expression of the gene would decrease. Alternatively, an antioxidant 

enzyme may have an increased gene expression to combat oxidative damage. There are many 

enzymes and proteins in the literature that have been identified to be expressed in a tolerance response 

to metal toxicity.  

1-aminocyclopropane-1-carboxylic acid deaminase (ACC deaminase), is an enzyme for the 

irreversible breakdown of 1-aminocyclopropane-1-carboxylic acid (ACC) (Honma and Smmomura 
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1978); this compound is the precursor to the stress plant hormone ethylene and thus an important 

control of ethylene production and signaling (Vanderstraeten and van Der Straeten 2017, Jha et al. 

2021). In times of stress, an acute increase is necessary but long-term inflation of ethylene will be 

detrimental (Czarny et al. 2006). Ethylene homeostasis is vital to plants as excess ethylene, similarly 

to excess metals, can have negative and damaging effects on plants such as decreased growth and 

development (Singh et al. 2015, Gupta and Pandey 2019). Therefore, ACC deaminase prevents the 

damage that excess ethylene may cause. Although bacteria and fungi were thought to be the principal 

taxa to partake in ACC deaminase activity and the plant-bacteria and plant-fungi interactions are 

studied widely (Glick et al. 1998, Saravanakumar et al. 2018, Glick and Nascimento 2021), 

McDonnell et al. (McDonnell et al. 2009) discovered plants also have this activity when they studied 

the expression of the gene At1G4820 in Arabidopsis thaliana and the changes in ethylene production 

that the gene imparts. Analyzing ACC deaminase activity will relate to the amount of ethylene 

production following stress (Robison et al. 2001). Metal stress can increase ethylene production and 

the associated damages, but Stearns et al. (2005) found transgenic plants expressing ACC deaminase 

moderated the damages in canola plants in comparison to control plants.  

Glutathione-S-transferases (GST) are a group of enzymes for the conjugation of reduced glutathione 

(-glutamylcysteinylglycine) or GSH, with various substrates to form non-toxic compounds for 

further metabolism (Marrs 1996, Dixon et al. 1998b, Hayes and McLellan 2009). There are many 

genes for different GST isoenzymes within plant genomes (Marrs 1996, Dixon et al. 1998a, Edwards 

et al. 2000, Wagner et al. 2002). Glutathione has an important role in plants as an antioxidant in 

combatting damage from and the homeostasis of ROS (Edwards et al. 2000, Ahmad et al. 2010, 

Csiszár et al. 2014); GST detoxifies and buffers oxidative damage brought on by stress (Marrs 1996, 

Rezaei et al. 2013). GST may also have transport or carrier activity and catalase activity for GSH 
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peroxidases and isomerases (Cummins et al. 1999, Jablonkai et al. 1999, Edwards et al. 2000, Dixon 

et al. 2010). Although the role of GST in herbicide detoxification has been thoroughly reported on in 

the literature (Bartling et al. 1993, Dixon et al. 1998a, Cummins et al. 1999, Cho and Kong 2007, 

Rezaei et al. 2013), GSTs have also been identified as having a role in the metal stress response 

(Freeman et al. 2004, Theriault et al. 2016b). GST, in combination with glutathione reductase (GR) 

and glutathione peroxidase (GPX), ensures balance of ROS; GSH is important for the synthesis of 

metal chelating compounds to prevent direct and indirect metal toxicity effects (Anjum et al. 2012).  

In previous studies of metal stress, an induction of GST expression has been observed (Gajewska et 

al. 2006, Csiszár et al. 2014, Zhang et al. 2019). 

High-affinity Ni transporter (AT2G16800) is a membrane-bound nickel and cobalt transporter, and 

a member of the nickel/cobalt transporter family (NiCoT) (Eitinger et al. 2005). This transporter has 

been traced to the chloroplast envelope, and transports nickel and cobalt ions into the chloroplast 

(Eitinger et al. 2005, Duy et al. 2011, Hanikenne et al. 2014). Prokaryotic and fungal characterization 

of NiCoT family is well studied in the literature, but plant characterization of these transporters is 

understudied (Eitinger and Mandrand-Berthelot 2000, Eitinger et al. 2005). Theriault et al. (2016a) 

identified AT2G16800 as a gene affected by metal toxicity, but the expression does not confer nickel 

tolerance as the expression was suppressed under high nickel conditions. High-affinity Ni 

transporters are tied to metal toxicity as their expression following increasing metal uptake will 

depend on the strategy of the plant to accumulate or exclude nickel ions within the cell (Narendrula-

Kotha et al. 2019). 

The natural resistance-associated macrophage protein family (NRAMP) is important for metal ion 

transport in plants (Thomine et al. 2000). The NRAMP family has been identified in yeasts, bacteria, 

and eukaryotes (Belouchi et al. 1995, Eide 1998). NRAMP transporters have been linked to the 
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transport of metals in plants including manganese, cadmium, iron and nickel (Belouchi et al. 1997, 

Thomine et al. 2000, Curie et al. 2000, Mizuno et al. 2005). There are multiple isoforms of NRAMP 

genes that have been detected, principally in Arabidopsis thaliana, Oryza sativa, and Lycopersicon 

esculentum and later Thalspi spp., in which they contain 3 to 6 different NRAMP genes (Belouchi et 

al. 1995, 1997, Thomine et al. 2000, Williams et al. 2000, Bereczky et al. 2003, Wei et al. 2009).  

NRAMP3 and NRAMP4, which are localized to the vacuole membrane (Lanquar et al. 2005), have 

been characterized as important in nickel homeostasis (Mizuno et al. 2005, Wei et al. 2009, Theriault 

et al. 2016b).  

Serine acetyltransferase (SAT) is an enzyme that catalyzes the reaction of Acetyl-CoA with serine to 

produce O-Acetyl-L-Serine, the precursor of the amino acid cysteine (Saito et al. 1995, Noji and Saito 

2002, Howarth et al. 2003); cysteine is a building block of GSH or reduced glutathione (-

glutamylcysteinylglycine). As discussed in the context of GST, GSH is part of a large antioxidant 

response to stress. There are several isoforms of SAT that have been discovered in Arabidopsis 

thaliana, with the different isoforms being localized in different organelle membranes such as the 

mitochondria and the cytosol (Ruffet et al. 1995, Roberts and Wray 1996, Watanabe et al. 2008). The 

isoform referred to as Serat2;1 is the mainly expressed form and all forms are principally expressed 

in the vascular tissues (Kawashima et al. 2005, Tavares et al. 2015). SAT activity in response to metal 

stress has been studied mainly in the context of cadmium and nickel (Howarth et al. 2003, Guo et al. 

2009). In hyperaccumulating types, SAT activity has been found to be increased when compared to 

non-hyperaccumulating types (Guo et al. 2009, Song et al. 2013); SAT activity protects against 

oxidative damage brought on by metal toxicity (Freeman and Salt 2007).  

Multidrug resistance-associated proteins (MRP) are a family of ATP-binding cassettes for vacuolar 

transportation driven by ATP hydrolysis (Theodoulou 2000, Hall and Williams 2003). MRPs were 
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first discovered and widely studied in mammals, but the study of this transporter family in yeasts and 

plants has advanced as well (Rea 1999, Borst et al. 1999). MRPs are localized to plasma membranes 

like the tonoplast (Dunkley et al. 2006, Jaquinod et al. 2007); MRPs transport plant hormones and 

chlorophyll pigments, as well as a variety of xenobiotics (Theodoulou 2000). There are multiple MRP 

types that have been identified, MRP1 through MRP6. In terms of metal toxicity, MRPs will transport 

metals that were chelated by GSH into the vacuole for compartmentalization (Rea 1999); MRP3 and 

MRP4 are the isoforms induced by oxidative stress related to metal toxicity (Sánchez-Fernández et 

al. 1998). Although, MRP4 is notably documented as an important component of stomatal regulation 

(Klein et al. 2004). Keinänen and their colleagues (2007) reported that MRP4, is upregulated in a 

copper tolerant silver birch clone. MRP4 may be increased during metal stress in order to 

compartmentalize metal ions and prevent oxidative damage in the cytosol (Keinänen et al. 2007). 

Copper transporter ATPase RAN1 (Responsive to antagonist 1), also referred to as HMA7 (Heavy 

Metal ATPase 7), is a P-type (P1B) ion pump for copper and silver ions (Solioz and Odermatt 1995, 

Hirayama et al. 1999, Axelsen and Palmgren 2001). This membrane-bound transporter is a part of 

the large P-type family, but is most closely related to HMA5 and PAA1 in A. thaliana, which also 

transport copper and silver ions (Axelsen and Palmgren 2001). RAN1 is an important transporter of 

copper within the ethylene signaling pathway in delivering copper ions to form ethylene receptors 

from the cytosol to a subcellular compartment (Hirayama et al. 1999, Woeste and Kieber 2000), or 

the copper will complex with a copper-requiring enzyme (Woeste and Kieber 2000). Although classic 

papers on RAN1 in plants have theorized a post-Golgi compartment as the location of RAN1 

(Hirayama et al. 1999, Woeste and Kieber 2000), Hoppen et al. (2019) recently uncovered that RAN1 

is localized to the endoplasmic reticulum in Nicotiana benthamiana. The binding of ethylene to 

copper at the ethylene receptor (ETR1) will disable CTR1 (Constitutive triple response 1, a negative 
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ethylene pathway regulator), and will result in transduction in the signaling pathway and eventually 

affect ethylene-related gene expression (Binder et al. 2010). RAN1 has been studied in the context 

of excess copper with varying results; A. thaliana was found to decrease shoot expression with no 

change in roots (del Pozo et al. 2010), while in Silene vulgaris the root expression was increased 

while shoots were not affected in their expression (Baloun et al. 2014).  

1.7 Genus of Interest: Pinus spp. 

The genus Pinus contains pine trees or shrubs in which there are 111 extant species. There are two 

subgenera of the genus Pinus, Pinus (hard pines) and Strobus (soft pines), each subgenera can be 

divided into two sections, and each section can be subdivided into two or three subsections (Gernandt 

et al. 2005). This study focusses on red pine (Pinus resinosa), while also discussing jack pine (Pinus 

banksiana) and white pine (Pinus strobus). Each of these species were planted widely during 

regreening activities in the Greater Sudbury Region (Lautenbach et al. 1995, Vegetative 

Enhancement Technical Advisory Committee 2022).  

Pinus resinosa Ait., or red pine is native to Canada and has a range from Southern Manitoba to 

Newfoundland (Farrar 1995). This species has low genetic variation across its Canadian range 

(Simon et al. 1986, Mosseler et al. 1991); this has been confirmed for the Sudbury region along with 

low heterozygosity and increased inbreeding (Vandeligt et al. 2011). Shade intolerant P. resinosa 

inhabits sandy plains or low-fertility soils in stands or mixed with other pines and aspens (Farrar 

1995). These trees can grow up to 25 meters and can be up to 200 years old; the trunk is slender, 

straight, and clear of lower branches (Farrar 1995). P. resinosa has long, straight evergreen needles 

in bundles of 2 (10 – 16 cm long), with reddish scaly bark (Farrar 1995).  
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Pinus banksiana Lamb. or jack pine (also referred to as gray pine), is a hard pine that is widely 

distributed with a range from the Northwestern territories and Alberta to Nova Scotia (Farrar 1995). 

P. banksiana has moderate genetic diversity but relatively low gene flow (Vandeligt et al. 2011). Like 

P. resinosa, P. banksiana has evergreen needles in bundles of two but they are much shorter (only 2-

4 cm) (Farrar 1995). The bark is thin and reddish-brown to gray or dark brown and flaky; these trees 

grow up to 20 meters high and may be up to 150 years old (Farrar 1995). Jack pine seeds are noted 

for opening when exposed to heat from wildfires, or even in warm days with direct sunlight (Cayford 

and McRaue 1983, Farrar 1995, Gauthier et al. 1996). Shade intolerant P. banksiana grow on poor 

quality soils like sands, shallow soils, or rock outcrops (Farrar 1995). These trees may grow in pure 

stands or mixed with other shade intolerant trees like white birch, trembling aspen, and red pine 

(Farrar 1995). 

Pinus strobus L. or eastern white pine is a soft pine with a Canadian distribution of Manitoba to 

Newfoundland (Farrar 1995). The long evergreen needles of this species occur in bundles of 5 (Farrar 

1995). The bark of P. strobus is thin, smooth, grayish green or brown, and has scale-like ridges - this 

species can grow up to 30 meters high and may be up to 200 years old (Farrar 1995). This species can 

sustain dry sandy soils and rock ridges, as well as sphagnum bogs and sandy loam, and usually occurs 

in mixed forests (Farrar 1995). P. strobus is important for forestry and is especially valued for 

residential construction (Farrar 1995).  
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1.8 Objectives and rationale 

Differential gene expression induced by metal toxicity in hard wood populations (Betula papyrifera, 

Quercus rubra, Acer rubrum and Populus tremuloides) from the City of Greater Sudbury has been 

extensively studied. Analyses of changes in gene expression induced by metals, as well as metal 

accumulation and translocation strategies in conifer species are lacking. In the present study, 

identifying coping mechanisms of conifers to soil metal contaminants will provide fundamental data 

differentiating this group of plants from hardwood species. Since conifers represent over 70% of tree 

species being planted through the regreening activities in the region (with red pine being a targeted 

species), the collected data will provide information on long term sustainability of these populations. 

The main objectives are to 1) investigate metal accumulation and translocation in Pinus spp., and 

monitor soil metal concentrations, 2) evaluate the effects of different concentrations of nickel on six 

month and > 1 year old seedlings, as well as to identify resistant or susceptible phenotypes in response 

to nickel and copper toxicity, 3) determine the effects of different concentrations of nickel and copper 

on gene expression in Pinus resinosa. 
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Chapter 2. Metal uptake and translocation in Pinus resinosa and other pines  

2.1 Introduction 

Plants have different mechanisms for the uptake and translocation of metals for physiological uses, 

especially when soil concentrations of metals are in excess (Thakur et al. 2016). The mechanisms and 

overall metal response is different for each species and each metal, conferring metal avoidance or 

metal tolerance (Mehes-Smith et al. 2013). Previous studies of deciduous trees in the Sudbury region, 

of which there is a history of metal contamination, shows variation; for example, red maple (Acer 

rubrum) has been classified as a nickel avoider (Kalubi et al. 2016), while silver maple (Acer 

saccharinum) has been classified as a nickel excluder (Nkongolo et al. 2017). The investigation of 

metal avoidance or tolerance mechanisms in conifers is lacking. In a laboratory study white spruce 

(Picea glauca) was classified as a nickel avoider (Boyd 2020). Red pine (Pinus resinosa) is a widely 

occurring species in Sudbury after regreening by VETAC, and the tolerance of this species to metals 

is important in the continued restoration and monitoring of the area. The objective of this study was 

to measure the extent of nickel and copper accumulation and translocation in Sudbury region pine 

trees. 
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2.2 Materials and Methods 

2.2.1. Metal Analysis 

Soil samples were collected from the rhizospheres of 10–15 years – old trees along with root, branch, 

and needle tissues from Pinus resinosa, Pinus banksiana or Pinus strobus. The needles were of the 

current year, the branch tissues were old branches, and the roots were of the main root system. A total 

of 9 trees (3 per species) were identified at three adjacent sites. These areas were located in Garson 

(within City of Greater Sudbury; coordinates: 46° 34′ 45″ N/80° 51’ 43” W) within the same general 

area of the Falconbridge smelter. Determination of total nickel or total copper in soil was performed 

as described in Nkongolo et al. (2017). The plant tissue and soil samples were dried and weighed 

(approximately 5 g per sample) and separated as well as labelled for each individual and species. The 

soil samples were sifted to ensure pebble, branch, or leaf/needle metal content did not bias the results. 

TESTMARK Laboratories (Testmark Limited, Sudbury) performed the metal analysis. Soils samples 

were oven-dried overnight at 105 °C and then digested using the three-acid digest method; a first 

digestion with hydrofluoric and hydrochloric acids, followed by digestion with hydrochloric acid and 

nitric acid, and a final digestion with hydrofluoric acid, hydrochloric acid, and nitric acid. Samples 

were later analyzed by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) after dilution with 

deionized water. The bioavailability of Ni and Cu was analyzed using 5 g of soil mixed with a 0.01 

M lithium nitrate extracting solution, shaken for 24 h and centrifuged at 3000 rpm for 10 min (BC 

Strong Acid Leachable Metals [BC SALM]). The mixtures were filtered across Whatman 44 filter 

papers, and then acidified with nitric acid before final analysis with ICP-MS. 

 

To measure the levels of nickel and copper in plant tissues, the root, branch, and needle samples (5 g) 

were rinsed with distilled water, oven-dried at 80 °C for 72 h, ground and homogenized, and digested 
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with nitric acid and hydrochloric acid. The digested materials were heated using a digestion block set 

at 100 °C for 4 h, and then cooled and diluted. Ni and Cu contents in plant extracts were measured by 

ICP-MS. Data were expressed in mg/kg DW (dry weight) plant or soil material. 

2.2.2. Data Analysis 

The bioavailable metal concentrations in soil and plant tissues were analyzed using SPSS (version 

20). Using an ANOVA (if data was normal) or a Kruskal-Wallis Test (if data was determined not 

normal with a Shapiro Wilks test) was performed to determine if there was a significant difference 

between the mean metal content of the bioavailable soil, roots, branches, or needles. The post hoc 

Tukey test was used after ANOVA, or the Games-Howell test was used after the Kruskal-Wallis test 

to evaluate significant differences (p<0.05) between each group. If there were no significant 

differences found by an ANOVA or Kruskal-Wallis test, the assumption is that the bioaccumulation 

factor or translocation factors are equal to 1.  

 

The bioaccumulation factor was calculated for each metal for each species as the ratio of metal 

concentration in roots over the bioavailable nickel or copper in soil. The bioaccumulation factor for 

Ni and Cu was calculated for each individual tree, then the average was determined for pine each 

species analyzed. The translocation factor was the ratio of metal concentration in needles or branches 

over root metal content. The ratio for each individual tree was estimated, and then the average was 

calculated for each species. 
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2.3 Results 

2.3.1. Nickel 

In terms of Pinus resinosa nickel uptake and translocation values, there was a significant difference 

between the bioavailable soil nickel and the root nickel concentrations (Table 1). However, there was 

no significant difference between the root, branch, and needles nickel concentrations. There was a 

high accumulation factor for nickel in P. resinosa roots in comparison to the bioavailable soil 

concentration (Table 2); with nearly 5 times greater nickel in the root than there was bioavailable in 

soil samples. However, the translocation factors within the plant were statistically similar. 

2.3.2. Copper 

There was a significant difference for Pinus resinosa between the bioavailable soil copper 

concentration and the root copper concentrations (Table 1). However, there was no difference between 

the root and the branch copper concentrations. Significant difference between the branch and needle 

copper concentrations, as well as between the root and needle copper concentrations were observed. 

There was a very high accumulation factor of copper in P. resinosa roots (Table 2). In fact, there was 

14.28 times the amount of copper in the P. resinosa roots in comparison to the bioavailable amount 

in soils. The root to branch mobility of copper was limited. Likewise, the root to needle and branch 

to needle translocation factors were insignificant. The copper concentration of the P. strobus roots 

was significantly higher compared to the bioavailable copper in soils (Table 1). The branches and 

needles copper concentrations were also significantly different compared to roots. There was a high 

accumulation of copper in P. strobus roots with an accumulation factor of 6.85 based on the 

bioavailable amount in soils (Table 2). But copper translocation from roots to branches and the needles 

for P. strobus was small (Table 2). For  P. banksiana, there were no significant differences between 
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the bioavailable copper in soils and its concentration in roots, branches, and needles (Table 1, 2.2). 

Therefore, the accumulation and translocation were small and statistically similar.  

 

1Table 1: Bioavailable concentrations of nickel and copper in soil layer (0 – 5 cm) and total nickel and 

copper in different tissues of Pinus strobus, Pinus banksiana, and Pinus resinosa growing in the 

Greater Sudbury Region (Garson site). Concentrations are in mg kg-1, dry weight. 

 

Sample type                                Nickel and Copper content 

        Pinus resinosa Pinus banksiana Pinus strobus 

   Nickel Copper Copper Copper 
 

    
 

 

Soil   1.4 b 

± 0.1 

0.8 b 

± 0.07 

2.8 a 

± 2.1 

5.33 b 

± 3.3 

Roots   6.9 a 

± 0.6 

11.5 a 

± 2.6 

6.5 a 

± 4.1 

27 a 

± 3.4 

Branches   9.5 a 

± 1.4 

9.3 a 

± 0.9 

7.9 a 

± 0.8 

3.8 b 

± 0.7 

Needles   9.2 a 

± 3.3 

2.0 b 

± 0.7 

2.5 a 

± 0.2 

2.6 b 

± 0.7 

Results are expressed as mean values ± standard error.  

Means in columns with an uncommon letter are significantly different based on Tukey multiple 

comparison test (P ≤ 0.05).  
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2Table 2: Accumulation and translocation factors for nickel and copper in Pinus strobus, Pinus 

banksiana, and Pinus resinosa trees growing in the Greater Sudbury Region, in Ontario, Canada 

(Garson site).  

 

Accumulation and 

Translocation Factors 

Pinus resinosa Pinus banksiana Pinus strobus 

 Nickel Copper Copper Copper 

Accumulation factors 

Total Soil to Roots 

Mean  

 

 

0.34           

± 0.06 

 

 

0.21           

± 0.21 

 

 

0.13                     

± 0.09 

 

 

0.35                   

± 0.38 

Bioavailable Soil to 

Roots 

Mean  

Translocation Factors 

 

4.95           

± 0.03 

 

14.28         

± 2.17 

 

1 

 

6.83                   

± 4.58 

Root to Branch     

Mean 1 1 1 0.14 

± 0.007 

Root to Needles     

Mean 1 0.18 

± 0.07 

1 0.1 

± 0.03 

Branch to Needles     

Mean 1 0.21 

± 0.05 

1 1 

 

Average ratios are presented in the table with the standard deviation. Ratios between tissues that 

have no-significant differences in tissue concentrations are represented with 1. 



  

2.4 Discussion 

Although it is important to monitor the total amount of metals in soils, the bioavailable concentration 

provides the most relevant information to understand the actual amount available plants for uptake 

(see Appendix D for a comparison of total and bioavailable soil metals). The concentration of 

bioavailable metals in soils is influenced by factors such as pH, metal speciation, and soil depth (De 

Matos et al. 2001, Krishnamurti et al. 2007, Violante et al. 2010). Narendrula et al. (2013) reported 

that only 3.5% and 4% of total copper and nickel concentrations respectively were available to biota. 

(Nkongolo et al. 2013) also observed a low level of bioavailable copper and nickel (1 and 1.1% 

respectively) in the City of Greater Sudbury. In this study, the accumulation factor of these metals 

based on the total soil metal concentration < 0.5. These values were ≥ 1 when the bioavailable Cu and 

Ni were considered. Three of the bioaccumulation factors for copper in P. strobus and nickel and 

copper in P. resinosa, were greater than 4.  

 

The evaluation of metal uptake and translocation demonstrates the mobility of nickel and copper in 

pines and provides insight into metal concentrations within plant tissue. In Pinus strobus, the 

bioaccumulation value of copper is high at 6.83 (>1). However, copper is not translocated past the 

root tissue (translocation factors < 1) and limits distribution to the aerial parts of the plant. Therefore, 

Pinus strobus is likely a copper excluder as this species has very high copper accumulation in the 

roots that does not translocate to the shoots (Mehes-Smith et al. 2013). A metal translocation study 

found that nickel accumulated in P. strobus roots as the accumulation factor was 1.83 (Moarefi and 

Nkongolo 2022), which is much lower than the bioaccumulation of copper observed in this study. 

Nickel was also found in high concentrations in the needles (Moarefi and Nkongolo 2022), which 

contrasts the behaviour of the species for copper uptake in which P. strobus acts as a copper excluder. 
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As the amount of copper within the sampled Pinus banksiana tissue is not significantly different than 

the copper concentration in the soil, this species is defined as an indicator of copper (Mehes-Smith et 

al. 2013). The amount of copper is uniform in soil concentration, as well as throughout the plant. A 

similar effect was seen for nickel in P. banksiana as nickel equilibrated in the tissues, however, the 

tissue concentrations in the plant were greater than the bioavailable level in the soil (Moarefi and 

Nkongolo 2022). Gratton et al. (2000) found that the concentrations of copper in needles ranged from 

12.3 - 28.6 mg/kg in P. banksiana. In this study the average copper concentration in the P. banksiana 

needles was 2.5 mg/kg (± 0.2) – this average is much lower than the values in the previous study of 

the Sudbury region (Gratton et al. 2000). Changes in metal availability, or the long term beneficial 

effects of liming soils for Sudbury regreening efforts may have caused the P. banksiana samples in 

this study to have lower metal concentrations within the needles (Nkongolo et al. 2008, 2013, Tran et 

al. 2014).  

 

In Pinus resinosa, the bioaccumulation value of nickel is high at 4.95 (>1). The root, branch, and 

needle concentrations of nickel are not significantly different, and nickel is freely translocated past 

the root tissue to the shoots – although, the translocation factors are approximately one. Therefore, 

Pinus resinosa is not a nickel excluder but it does accumulate Ni in roots and shoots that is greater 

than the bioavailable concentration in the soil (Mehes-Smith et al. 2013). The bioaccumulation value 

of copper in Pinus resinosa is the highest analyzed in this study at 14.28 (>1). The root and branch 

concentrations of copper are not significantly different, while the concentration of copper in the 

needles is significantly different then roots and branches; nickel is freely translocated between the 

root tissue and branches.  
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Based on previous plant classifications (Ernst 1996, Boularbah et al. 2006, Mganga et al. 2012, 

Mehes-Smith et al. 2013) Pinus strobus does not accumulate copper but can be considered a copper 

excluder; P. banksiana is not an accumulator of copper, and could be considered an indicator; Pinus 

resinosa cannot be classified as an accumulator or excluder of nickel and copper as this plant 

accumulates in the roots and shoots (except for nickel in the needle tissue) that is greater than the 

bioavailable concentration in the soil. Each pine species does not avoid copper, and P. resinosa also 

does not avoid nickel (Mehes-Smith et al. 2013, Dalvi and Satish 2013) - this contrasts the results of 

nickel translocation of Picea glauca, another conifer, in which the plant was considered a metal 

avoider (Boyd 2020). Field studies in the Sudbury region have also labelled Acer rubrum as a nickel 

and copper avoider, while Populus tremuloides accumulates nickel and avoids copper (Kalubi et al. 

2015, 2016). Triticum tugidum var. durum, durum wheat, is considered an excluder of copper as this 

plant restricts translocation to the roots as noted in a study comparing contaminated and 

uncontaminated Italian soils (Krishnamurti et al. 2007). Tetraena qataranse has also been found to 

be an excluder of chromium, copper, and nickel, but an accumulator of cadmium – plants may have 

different mechanisms to deal with different metals (Usman et al. 2019).  

 

As P. strobus accumulates copper in the roots, and P. resinosa accumulates copper and nickel in the 

root and shoot tissues, these species could be used to support phytoremediation to take up metal 

pollutants from the soils in contaminated areas. Excluders may aid in phytostabilization of copper – 

a component of phytoremediation (Galfati et al. 2011), P. strobus and P. resinosa have high copper 

accumulation factors and could be useful for phytostabilization. Although, metal-accumulating plants 

have additional metabolic costs that affect their growth and reproduction to allocate more resources 

to mechanisms related to metal tolerance (Ernst 2006, Mehes-Smith et al. 2013). The mechanisms for 
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tolerance with accumulation, which require energy, can include chelation and complexing, 

sequestration and compartmentation, and storage of metal ions, as well as antioxidant defenses to 

combat ROS (Mehes-Smith et al. 2013). P. banksiana could be used as an indicator of copper as the 

root and aerial tissue copper concentrations mirror the bioavailable amounts in the soil. Indicator 

plants are important as they indicate pollution through morphological and physiological changes, in 

this case copper pollution, that can have negative impacts on the whole ecosystem and potentially 

human health (Kvesitadze et al. 2006, Mganga et al. 2012). Although, planting P. banksiana in areas 

of high copper soil levels may be flawed as indicator plants may uptake copper in amounts the plant 

cannot cope with, and lead to susceptibility to the toxicity (Mganga et al. 2012, Mehes-Smith et al. 

2013).   

 

The low number of sampled individuals and the high standard deviations could influence the 

significance between sample tissues. Also, there is plasticity within a species for the amount of metal 

that is taken up and tolerated (Greger 2004, Zacchini et al. 2009). The results of this study pose useful 

insights into pine uptake and translocation of metals from the soil, but larger studies with more 

individuals and diverse sites would be necessary to label the species’ overall metal uptake and 

translocation strategies more confidently.   

 

This study reveals that the decision to plant Pinus resinosa, P. strobus and P. banksiana not only 

provided biodiversity and land cover to the Greater Sudbury Region, but these species also aid in 

reclamation through the potential of phytoremediation, or for indicating pollution. 
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Chapter 3. Effects of nickel and copper toxicity in Pinus resinosa 

3.1 Introduction 

Nickel and copper are essential plant micronutrients that play a role in metalloenzymes. When plants 

take up more than what is metabolically needed, toxicity can develop and affect plant growth and 

development (Chen et al. 2009, Kumar et al. 2021). Nickel negatively impacts seed germination 

(Seregin and Kozhevnikova 2006, Czajka et al. 2019), plant growth in root and shoot tissues (Seregin 

et al. 2003, Gajewska and Skłodowska 2008), and physiological processes like photosynthesis 

(Mohanty et al. 1989, Van Assche and Clijsters 1990). Nickel causes magnesium and copper 

deficiencies (Rubio et al. 1994, Yang et al. 1996). The main symptoms of nickel toxicity are decreased 

root growth, chlorosis, and necrosis (Seregin et al. 2003, Gajewska et al. 2006, Yusuf et al. 2011). 

Copper negatively impacts photosynthesis and root growth (Nair and Chung 2015), and can cause 

increased membrane permeability and lipid peroxidation (Sandmann and Böger 1980, Maksymiec et 

al. 1992). The main symptoms of copper toxicity are similar to those of  nickel and include decreased 

root growth and chlorosis (Eleftheriou and Karataglis 1989, Michaud et al. 2008, Nair and Chung 

2015). 

 

Nickel and copper cause oxidative damage in cells by the production of ROS (Sandmann and Böger 

1980, Shabbir et al. 2020). The symptoms of oxidative damage are the same as those of heavy metal 

toxicity: decreased root growth, chlorosis and necrosis (Dietz et al. 1999). The free radicals produced 

by metal toxicity can damage DNA and physiological processes like photosynthesis and cellular 

respiration (Pitzschke et al. 2006).  
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The toxicity of nickel has been investigated in hardwoods and conifers with differing results (Kalubi 

et al. 2015, Theriault et al. 2016a, Nkongolo et al. 2017, Czajka et al. 2019, Boyd and Nkongolo 2020, 

Moarefi and Nkongolo 2022), while copper toxicity has been principally evaluated in hardwoods 

(Djeukam et al. 2016, Proulx et al. 2017), not conifers. The objective of this study is to investigate 

the effects of nickel and copper on Pinus resinosa. 
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3.2 Materials and Methods 

3.2.1. Effects of nickel nitrate and potassium nitrate on Pinus resinosa  

P. resinosa seedlings (14-month-old) from the Tree Growing Center of College Boreal (Seedling lot 

#8740070 from South Junction, MB collected 02/2019) were transplanted to pots that contained a 

50:50 sand/soil mixture. The soil was BM8 Water saving soil from Berger (Soint-Modeste, QC) 

composed of sphagnum moss (75-81%), perlite (13-17%), composted peat moss (5-9%), ethoxylated 

alkylphenol, and dolomitic and calcitic limestone. The seedlings were then placed in a growth 

chamber for two months. The PGR15 with a CMP 4030 controller from Conviron (Winnipeg, MB) 

was the growth chamber utilized. The growth chamber was programmed with a 6-hour dark, 18-hour 

light cycle, while the temperature ranged from a low of 20ºC to a high of 25ºC. The plants were 

watered regularly and fertilized once within the two-month period (with a fertilizer comprising of 

equal amounts of nitrogen, phosphorus, and potassium [20-20-20]).  

 

Nickel toxicity was assessed by treating seedlings with an aqueous solution of nickel nitrate salt 

(Nickel (II) nitrate hexahydrate, Ni(NO3)2 · 6 H2O) from Acros Organics (Geel, Belgium) at the 

following concentrations: 16 mg, 160 mg, and 1600 mg of nickel per 1 kg of dry soil. The 

concentrations used represent the low boundary and high boundary of bioavailable nickel, as well as 

total nickel concentrations in the soil in the Greater Sudbury region as previously published 

(Nkongolo et al. 2013, Kalubi et al. 2016). These levels correspond to 7740 µmol, 774 µmol, and 77.4 

µmol of Ni, respectively. To control for any effects of the nitrate ions (NO3) on the expression within 

the plants, an aqueous salt solution of potassium nitrate (KNO3) from Sigma-Aldrich (St. Louis, 

Missouri, USA) was used in equal molar mass amounts to each dose of nickel salts. The potassium 

nitrate controls corresponded to the nickel treatments as the doses were 16 mg/kg, 160 mg/kg, and 
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1600 mg/kg. De-ionized water was used as a negative control (0 mg Ni per 1 kg of dry soil). The 

experimental design was a completely randomized block design with 13 replications per each 

treatment. 

 

Prior to seedling treatment, pictures were taken to compare damages at the end of treatment to the 

original plant conditions. Damage ratings were ascertained the day prior to harvest. The damage 

ratings were based on a 1-9 scale were 1 is healthy or no damage, and 9 represents a dead or dying 

plant (see Appendix A).  

 

3.2.2. Effects of copper sulfate and potassium sulfate on Pinus resinosa  

P. resinosa seedlings (14-month-old) from College Boreal (Seedling lot #8740070 from South 

Junction, MB collected 02/2019) were transplanted to pots that contained a 50:50 sand/soil mixture. 

The growing conditions were consistent with the protocols described for the Ni treatments.  

Copper toxicity was assessed by treating seedlings with an aqueous solution of copper sulfate salt 

(copper (II) sulfate pentahydrate (CuSO4·5H2O)) from Acros Organics (Geel, Belgium) at the 

following concentrations: 13 mg, 130 mg, and 1300 mg of copper per 1 kg of dry soil. The doses used 

represent the low boundary and high boundary of bioavailable copper, as well as total copper 

concentrations in the soil in the Greater Sudbury region as previously published (Nkongolo et al. 

2013, Kalubi et al. 2016). These levels correspond to 5809 µmol, 580.9 µmol, and 58.09 µmol of Cu, 

respectively. To control for any effects of the sulfate ions (SO4
2-) on the expression within the plants, 

an aqueous salt solution of potassium sulfate (K2SO4) from Sigma-Aldrich (St. Louis, Missouri, USA) 

was used in equal molar mass amounts to each dose of copper salts. The potassium sulfate controls 

for 13 mg/kg, 130 mg/kg, and 1300 mg/kg of sulfate. De-ionized water was used as a negative control 
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(0 mg Cu per 1 kg of dry soil). The experimental design was a completely randomized block design 

with 13 replications per each treatment. Damage ratings were recorded as described for Ni treatments. 

 

3.2.3. Data analysis 

The data were analyzed using Microsoft Excel. Paired t-tests were carried out to evaluate significant 

differences between 6-month-old and 16-month-old P. resinosa 1600 mg/kg nickel nitrate and 

potassium nitrate treatments, as well as between 6-month-old and 17-month-old P. resinosa seedlings 

with 1300 mg/kg copper sulfate and potassium sulfate treatments (α = 0.05).  
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3.3 Results 

3.3.1. Nickel resistant genotypes 

Although, at the 1600 mg/kg nickel concentration there were some damages to seedlings (Figure 2) 

P. resinosa was classified as resistant to nickel based on the average damage ratings. In facts, most 

of the seedlings did not display morphological damages (damage rating of 1), a small group of the 16-

month-old seedlings were moderately resistant with a damage rating of 4 (Figure 2). Surprisingly, the 

six-months old seedlings were all resistant with no physical damages (Figure 1, see Appendix B). 

The results of the paired t-test showed a significant difference between the damage ratings of the 6-

month-old seedlings treated with 1600 mg/kg nickel nitrate (M = 1, SD = 0) and those of 16-month-

old seedlings with the same treatment (M = 2.17, SD = 1.47); (t(12) = 2.73, p = 0.018). 

 

3.3.2. Copper resistant genotypes 

At 6-months old, the seedlings were overall moderately susceptible to the highest copper 

concentration of 1300 mg/kg, and all other copper and potassium treatments were resistant (see 

Appendix C). However, there was a variable response in which 16%  were resistant, 16% moderately 

susceptible, but 66% were susceptible (Figure 3). P. resinosa seedlings at 17-month-old age were 

classified as copper resistant as there were no observed physical damages caused by exposure at this 

age (Figure 4). 

The results of the paired t-test showed a significant difference between the damage ratings of the 6-

month-old seedlings treated with 1300 mg/kg copper sulfate (M = 6.23, SD = 2.45) and damage 

ratings of 17-month-old seedlings with the same treatment (M = 1, SD = 0); (t(12) = 7.68, p = 5.67 x 

10-6). There was also a significant difference in the damage scores between 6 and 17-month-old 
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seedlings treated with 1,300 mg/kg potassium sulfate control (M = 2, SD = 0.82); (t(12) = 6.59, p = 

2.58 x 10-5).  

 

1Figure 1:  Damage ratings of 6-month-old Pinus resinosa seedlings treated with 1,600 mg/kg nickel 

nitrate treatment. 

 

 

2 Figure 2:  Damage ratings of 16-month-old Pinus resinosa seedlings treated with 1,600 mg/kg 

nickel nitrate treatment. 
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3Figure 3: Damage ratings of 6-month-old Pinus resinosa seedlings treated with 1,300 mg/kg copper 

sulfate treatment. 

 

4Figure 4: Damage ratings of 17-month-old Pinus resinosa seedlings treated with 1,300 mg/kg 

copper sulfate treatment. 
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3.4 Discussion 

3.4.1. Nickel resistance 

The nickel toxicity damage in Pinus resinosa showed that this species is resistant to all nickel 

concentrations except the 16-month-old seedlings treated with 1,600 mg/kg that showed some 

susceptibility. However, the 6-month-old seedlings were all resistant to Ni. This suggests there could 

be increased susceptibility to nickel toxicity with age. There was a variation in response to Ni 

treatment in 16-month-old genotypes treated with 1,600 mg/kg of nickel nitrate since highly resistant 

and moderately resistant genotypes were identified. Similar variations were observed in Populus 

tremuloides treated with 1,600 mg/kg nickel nitrate treatments (Czajka et al. 2019).  

 

Pinus strobus was also resistant to 1,600 mg/kg nickel nitrate at 6 months old, while 6-month-old P. 

banksiana was found to be significantly damaged by the same treatment (Moarefi and Nkongolo 

2022). The response of six-month-old P. tremuloides to 1,600 mg/kg of nickel showed moderate 

susceptibility on average with some individuals being susceptible while other were resistant to nickel  

(Czajka et al. 2019); this response of P. tremuloides was similar to that observed in 16-month-old P. 

resinosa seedlings. The findings of the present study also revealed that potassium and nitrate do not 

induce metal-toxicity symptoms in this species. 

 

In this study, P. resinosa seedlings became more susceptible to nickel toxicity as they age. 

Drążkiewicz et al. (2003) found that younger Zea mays leaf sections accumulated less cadmium than 

older leaf sections; perhaps the 6-month-old seedlings accumulate less nickel in their shoots than the 

16-month-old seedlings, and therefore exhibits less toxicity symptoms. Histone modifications, 

essential in plant growth and development for access to specific sections of the genome, is important 
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in response to abiotic stress (Berr et al. 2011). Different histone formations present in younger 

seedlings may direct metal stress responses differently than more developed seedlings (Shafiq et al. 

2019). For example, younger seedlings may have higher reduced glutathione content and possibly 

able to combat ROS more effectively than more mature seedlings (Drążkiewicz et al. 2003).  

 

3.4.2. Copper resistance 

Analysis of copper toxicity in Pinus resinosa revealed that this species is resistant to Cu at 17-months 

old based on the lack of plant damage under copper concentrations. The younger seedlings group (6-

months-old) were moderately susceptible or susceptible at the 1,300 mg/kg concentration. There were 

significant difference between the damage scores of 6-month-old and 17-month-old seedlings treated 

with 1,300 mg/kg copper sulfate. Djeukam et al. (2016) found that 4-month-old Betula papyrifera 

seedlings had significantly higher damage ratings after treatment with 1,312 mg/kg copper sulfate in 

comparison to 9.16 mg/kg copper treatments. This mirrors the results of this study since 6-month-old 

seedlings of P. resinosa treated with 13 mg/kg copper sulfate did not show physical damages and was 

found to be significantly different from the damage ratings of the 1,300 mg/kg group of the same age 

(t (12) = 7.68, p = < 0.001). But, the six-month-old Quercus rubra seedlings were resistant to higher 

concentrations of 1,312 mg/kg of copper sulfate (Proulx et al. 2017). There were some seedlings with 

damages other than one in the 6-month-old seedlings treated with 130 mg/kg and 1300 mg/kg 

potassium sulfate used as salt controls.  Hence, sulfate may affect seedlings as opposed to potassium 

nitrate salt controls used in the Ni assays.  

 

The damage caused by copper in P. resinosa seems to be associated with the developmental stage 

where the resistance builds with age. Younger plants have a lowered capability, in comparison to 
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more developed plants, to release root exudates to chelate and render metal ions unavailable for plant 

uptake (Badri and Vivanco 2009). Lignification of cell walls, which occurs in older seedlings to give 

a woody stem, is important in response to metal toxicity that can lead to an accumulation of metal in 

the cell wall (Larras et al. 2013). Cheng et al. (2014) found that increased lignification of the 

exodermal cell walls was positively correlated with metal tolerance in mangrove trees. Root exudates 

and lignification in more developed plants may confer the resistance of 17-month-old seedlings to 

copper damage, while the 6-month-old P. resinosa plants are less developed in their ability to prevent 

chlorosis and therefore are more susceptible to copper damage but become resistant through 

development.   
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Chapter 4. Expression of genes associated with nickel resistance induced by different 

concentrations of nickel and potassium nitrate in red pine (Pinus resinosa) 

4.1  Introduction 

Although there are many metal micronutrients required in plants, there is a varying threshold where 

excess metal concentration will cause toxicity symptoms like chlorosis and decreased growth (Foy et 

al. 1978). Nickel’s essential role in plant physiology as a vital part of the enzyme urease requires that 

small amounts of nickel ions must be taken up and translocated to the relevant tissues (Dixon et al. 

1975). Nickel is transported by a variety of transport proteins for long term transport or for 

transmembrane transport like high affinity nickel transporter (NiCoT) (Eitinger et al. 2005). Nickel 

toxicity can increase the amount of ROS and cause oxidative damage – many antioxidating 

compounds and their pathways are important in a plant’s response to oxidative damage and abiotic 

stress (Gajewska and Skłodowska 2008). Signalling pathways like ethylene are also essential to 

respond to abiotic stress (Hyodo 1991). Many enzymes involved in transport or abiotic stress 

pathways can have altered gene expression during nickel stress (Theriault et al. 2016b, Narendrula-

Kotha et al. 2019).  

 

The objective of this study is to compare the expression of five nickel related genes that may be part 

of nickel tolerance mechanisms in Pinus resinosa. The genes of interest are 1-aminocyclopropane-1-

carboxylic acid deaminase (ACC deaminase), glutathione-S-transferase (GST), high-affinity Ni 

transporter (NiCoT or AT2G16800), natural resistance-associated macrophage protein 3 (NRAMP3) 

and Serine acetyltransferase (SAT). The hypothesis is that these genes will be influenced by 

increasing concentration of nickel. Specifically, that ACC, GST, and SAT expression will be 

increased, while NiCoT and NRAMP3 expression will be decreased. 
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4.2 Materials and Methods  

4.2.1. Pinus resinosa sample collection 

P. resinosa seedlings were treated nickel nitrate and potassium nitrate as described in Section 3.2. 

Roots and needles were harvested from seedlings 14 days after treatments for the 16-month-old 

seedlings, all needles from individual plants were picked from branches and wrapped in a foil sheet, 

and then flash frozen with liquid nitrogen and stored at -20C.  

4.2.2. RNA extraction 

RNA extractions were performed for eight P. resinosa needle samples from each treatment group 

(k=7, n=8, N = 56). RNA needle extractions were performed using the Plant/Fungi Total RNA 

Purification Kit from Norgen Bio Tek (Thorold, Canada, #31350), with the following modifications. 

The cell lysis step was increased to 15 minutes, as well as vortexing each sample tube every three 

minutes. Also, the clarified lysate was passed through the column a second time to ensure the RNA 

was bound to the spin column prior to proceeding with the extraction. About 50 mg of the flash-frozen 

needle tissue per sample were used for the extraction process. All samples of extracted RNA 

underwent a quality check using gel electrophoresis (see Figure S6); a 1% agarose gel was used. The 

RNA was then quantified with the Qubit RNA BR (Broad Range) assay kit from Life Technologies 

(Carlsbad, United States). Pools of each group were made by pooling 1 ug of RNA of each sample 

from the same treatment. About 4 ug of each RNA pool was treated with DNase 1 from Life 

technologies; 1 U/ul DNase I, 10X buffer, and varying amounts of water were added to equal a final 

volume of 10 uL. The pools were then incubated for 1 hour at 37C. A PCR was performed with 200 

ng of the pooled samples, along with 200 ng of the pooled samples spiked with 400 ng of Pinus 

resinosa DNA, and the resulting PCR product was visualized on a 2% agarose gel to ensure the pooled 

samples treated with DNase were not contaminated with DNA. Once this was confirmed, the DNase 
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1 enzyme could be inactivated by adding 50 mM EDTA and incubating the pools at 65C for 10 

minutes.  

4.2.3. Primer Design 

Ni resistance-associated genes (ACC, HA Ni, GST, NRAMP3 and SAT) and the housekeeping gene 

(EF1 alpha) were selected for this study (Table 4.1 and 4.2). The sequences of these genes for the 

model species Pinus taeda were determined using congenie.org 

(https://congenie.org/citation?genelist=enable), a database of known or predicted conifer genes. The 

gene sequence from congenie.org was then copied into NCBI BLAST (basic local alignment search 

tool) to identify similar sequences in P. resinosa. Pinus sylvestris (Scots pine) was selected as a proxy 

based on a lack of results in BLASTn for P. resinosa (see Appendix J). The P. sylvestris accession 

code with the highest coverage and specificity were chosen for further analysis. The selected 

accession codes were used to produce primers flanking the gene target sequence with the same 

BLAST program. The potential primer pairs were analyzed using the OligoAnalyzer tools from 

Integrated DNA Technologies ((https://www.idtdna.com/calc/analyzer), to ensure low probabilities 

of primer dimers, self-dimers, and hairpins. Primers were synthesized by Invitrogen (Waltham, 

Massachusetts, United States). 

 

The primer pairs were validated by a PCR test using previously extracted P. sylvestris and P. resinosa 

DNA over different temperatures (See Figure S7). Once the troubleshooting for optimized PCR 

conditions was complete, the successful primers were used in further analysis.  

  

https://congenie.org/citation?genelist=enable
https://www.idtdna.com/calc/analyzer
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3Table 3: Candidate genes involved in nickel resistance in model and non-model plant species  

Gene  Species  Reference  

1-aminocyclopropane-1-

carboxylic acid deaminase 

(ACC) 

Brassica napus Stearns et al. 2005 

High affinity nickel (HA Ni) 

transporter family protein 

(AT2G16800) 

Arabidopsis thaliana 

Betula papyrifera 

Stearns et al. 2005 

Theriault et al. 2016a 

Glutathione-s-transferases 

(GST) 

 

Thlaspi goesingense 

Betula papyrifera 

Freeman et al. 2004 

Theriault et al. 2016 

Metal transporter NRAMP (1-4) 

 

Thlaspi japonicum 

Noccaea caerulescens 

Thlaspi caerulescens 

Betula papyrifera 

Mizuno et al. 2005 

Visioli et al. 2012 

Wang et al. 2008 

Theriault et al. 2016a 

Serine acetyltransferase (SAT) Thlapsi goesingense Freeman et al. 2004 

 

 

4Table 4: Sequences of red pine (Pinus resinosa) nickel associated gene of interest primers used for 

RT-qPCR  

Target Melting temp 

(°C) 

Primer 

(5’ TO 3’) 

Expected 

amplification 

SAT F:60 

R:61 

F: TGCTTCCAGAAAGGGATGAGC 

R: CTCCAGAGACCTGTGAGCCA 

122 

GST F:61 

R:61 

F: CGAGTCCAGGGCTATCGTCA 

R: TGTTCAACCAGGGCTTGCTC 

99 

Nramp3 F:59 

R:59 

F: AAGGAATTGCTGCTAGGGCT 

R: CACCAGAGCTGAGTGGAGAA 

120 

ACC F:62 

R:62 

F: GTAACCACTGTCGTGCTACTG 

R: CCAGTCAAGCCAGGATCTTC   

109 

HA Ni F:58 

R:59 

F: GCTGCGGAAGAGTTGGTT 

R: GTGTTGGTGGTTGAGCGAAA 

107 

Housekeeping Gene 

Elongation Factor 1 

(EF1) 

F:59 

R:61 

F: TCTGGCAAGTCCACCACTAC 

R: CAAAACGCTCGATCACACGC 

 

76 
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4.2.4. cDNA conversion and RT-qPCR 

RNA was converted to cDNA using the Applied Biosystems High-Capacity cDNA Reverse 

Transcription Kit. The protocol is described by the manufacturer 

(https://assets.thermofisher.com/TFSAssets/LSG/manuals/cms_042557.pdf). Briefly, the Reverse 

Transcription Master Mix was prepared, then  2 ug of RNA was added and the mixture was placed in 

a thermal cycler for 10 minutes at 25C, and then 120 minutes at 37C as described in the 

Manufacturer’s protocol. After testing the cDNA conversion success with a PCR, the products were 

run on a 2% agarose gel to verify the cDNA integrity and expected length for each primer pair. Once 

this was verified, the reverse transcriptase enzyme was inactivated by heating the tubes at 85C for 5 

minutes.  

 

20 ng of cDNA was then used in RT-qPCR (Real-Time quantitative Polymerase Chain Reaction). 

The RT-qPCR was performed using Bio Basic’s Green-2-Go qPCR Mastermix instructions 

(https://www.biobasic.com/us/green-2-go-qpcr-mastermix-rox-500x20ul-

rxn#:~:text=Product%20Info.%20(835.67%20KB) with the addition of 20 ul of mineral oil. Each 

treatment was run in triplicate in two separate RT-qPCR series; there were 6 total reactions for each 

treatment group for each gene of interest. For each RT-qPCR series, no-template controls and six 

standards were also added – the latter was used to generate a standard curve. A BioRad CFX Connect 

RT-qPCR Detection systems was used. The program was, 1) initial denaturation at 95℃ for 10 

minutes, 2) denaturation at 95°C for 15 seconds, 3)  annealing temperature, which depended on the 

primer (between 57-59°C) for 60 seconds, 4) read, 5) repeat step 2-4 for 41 cycles, 7) final elongation 

at 72°C for 7 minutes 8) melting curve 65 – 95°C, every 1°C, hold for 10 seconds, and 9) final 

elongation at 72°C for 3 minutes.  

https://assets.thermofisher.com/
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4.2.5. Data Analysis 

The CFX Maestro Software was used to obtain the results and verify the success of the RT-qPCR 

based on analyzing the melt curve. The Cq or quantification cycle values of each sample, determined 

by the equation of the line determined by the six standards, was utilized for further analysis; outliers 

were removed from the analysis. The values were exported to Microsoft Excel, and then the data 

points for each gene were normalized to the housekeeping gene, Elongation Factor 1-alpha (Ef1), and 

to the water treatment group Cq of the gene of interest. Water is the reference group in which the 

expression is 1, while each nickel treatment and corresponding potassium control is relative to the 

water group. SPSS (Version 20) was used to evaluate the significance among means of each treatment 

group (p < 0.05). To establish normality, the Shapiro Wilk tests was utilized. Levene’s test was also 

used to evaluate if the data had equal variances. If the data was normal with equal variances a, one-

way Analysis of Variances (ANOVA) was completed to look for significant differences among the 

means. If the data was normal but the variances were unequal, a Welch test was used. If the data was 

not normal, a nonparametric alternative was used, the Kruskal-Wallis one-way analysis of variance 

was used. For gene groups that used ANOVA or Welch test and concluded a significant result 

(p<0.05), Tukey or Dunnet’s T3 post hoc tests were used for groups with equal or unequal variances 

respectively, to evaluate which groups were significantly different. The Games-Howell post hoc test 

was used if the Kruksal-Wallis test had been applied. Figures were created in Excel.  
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4.3 Results 

Pinus resinosa needles showed an initial increase of expression at the 16 mg/kg concentration 

treatment for the ACC deaminase target, with decreasing expression correlating with increased dosage 

(Figure 5a). Each nickel nitrate treatment’s expression was significantly different from the other 

treatments; although, the 160 mg/kg concentration induced no significant differences in ACC 

expression compared to the water control. The expression of ACC in samples treated with 1,600 

mg/kg of Ni was significantly supressed as it was half of that observed in water control samples. No 

significant difference was observed between each potassium nitrate control and the water control 

(Figure 5b). The 16 mg/kg and 1600 mg/kg nickel treatments induced a significant difference in ACC 

expression compared to their corresponding potassium control, while the 160 mg/kg concentration 

did not (Figure 5c). 
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5Figure 5: ACC gene expression in red pine (Pinus resinosa) treated with different doses of a) nickel 

nitrate and b) potassium nitrate. The gene expression was normalized to housekeeping gene 

(elongation factor 1) and water was used as the negative control. c) Gene expression of nickel 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and Tukey’s 

post hoc test. Significant differences (p ≤ 0.05) between a nickel concentration and its 

corresponding potassium nitrate control dose are represented with an asterisk. (* = <0.05, ** = 

<0.01, ** = <0.001, ns = no significance). 

 

GST expression was increased in plants treated with nickel nitrate treatments in comparison to water 

(Figure 6a). There was an initial increase in the expression at the 16 mg/kg concentration of Ni nitrate 

close to two-fold the expression of water. There was then a small decrease in the GST expression in 

genotypes treated with 160 mg/kg concentration corresponding to 1.5-fold greater than that of water 
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(Figure 6a). The expression induced by the 1,600 mg/kg of Ni was 5.65-fold greater than that of water 

(Figure 6a). This was the largest overexpression seen in the study. Though there was an induction of 

the GST expression by the 16 g mg/kg potassium control treatment (Figure 6b), the 160 and 1600 

mg/kg did not induce significant change in the expression of this gene compared to water (Figure 6b). 

There were significant differences in the GST expression between the plants treated with nickel nitrate 

and the potassium nitrate control for all the concentrations (Figure 6c).  
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6Figure 6abc: GST gene expression in red pine (Pinus resinosa) treated with different doses of a) nickel 

nitrate and b) potassium nitrate. The gene expression was normalized to housekeeping gene 

(elongation factor 1) and water was used as the negative control. c) Gene expression of nickel 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and Dunnet’s 

post hoc test. Significant differences (p ≤ 0.05) between a nickel concentration and its corresponding 

potassium nitrate control dose are represented with an asterisk. (* = <0.05, ** = <0.01, ** = <0.001, 

ns = no significance).  

 

High Affinity Ni transporter gene expression was significant increased in plants treated with 16 mg/kg 

and 160 mg/kg and decreased in the 1600 mg/kg nickel nitrate treatment compared to water control 

(Figure 7a). Expression of this gene in plants treated with the high concentration of 1,600 mg/kg of 

potassium nitrate control was not significantly different from that of water (Figure 7b). However, the 

16 and 160 mg/kg concentrations of this salt used as a control significantly increased HA expression 
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significantly compared to water (Figure 7b). HA expression was downregulated when 1, 600 mg/kg 

concentration of nickel nitrate was compared to the corresponding potassium nitrate (Figure 7c).  
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7Figure 7abc: HA Ni gene expression in red pine (Pinus resinosa) treated with different doses of a) 

nickel nitrate and b) potassium nitrate. The gene expression was normalized to housekeeping gene 

(elongation factor 1) and water was used as the negative control. c) Gene expression of nickel 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and a Tukey 

post hoc test. Significant differences (p ≤ 0.05) between a nickel concentration and its corresponding 

potassium nitrate control dose are represented with an asterisk. (* = <0.05, ** = <0.01, ** = <0.001, 

ns = no significance).  

 

NRAMP3 expression was significantly increased under 16 mg/kg and 160 mg/kg Ni treatments 

compared to the water control (Figure 8a). But the expression of this gene was repressed in plants 

exposed to 1,600 mg /kg of Ni treatment. No significant difference in NRAMP3 expression was 

observed when plants were exposed to 16 mg/kg or 160 mg /kg of potassium nitrate, but an increase 

of gene expression was observed at 1,600 mg /kg of this salt control (Figure 8b). Significant difference 
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was observed in NRAMP3 expression when nickel nitrate and potassium nitrate at 1,600 mg/kg 

concentration were compared, with nickel ions causing gene repression compared to potassium 

(Figure 8c).  

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 mg/kg 16 mg/kg 160 mg/kg 1600 mg/kg

N
o

rm
al

iz
ed

 E
xp

re
ss

io
n

Treatment Group

a

ab

b

c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 mg/kg 16 mg/kg 160 mg/kg 1600 mg/kg

N
o

rm
al

iz
ed

 E
xp

re
ss

io
n

Treatment Group

a
a

a

b

b)

a) 



 61 

 
 

8Figure 8abc: NRAMP3 gene expression in red pine (Pinus resinosa) treated with different doses of a) 

nickel nitrate and b) potassium nitrate. The gene expression was normalized to housekeeping gene 

(elongation factor 1) and water was used as the negative control. c) Gene expression of nickel 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and Dunnet’s 

post hoc test. Significant differences (p ≤ 0.05) between a nickel concentration and its corresponding 

potassium nitrate control dose are represented with an asterisk. (* = <0.05, ** = <0.01, ** = <0.001, 

ns = no significance).  

 

Each of the nickel treatment induced significant changes to SAT expression compared to water. Like 

NRAMP3, SAT gene expression was significantly increased at 16 mg/kg and 160 mg/kg and 

suppressed by the high concentration of 1,600 mg/kg (Figure 9a). The low concentration of 16 mg/kg 

and the high concentration  of 1, 600 mg /kg of potassium nitrate did not affect SAT expression  while 

the 160 mg /kg treatment induced an upregulation of this gene  (Figure 9b). When nickel and 

potassium nitrate were compared, the nickel ions caused a significant repression of the SAT gene at 

the 1,600 mg /kg concentration (Figure 9c). 
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9Figure 9abc: SAT gene expression in red pine (Pinus resinosa) treated with different doses of a) nickel 

nitrate and b) potassium nitrate. The gene expression was normalized to housekeeping gene 

(elongation factor 1) and water was used as the negative control. c) Gene expression of nickel 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and Dunnet’s 

post hoc test. Significant differences (p ≤ 0.05) between a nickel concentration and its corresponding 

potassium nitrate control dose are represented with an asterisk. (* = <0.05, ** = <0.01, ** = <0.001, 

ns = no significance).  
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4.4 Discussion 

This study aimed to determine if genes associated with nickel tolerance are involved in the P. resinosa 

response to nickel. ACC deaminase plays a role in regulating ethylene production and signalling, but 

can be affected by many stresses (Vanderstraeten and van Der Straeten 2017). This enzyme is 

important for ethylene balance, especially during metal toxicity to maintain normal plant growth and 

development (Gupta and Pandey 2019). In this study, ACC deaminase was overexpressed at the lower 

concentration of nickel, but the expression was supressed at the high concentration; there is a negative 

trend in the expression correlating with increasing nickel concentrations. Under 16 mg/kg and 160 

mg/kg treatments, there may be an increase or no change to ACC deaminase expression to lower the 

ethylene production and decrease the negative effects that can be caused by excess ethylene such as 

senescence and chlorosis (Stearns et al. 2005, Czarny et al. 2006). Although, at the high concentration 

there was a decrease in gene expression most likely to maintain ethylene signalling and necessary 

chlorosis and apoptosis for the stress response (Hyodo 1991, Czarny et al. 2006). Other studies have 

found increased expression at 1600 mg/kg of nickel nitrate for ACC deaminase (Djeukam et al. 2019, 

Boyd and Nkongolo 2021). Moarefi and Nkongolo (2022) observed a suppression of ACC in Pinus 

banksiana treated with 1,600 mg/kg of nickel nitrate. This effect seems to be caused by Ni since the 

effects of potassium nitrate was not different from that of water. ACC deaminase was impacted by 

changes in nickel concentration in P. resinosa. 

 

GST is an enzyme involved in GSH or reduced glutathione responses to oxidative stress (Hayes and 

McLellan 2009). Though the lowest nickel concentration of 16 mg/kg had a greater increase in 

expression than the 160 mg/kg treatment, the control potassium nitrate concentration at 16 mg/kg was 

significantly different from water. Therefore, the induction in expression is not only from nickel, but 
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also from the nitrate at the 16 mg/kg level – there is a potential effect from the nitrate, at least at the 

lowest concentration as the 160 m/kg and 1600 mg/kg potassium controls are not significantly 

different from water. GST seems to have a stepwise expression with a threshold in which a certain 

increase in nickel will trigger a very large response, as seen in the nickel concentration of 1,600 mg/kg. 

Gajewska et al. (2006) found that wheat (Triticum aestivum) treated with 200 uM of nickel greatly 

induced GST activity by up to 584%, while 10 uM did not impart a response; this study was one of 

the first studies to show GST activity as a product of nickel stress. Although, this was a unique 

response in the needles, in wheat roots there was no significant difference between 200 uM nickel 

treatment and the water control in terms of GST activity (Gajewska and Skłodowska 2008). In wheat 

shoots, GST activity was most induced by nickel in comparison to copper and cadmium treatments 

(Gajewska and Skłodowska 2010). Although, the opposite has been observed in lettuce (Lactuca 

sativa) as increasing nickel treatments (up to 600 mg/kg of dry soil) suppressed GST expression in 

comparison to the control (Zhao et al. 2019). The gene expression trends shown by Lycopersicon 

esculentum when exposed to increasing levels of lead presented a similar response to the P. resinosa 

plants in this study (Kısa 2017).  In this study GST, and therefore GSH, seem to play an integral role 

in nickel tolerance in Pinus resinosa. 

 

High affinity nickel transporter (NiCoT) is a membrane transporter of nickel and cobalt (Eitinger et 

al. 2005), and was identified to have expression affected by metal stress (Theriault et al. 2016a). In 

this study, there is an increase in the expression at 16 mg/kg and 160 mg/kg nickel treatments. The 

potassium nitrate controls at these concentrations were significantly different from water, and not 

significantly different from their corresponding nickel treatment. Therefore, these upregulations 

cannot be attributed to nickel. Boyd and Nkongolo (2020) found that the expression of this transporter 
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was not affected by increasing nickel treatments in P. glauca needles, but that nitrate caused an 

artificial induction in the nickel nitrate treatment. Nitrate inducing activity in transporters has been 

reported in other studies as well (Yang et al. 2016). At the nickel concentration of 1600 mg/kg 

treatment, the NiCoT expression was significantly decreased, over 20%, in comparison to the water 

and potassium nitrate controls. Czajka et al. (2019) also found a repression in NiCoT expression 

following increasing concentrations of nickel; 800 and 1600 mg/kg nickel nitrate treatments displayed 

significant suppression in comparison to water and potassium nitrate controls. Kalubi et al. (2018) 

also found a suppression in NiCoT in samples originating from metal contaminated areas. High 

affinity nickel transporter is impacted by changes in nickel concentration in P. resinosa.  

 

NRAMP3 is part of the NRAMP family of membrane bound metal transporters that has been linked 

to nickel tolerance in plants (Wei et al. 2009, Theriault et al. 2016b). In this study the only significant 

difference in gene expression that can be attributed to nickel was caused by the lowest nickel 

concentration at 16 mg/kg. Although there seems to be an increased expression of NRAMP3 at the 

nickel concentration of 1,600 mg/kg, this effect is likely contributed by the nitrate, as the 

corresponding potassium nitrate control has elevated expression. Moarefi (2022) also found various 

changes in NRAMP3 expression with treatment of potassium nitrate controls – in Pinus banksiana, 

the potassium nitrate controls of 800 mg/kg was increased. A general suppression was seen in Pinus 

strobus and Pinus banksiana (Moarefi and Nkongolo 2022), which contrasts with the results of this 

study. Czajka (2018) also found an increased NRAMP4 expression in trembling aspen (Populus 

tremuloides) treated with 800 mg/kg and 1600 mg/kg potassium nitrate controls; the nickel treatments 

did not induce expression that was significantly different from the water control. Although one study 

found that NRAMP genes were not induced or supressed in Picea glauca needles, there were 
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significant differences in the roots (Boyd and Nkongolo 2020). Future studies should evaluate the 

gene expression of NRAMP genes in plant roots, as well as needles. NRAMP3 is impacted by changes 

in nickel concentration in P. resinosa.  

 

SAT, a key enzyme in cysteine synthesis and subsequently GSH synthesis, has been implicated as an 

important enzyme in nickel tolerance (Noji and Saito 2002, Freeman et al. 2004). In this study, SAT 

expression was significantly induced at the lower concentration of 16 mg/kg of nickel nitrate. In Oryza 

sativa, SAT expression was induced in copper tolerant varieties in comparison to copper sensitive 

individuals (Song et al. 2013). Moarefi (2022) noted increases of SAT expression following nickel 

treatments for Pinus banksiana. Multiple studies have found that SAT activity was higher in 

hyperaccumulating types in comparison to non-hyperaccumulators (Freeman et al. 2004, Freeman 

and Salt 2007, Guo et al. 2009). For the 160 mg/kg nickel nitrate treatment, the induction observed 

cannot be attributed to nickel as there is also an induction in the potassium nitrate control. While at 

the 1600 mg/kg nickel nitrate treatment, there is a suppression in the expression that is approximately 

60% lower than the water control. Pinus strobus has also been observed to have supressed SAT 

activity following treatments ranging from 150 m/kg to 3200 mg/kg of nickel nitrate (Moarefi and 

Nkongolo 2022). SATs are regulated by feedback inhibitions loops in which increased cysteine 

decreases the concentration of SAT (Noji and Saito 2002, Kawashima et al. 2005). As discussed 

earlier, GST activity increased at the 1600 mg/kg nickel treatment. There are likely increased cysteine 

concentrations that would correspond with the decrease in SAT observed in this study through 

feedback loop inhibition. Freeman et al. (2004) noted in their study of glutathione’s role in nickel 

tolerance that nickel did not promote SAT activity. SAT was impacted by changes in nickel 

concentration for P. resinosa in this study. 
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GST expression was greatly upregulated at the highest nickel concentration. In contrast, ACC 

deaminase and high affinity nickel transporter were mostly downregulated, especially at the 1,600 

mg/kg of nickel treatment. SAT expression was upregulated at the 16 mg/kg concentration, while 

downregulated at the 1,600 mg/kg nickel treatment. NRAMP3 expression was only significantly 

different at the low 16 mg/kg nickel concentration in which the activity was increased. GST is the 

main gene affected by nickel treatment in this study, while the suppression of ACC deaminase, high 

affinity nickel transporter, and SAT downregulation were important in the response of Pinus resinosa 

to nickel exposure.  Nickel had no discernable effect on NRAMP3 expression. 
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Chapter 5. Expression of genes associated with copper resistance induced by different 

concentrations of copper and potassium sulfate in red pine (Pinus resinosa) 

5.1 Introduction 

The essentiality of copper, like nickel, renders copper uptake crucial. Copper is required in many 

oxidases in plants for photosynthesis and other metabolic processes (McGuirl and Dooley 1999, 

Droppa and Horváth 2008). Only small amounts of copper are required in plant tissues (Printz et al. 

2016, Kumar et al. 2021). Excess uptake of copper leads to toxicity that can cause decreased growth 

and chlorosis (Michaud et al. 2008, Kumar et al. 2021). Copper can have a direct negative effect on 

cellular components and produce ROS, both of these toxicity pathways will cause oxidative damage 

(De Vos et al. 1989, Luna et al. 1994). Therefore, various antioxidant compounds will be synthesized 

and transporters stimulated in response to excess copper (Mocquot et al. 1996, Song et al. 2013). Most 

of the gene expression studies in the literature that are related to copper toxicity revolve around copper 

transporters (Keinänen et al. 2007, Djeukam et al. 2016, Proulx et al. 2017).  

 

The objective of this study is to compare the expression of two copper tolerance related genes in Pinus 

resinosa. The genes of interest are Multi-Drug Resistance Protein 4 (MRP4) and Copper-transporting 

ATPase Resistance to Antagonist 1 (RAN1). The hypothesis is that these genes will be influenced by 

increasing concentrations of copper, in which the expression of these two genes will be downregulated 

to prevent further cellular or organellular copper entry and ROS damage to the cells. 
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5.2 Materials and Methods  

P. resinosa seedlings were treated with copper sulfate and potassium sulfate as described in Section 

3.2. Needles were harvested from seedlings 14 days after treatments for the 17-month-old seedlings, 

and then flash frozen with liquid nitrogen and stored at -20C.   

 

RNA extractions, primer design, cDNA conversion, RT-qPCR and data analysis followed the same 

methodology as presented in section 4.2 Nickel Gene Expression Methods. The genes of interest used 

to investigate copper induced gene expression are described in Table 5 and 6. The housekeeping gene 

was also Elongation Factor 1-alpha (Ef1). 
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5Table 5: Candidate genes involved in copper resistance in model and non-model plant species  

Gene  Species  Reference  

Copper-transporting ATPase-

RAN1 (RAN1) 

Arabidopsis thaliana Kobayashi et al. 2008 

Multidrug resistance protein 4  

(MRP4) 

Betula pendula Keinänen et al. 2007 

 

 

6Table 6. Sequences of red pine (Pinus resinosa) copper associated gene of interest primers used for 

RT-qPCR  

Target Melting 

temp (°C) 

Primer 

(5’ TO 3’) 

Expected 

amplification 

RAN1 F:59 

R:60 

F: GGAGGTTGTGGCTAAAGGGA 

R: CAGCAAAGCAGTTGTCGGTG 

76 

MRP4 F:62 

R:62 

F: CACCACTCCCACCTTCATTC 

R: GTGATCTTCAGGTCCGCTATG 

92 

Housekeeping Gene 

Elongation Factor 1 

(EF1) 

F:59 

R:61 

F: TCTGGCAAGTCCACCACTAC 

R: CAAAACGCTCGATCACACGC 

 

76 
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5.3 Results 

There was a significant decrease in MRP4 expression at the lowest concentration of copper at 13 

mg/kg in comparison to the water control, yet further increases in the copper sulfate dosage does not 

cause additional decreases in expression (Figure 10a). The 130 and 1300 mg/kg concentrations of 

copper sulfate did not induce significant differences in gene expression compared to the water control. 

An inverted parabola trend in terms of the copper treatment expressions was observed. In terms of 

controls, the 130 mg/kg of potassium sulfate significantly increased the expression of MRP4 

compared to the 1300 mg/kg potassium sulfate control and the water control (Figure 10b). There were 

significant differences in MRP4 expression between the copper treatment and potassium control for 

the 13 mg/kg and 130 mg/kg dosages, but these differences were not observed for the 1300 mg/kg 

treatment (Figure 10c). 

 

Though there was an increasing trend in RAN1 expression with increased copper sulfate, there was 

too much variability for this trend to be significant. Like MRP4, there was a significant suppression 

caused by copper at concentration of 13 mg/kg, while the two larger treatments (130 mg /kg and 1,300 

mg/kg) did not cause any change in RAN1 expression compared to the water (Figure 11a). No 

significant changes in expression of this gene were observed when all the potassium nitrate 

concentrations were compared (Figure 11b). Significant difference in RAN1 expression was observed 

between the 13 mg/kg copper treatment and the corresponding potassium control (Figure 11c). 
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10Figure 10abc: MRP4 gene expression in red pine (Pinus resinosa) treated with different concentrations 

of a) copper sulfate and b) potassium sulfate. The gene expression was normalized to housekeeping 

gene (elongation factor 1) and water was used as the negative control. c) Gene expression of copper 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and a Tukey 

post hoc test. Significant differences (p ≤ 0.05) between a copper concentration and its corresponding 

potassium sulfate control concentration are represented with an asterisk. (* = <0.05, ** = <0.01, ** = 

<0.001, ns = no significance).  
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11Figure 11abc: RAN1 gene expression in red pine (Pinus resinosa) treated with different concentrations 

of a) copper sulfate and b) potassium sulfate. The gene expression was normalized to housekeeping 

gene (elongation factor 1) and water was used as the negative control. c) Gene expression of copper 

treatments and potassium controls combined. Bars with different lowercase indices represent 

significant differences (p ≤ 0.05) among the means as found by conducting an ANOVA and a Tukey 

post hoc test. Significant differences (p ≤ 0.05) between a copper concentration and its corresponding 

potassium sulfate control concentration are represented with an asterisk. (* = <0.05, ** = <0.01, ** = 

<0.001, ns = no significance).  
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5.4. Discussion 

This study aimed to determine if genes associated with copper tolerance are involved in the P. 

resinosa response to copper. Copper transporting ATPase RAN1 (HMA7) is a membrane P-type 

ATPase that transports copper ions to ethylene receptors into the endoplasmic reticulum that are vital 

for the ethylene secretory pathway (Hirayama et al. 1999, Woeste and Kieber 2000, Puig et al. 2007, 

Hoppen et al. 2019). Copper acts as a cofactor of ethylene receptors, and for signalling transduction 

(Hirayama et al. 1999, Woeste and Kieber 2000, Hoppen et al. 2019); which is induced by RAN1. 

This transporter is also imperative for copper homeostasis in plants (Kobayashi et al. 2008, Binder et 

al. 2010). In this study, the RAN1 expression was downregulated in genotypes treated with the low 

concentration of 13 mg/kg copper sulfate, while the two higher concentrations of 130 and 1,300 mg/kg 

did not induce differential expression when compared to water. This differs from the response of 

Quercus rubra as in this species RAN1 was downregulated under 656 and 1312 mg/kg copper sulfate 

treatment (Proulx et al. 2017). Arabidopsis thaliana shoots also showed supressed RAN1 activity 

after treatment of 50 uM of copper sulfate (del Pozo et al. 2010). Kobayashi et al. (2008) reported that 

RAN1 is located in a region of high epistatic interactions indicating there may be other genes that 

influence RAN1 activity under copper stress. 

 

Baloun et al. (2014) found no difference in RAN1 expression when tolerant and non-tolerant Silene 

vulgaris ecotypes were compared. Although, Kobayashi et al. (2008) hypothesized that RAN1 could 

have a role in the response to copper toxicity in plants and some studies have found that RAN1 

expression is affected by copper toxicity, there is a lack of evidence for RAN1 activity conferring 

tolerance in plants or being a part of the response to metal toxicity. However, the RAN1/HMA7 

homologue of HMA5 has been found to have a copper detoxification effect in Arabidopsis thaliana 
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(Andrés-Colás et al. 2006). In this study, RAN1 is moderately impacted by changes in copper 

concentration P. resinosa. 

 

Multi-drug Resistance Protein 4, part of the ABC transporter, is a tonoplast membrane transporter of 

glutathione conjugates (Sánchez-Fernández et al. 1998, Jaquinod et al. 2007). In this study, the only 

significant difference in MRP4 expression was observed in samples treated with 13 mg/kg of copper 

sulfate that resulted in decreased expression of MRP4. This contrasts with the results of previous 

studies. For example, a Quercus rubra study showed an increase of MRP4 expression at the total 

copper sulfate concentration of 1312 mg/kg (Proulx et al. 2017). Djeukam et al. (2016) observed 

substantial increases in MRP4 expression in Betula papyrifera leaves in comparison to roots. But no 

differences in in MRP4 expression was found among genotypes treated with different concentrations 

of copper. Keinänen et al. (2007) found that copper tolerant birch exhibited increased MRP4 

expression in roots and shoots in comparison to susceptible birch types.  

 

MRP4 has been linked to transport glutathione conjugates transport into the vacuole. This transport 

protein seems to have potential for metal detoxification in plants (Rea 1999). Even though studies 

have compared MRP4 expression in resistant and susceptible phenotypes or acknowledged that MRP4 

gene expression is affected by increasing copper treatments, there is a lack of definitive evidence 

equating MRP4 activity with copper sequestration.  

 

An inverted parabola trend in the copper expression series that is an example of a hormetic effect has 

been documented  (Agathokleous et al. 2019). Many organisms have non-linear thresholds in which 

there is an adaptive response or conditioning at lower concentrations, while increased dosage will 
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have increased biological stimulation until there is a zero equivalent point and subsequent suppressive 

effects  (Agathokleous et al. 2019, Carvalho et al. 2020). MRP4 is moderately impacted by changes 

in copper concentration in P. resinosa. 

 

In this study, only the lowest concentration of 13 mg/kg copper sulfate treatments affected RAN1 and 

MRP4 activity in which these genes were downregulated. This finding is particularly interesting as 

13 mg/kg of copper is the bioavailable amount in the soil that has been found in the Sudbury area 

(Kalubi et al. 2015). Chelators or antioxidant pathway related enzymes may have a greater response 

after copper toxicity. 
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Chapter 6. Summary and Future Studies 

6.1 General Conclusions  

The main objectives of this study were to 1) investigate metal accumulation and translocation in Pinus 

spp. 2) assess the effect of nickel or copper toxicity on P. resinosa seedlings at different 

developmental stages, and identify Ni and Cu resistant or susceptible genotypes, and 3) determine the 

effects of nickel and copper on gene expression in Pinus resinosa. The results of this study showed 

that Pinus strobus is a copper excluder. In P. strobus tissues copper was found to have significantly 

higher concentrations in roots in comparison to the soil and the shoots. Pinus banksiana is a copper 

indicator. Pinus resinosa accumulates nickel and copper in the roots and shoots. The roots and shoots 

of P. resinosa had significantly greater nickel concentrations than the bioavailable amount in the soil, 

while the roots and branches had significantly greater copper concentrations than the bioavailable 

amount in the soil or in the needle tissues. Based on the low bioavailable nickel and copper 

concentrations of the soil analyzed in this study, the liming and regreening of the Sudbury region’s 

ecosystems has been successful in mitigating metal bioavailability. Pinus strobus, P. banksiana, and 

P. resinosa have different mechanisms to survive in the area, and the mass planting of these trees has 

led to forests that have been resilient to copper and nickel. 

 

Seedlings treated with nickel nitrate showed increased susceptibility with age that may correspond to 

lowered nickel accumulation or gene expression regulation for efficient nickel tolerance. Overall, 16-

month-old seedlings treated with 1600 mg/kg nickel nitrate showed distinct resistant and moderately 

susceptible phenotypes. Seedlings treated with copper sulfate showed that there was increased copper 

resistance with seedling development. The 6-month-old seedlings treated with 1300 mg/kg copper 

sulfate were susceptible to copper, while the 17-month-old seedlings with the same treatment were 
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resistant. The sensitivity of the younger seedlings may relate to fewer root exudates or lower amounts 

of lignin in cell walls in comparison to more developed seedlings.  

 

In the nickel treated seedlings, the changes in expression of ACC deaminase, GST, HA Ni transporter, 

NRAMP3 and SAT were explored. ACC deaminase, HA Ni transporter, NRAMP3, and SAT showed 

general decreasing trends or an isolated suppression of gene expression after treatment with the 1,600 

mg/kg nickel nitrate concentration. GST was the only gene that showed a clear induction of expression 

that was concentration dependent with the 1,600 mg/kg nickel nitrate treatment. Nitrates influenced 

the gene expression for at least one treatment in the trials of GST, HA Ni transporter, NRAMP3, and 

SAT; this accounts for four out of five of the genes that were investigated. Nitrates likely influences 

gene expression and may further contribute to toxicity in P. resinosa.  

 

In the copper treated seedlings, the changes in expression for MRP4 and copper-transporting ATPase 

RAN1 were investigated. The only copper treatments that showed significantly different gene 

expression from water were 13 mg/kg of copper sulfate for both genes; the expression was supressed. 

The other copper treatments of 130 m/kg and 1300 mg/kg were not significantly different from water. 

Though potassium sulfate control concentrations were not significantly different from water in RAN1 

expression, the 130 mg/kg concentration of potassium sulfate was significantly increased, in 

comparison to water for MRP4 expression. Sulfate may influence gene expression in P. resinosa.  
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6.2.  Future studies 

In terms of metal translocation, larger studies that build upon this research to support or counter the 

conclusions from this preliminary study are needed. A greater number of individuals (at least 30) from 

multiple sites would contribute reliable data to deduce the plant’s overall response to metals more 

definitively. A better understanding of the gene expression experiment may come from evaluating the 

metal translocation of each nickel or copper treatment in the seedlings, as well as the nitrate 

concentrations.  

 

Metal translocation analysis in this study of Pinus resinosa suggests copper accumulates in the roots 

and branches, and nickel accumulates in the roots along with the shoots; gene expression analysis of 

roots could be insightful. As well, nitrate component of the treatments in this study influenced gene 

expression. Using a different nickel species like nickel sulfate or nickel acetate could improve the 

analysis and ability to identify the effects from nickel ions (Nie et al. 2015).   

 

The results of this study in terms of damage caused by Ni and Cu to genotypes at different 

developmental stages were informative. No studies directly compare plant response to metal toxicity 

based on age.  Although reviews in the literature point to developmental stage as a factor in responses 

to abiotic stress, and point to the impact of abiotic stress on development, observations related to 

metal response during growing phases are relevant.  

 

In the response to heavy metals, there are short-term and long-term responses. This study waited to 

harvest plant tissues for at least one week after treatment to evaluate tolerance to nickel and copper. 

Other studies have evaluated gene expression of key genes in a time series that evaluates the timing 
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of the response as well as quantifying the expression (Baccouch et al. 2001). These time series studies 

allows a larger view of the species’ response to metal toxicity as some genes may be expressed early 

for specific purposes, then a second wave of response later; ethylene signalling has two waves of 

responses for example (Czarny et al. 2006). End-point molecules would also give insight into the 

metal toxicity response. For examples, some studies evaluate the concentration of important 

molecules such as reduced glutathione or GSH (Freeman et al. 2004). Though many enzymes can 

play a role in the synthesis of GSH, evaluating the concentration of the molecule could be more 

informative in evaluating the role of antioxidant compounds in metal toxicity responses than 

evaluating gene expression of enzymes in the pathway. 

 

For copper, only two genes were used to analyze gene expression and Cu ions toxicity. Many genes 

selected for nickel assays were not nickel exclusive as there are involved in oxidative damage in 

general. Several genes associated with copper resistance can be analyzed to assess P. resinosa 

response to copper contamination. Moreover, transcriptome analyses of P. resinosa exposed to a high 

concentration of Ni and/or Cu could elicit candidate genes associated specifically with nickel or 

copper toxicity in this species. An epigenetic study could be insightful as much of gene expression is 

controlled by methylation and phosphorylation of genes from environmental factors (Shafiq et al. 

2019, Gallo-Franco et al. 2020).  
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Appendix A: Damage rating phenotype classification based on amount of needle area with chlorosis 

or necrosis 

 

 % of Leaf/needle area 

with chlorosis/necrosis 

Damage 

Rating 

Phenotype Classification 

  

 0-10 

 

1 

  

10-20 2 Resistant 

20-30 3   

30-40 4   

40-50 5 Moderately resistant / susceptible 

50-60 6   

60-70 7   

70-80 8 Susceptible 

> 80 9   
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Appendix B: Damage scores of red pine (Pinus resinosa) seedlings treated with nickel and 

potassium nitrates. A score of 1 indicates no damage and 9 indicates severely damaged plants. 

Dosage Mean damage 

rating  

 Dosage Mean damage 

rating  

 

 

 

6-month-old 

seedlings 

 

 
 

 

16-month-old 

seedlings 

 

 

 
Ni(NO3)2 KNO3 

 
Ni(NO3)2 KNO3 

0 mg/kg 

16 mg/kg 

1±0 

1± 0 

1±0 

1± 0 

0 mg/kg 

16 mg/kg 

1±0 

1± 0 

1±0 

1± 0 

160 mg/kg 1± 0 1± 0 160 mg/kg 1± 0 1± 0 

1600 mg/kg 1± 0 1± 0 1600 mg/kg 2.12± 1.47 1± 0 

± represents standard deviation 
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Appendix C: Damage scores of red pine (Pinus resinosa) seedlings treated with copper and 

potassium sulfates. A score of 1 indicates no damage and 9 indicates severely damaged plants. 

Dosage Mean 

damage 

rating  

 Dosage Mean 

damage 

rating  

 

 

 

6-month-old 

seedlings 

 

 
 

 

17-month-

old seedlings 

 

 

 
CuSO4 K2SO4 

 
CuSO4 K2SO4 

0 mg/kg 

13 mg/kg 

1.0±0 

1.0±0 

1.0±0 

1.0±0 

0 mg/kg 

13 mg/kg 

1±0 

1± 0 

1±0 

1± 0 

130 mg/kg 1.46±0.52 1.15 ±0.38 130 mg/kg 1± 0 1± 0 

1300 mg/kg 6.23±2.45 2.00 ±0.82 1300 mg/kg 1± 0 1± 0 

± represents standard deviation 
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Appendix D: Total vs. bioavailable metal amount for nickel, copper and zinc for jack pine, white 

pine and red pine combined. Metal content is in mg/kg DW.  
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Appendix E: A 6-month-old seedling before (left) and after (right) treatment with 1300 mg/kg 

copper sulfate prior to harvest, labelled as the susceptible phenotype.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 123 

Appendix F: 6-month-old seedlings after 1300 mg/kg copper sulfate treatment, damage score of 2 

(resistant).  
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Appendix G: 6-month-old (left) 16-month-old (right) P. resinosa seedling treated with 1600 mg/kg 

nickel nitrate.  
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Appendix H: 16-month-old seedlings. Plants with yellow sticks are 160 mg/kg nickel nitrate 

treatments, while plants with red sticks are treated with 1600 mg/kg nickel nitrate.  
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Appendix I: 1% agarose gel of extracted total RNA from 17-month-old copper group seedling 

needles. Lane 1 contains 1-kb+ ladder, lanes 2-7 contains extracted RNA. 
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Appendix J 

 
Figure S7: PCR amplification of gene targets in genomic DNA for primer validation. Genes 

targeted: alpha tubulin (lane 2-6), elongation factor 1 (lane 7 to 11), RAN1 (lane 12-16), MRP4 

(lane 17-21) and COPT1 (lane 22-26) with Pinus sylvestris and Pinus resinosa DNA, 2% agarose 

gel. Lanes 1 and 27 contain 1kb+ DNA Ladder. The 5th lane of each primer is a no template control. 

Blue arrows indicate the bands that are the  expected amplicon size for the gene. 

 

Foot note: P. resinosa and P. sylvestris are common in the species Pinus, subgenus Pinus, section 

Pinus, and subsection Pinus (therefore these two species are closer in evolutionary history than a 

different Pinus species such as Pinus banksiana, which is in the subgenus Pinus but in the section 

Trifoliae, or Pinus strobus which is in the subgenus Strobus) (Eckert and Hall 2006, Schoch et al. 

2020). As there is a lack of genetic information regarding P. resinosa, P. sylvestris was used as a 

proxy. Validation was completed using P. resinosa and P. sylvestris DNA (Appendix 10). Even 

though some genomic DNA bands were of different sizes, there are introns they would not be 

present in the cDNA, such as for MRP4. However, the genomic DNA banding closer to 100bp 

(bottom ladder band) is closer to the expected size (as indicated in Figure S7) of the amplicon of 

92bp (Table 4). 


